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ABSTRACT
The American University in Cairo

SPATIAL TEMPORAL MEASURES: A NEW DIMENSION FOR
PLANNING

Submitted by: Abdel Hady Ossama Ahmed Hussien Hosny
Under the Supervision of: Dr. Khaled Nassar

With the increase complexity and competition in¢bestruction market, contractors
are forced to deliver larger scale projects in &raturations. In order to do so, more
concurrent activities are scheduled durations eashed. Having a large number of
concurrent activities with various crews increatbesrisk of workspace conflicts on
sites, eventually affecting the productivity, tineest and quality. Thus, there is an
increasing attention to identify measures thaiadle to detect and analyze the
possible workspace conflicts that would occur pr@ect in the planning stage before
execution. Currently, practioners perform workspaicalysis via expert judgment
manually, which usually fails when the number ojegks increases in a project. There
have been previous attempts to creating frameworgenerate the workspaces and
estimate the clashes. However, most studies dignoeide a complete solution
covering the whole process from the automated g¢inerof the workspaces till the
evaluation of the clashes. Also, the previous gitsmlearly underestimated the value
of the clashes giving a false indication of theetpmoblem.

Accordingly, this research proposes a new comitateework to detect, analyze and
evaluate spatial temporal interferences in a ptojdee developed framework consists
of 4 main modules: 4D Model Generator, Workspaceggaor, Clash Detector and
Clash Evaluator. These modules present methodsifomating the generation of
workspaces, clash detection mechanism and presemtlavel check clash

magnitude estimator. The first check is performedhe days to identify the critical
one that exceed the allowable tolerance levelstlamdecond check is performed on
the activities to provide the user with a decissapport system to optimize the
clashes in a project.

This study has been verified and validated. Thst firas by creating a test model,
where the calculations were demonstrated and lealviolthe desired optimum
solution. The latter attempt was by applying tferfework via a developed software
tool to a residential building as case study. Tdselits showed improvement of an
average of 20% in the first level check resultse Tésults were presented to experts in
the construction field whom have praised the wartt acknowledged its usefulness.

Vi
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GENERAL DEFINITIONS AND ILLUSTRATIONS
Workspace: The volume needed on site for a specific actitotpe executed
on a targeted element.

Clash: the overlapping that happens between more thamvorkspace as a
result of them requiring the same space at the siamee

Clash Severity:a quantification to differentiate between the ktssbased on

the size of impact they may have in the site (fofrolassification and
ranking)

Visual 4D Model: the current 4D models in the market which explainere

and when the element is being built, but don’t axphow.

Constructible 4D model:the modification of the 4D model to account foe th

method statements and show the different produgtigies, starting points of
construction and governing axis.

UML Diagram:_ a unified modeling language diagram to descrileerd¢iations

between the main classes in a database

Space-Loaded Modela constructible 4D model where each element has be

assigned the proper workspaces, and has been desedhip display the exact
execution quantity and space on a daily basis.

Level 4 Schedule the detailed construction schedule accordingeddSl

master format.
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CHAPTER 1: INTRODUCTION

Time is an important aspect to all industries, ey in construction. Every contract
stipulates a clause for time, where it either dbsereither the incentive for finishing
early or the penalties for not sticking to the &rgbviously, time is not the only
factor, contractors are also obliged to achieve gwpe within the estimated budget
and with the targeted level of quality, and thatieh is usually as shown in Figure 1.
However, with the rising complexity of design, deabing delivery date, higher
guality expectations and increasingly tight buddes, getting harder to achieve those

goals.

Figure 1 Time / Cost / Quality Triangle

1.1 Problem Statement

Developers are constantly pressuring contractodeliger projects in the shortest
duration possible. This means that the contractlbsehedule more activities
concurrently and lean on more subcontractors. ffarslates to a larger daily
resource rate and accordingly needs more conth@cefore, contractors must be able
to plan well for the project before execution. @h¢he main factors that they should
consider is space planning. Previous literaturaniéik Fischer, and Kunz 2002;
Mallasi 2006; Akinci et al. 2002; Wu and Chiu 208&ing and Chua 2005; Darwiche,
Levitt, and Hayes-Roth 1989) has proven that ldcdpace planning leads to a huge
number of space-time clashes. A space-time clastreeovhen two or more
workspaces share the same location at the sameAimerkspace is defined as the
estimated space needed by the resource to becgdeform its intended function.
Workspaces contain spatial and temporal charattsishey change shape with time

progressing. There are many types of workspacasyrconstruction project.



Accordingly a clash is not a permanent issue, iild@nd once the resources needing
the clashed workspaces have finished the job hgeeffects suffered due these
clashes could be considered permanent. Space-asiges affect most of the project
aspects especially time and cost. It has beendedan some projects that the
productivity loss due to space-time clashes hasheshto forty percent (Mallasi

2006). Thus, the need for a framework that canatle¢stimate and analyze space-

time clashes in the planning stage is growing ¢yéatthe construction industry.

1.2 Scope of Work
The main aim of this study is to identify a new aggeh for planners to be able to
analyze their schedule in the planning stage, @berchine the possible space-time
conflicts that could occur and have the enough ttapmepare an alternative solution
for them. The objectives of this study are as fefio

1. Define workspace types and the method for repratient

2. Define the possible clashes that would appear aadtdy their severities to

differentiate between the different space-timetuas

3. Develop a multi-criteria function that will estineatthe possible impact of the

space-time clashes.

4. Develop the analysis tools needed to suggest #femped optimizations

1.3 Study Methodology
This section explains the study methodology adoptedis research. This study shall
pass by 4 main stages as shown in Figure 2 beld®,samethod developed by the

author: define, design, develop and deploy.

Define [ ’ Deploy

Figure 2 Research Stages

1.3.1 Define Stage
The define stage is the first stage in the reseatobh shall deal mainly with the

literature review and analysis of previous reseamdhe same field. Since the topic of
space-time planning is still new, the literatureéiea/ shall be divided into a state-of-
the-art section where it would describe the topmgered in this study. The other
section would be the armed literature that woulkktdbe the previous work done by

3



researchers to tangle the issue of space-timeiplguamd clash detection. The
literature review shall cover the following topics:
* Planning for contractors and the current short-ocgnm regards to space-
time planning.
* Formulation of the 4D schedule as the first stegsimulation and space
planning.
» State-of-the-art literature review to describe:
o0 Workspace generation and definition
o Clash detection and definition
o Clash estimation
* Armed literature review to discuss the previouskone.

* Analysis of the above

1.3.2 Design Stage
The design stage will cover the author’s efforti@signing the new framework that

will discuss the new methods for workspace geramathe new types of workspaces,
the research’s clash detection mechanism and themuati-criteria function for clash

magnitude estimation.

1.3.3 Develop Stage
For the sake of this research, a software toollvéltleveloped to generate the

different workspace types, execute the clash deteatechanism, and estimate the
conflicting volumes between the workspaces. Thensot tool is belt using the
Python language on the Blender 3D graphical softwar

1.3.4 Deploy Stage
In order to validate the framework developed aredshitware tool designed, the study

will be tested twice: on a specially design testiel@nd on an actual case study. The
results of the case study will be presented totcocson experts, whom will evaluate

them to measure their usefulness.
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CHAPTER 2: LITERATURE REVIEW

Many projects in construction industry undergo geldue to workspace
interferences. Understanding the causes of thespade interferences would help in
decreasing the problem and contribute to an impna in management and
productivity, inevitably leading to country econantievelopment. This chapter
introduces the following subjects: Time planningl @s importance in the
construction industry, the current planning toald ¢heir shortcomings in relation to
workspace detection and analysis, the creatioheofiD schedules, workspace and
clash definition and the previous work done by aesieers.

Planning is one of the most important steps in@wyect. Planning is an
activity that is present in all project aspectghsas scope, design, procurement, cost,
risk, and quality management. From the forty twocesses in the five process groups
(initiation, planning, executing, monitoring ancdhtlling) of the project
management, there are twenty processes for planwingh constitute forty eight
percent (Institute). In construction projects, deelopment of a good construction
plan leads to the well estimation of the budgetoueces and schedule of work. It also
ensures the correct estimation of time and theatibn of resource in order to ensure
achieving the project objectives. In addition tlhastruction plan can help in the

proper estimation of the bottlenecks and accorglitigh completion time.

2.1 Planning for Contractors

Planning is not just the state of creating theddist for a project, it deals with the
policies and constraints stated in the contrattyanormal practice to create well
integrated network that considers the interrelatiand dependencies from all project
stakeholders. Thus, the team is creating a resp®dsicision support system that is
able to map the most optimum method of achieviegainget. The planning process is
an iterative process, it is updated and refinedyetmne a new input appears, and
hence the planner must insure that the outputl afifalential parties is considering in
every step of the project lifecycle. Cost and tphens are considered the primary
planning steps (Darwiche, Levitt, and Hayes-Rot82)9Planning can be developed
in different stages: corporate strategic plans disatst the developer in determining
the appealing factors for the client and markasfttion, pre-tender plans that assist
the contractor in determining the best action émg-term items such as equipment

rental or purchase, pre-contract planning thatfacsor in determining the most



efficient contract to manage the project, and thestruction plan which is most
important to the contractors (Frimpong, Oluwoye @mdwford 2001; Park and Pefa-
Mora 2004). The construction plans uses the folhgwnputs to usually generate the
following outputs as shown in Figure 3 (Hosny 2011)

Reporting levels
Project network
diagram
Organizational data Activities duration
Activities cost

Contract information Activities
Drawings Rel.at.icf)l]sllip § among
. . activities %)
Specifications Method statement S
Available resources PLANNING Responsibility &
2
@)

INPUTS

Bills of quantities

Site reports

Construction methods

Figure 3 Inputs and outputs of the planning stageHosny 2011)

Once, the planner is successful in creating thstcoction plan, he/she then
bears the responsibility of the continuous updaéing reporting to the project team to
present the progress of the plan and any new Jasappearing. One would realize
that the calculation of the workspace and deteatioriashes is not one of the

common inputs of creating the time schedules.

2.2 Current Planning Tools and their Shortcomings

The successful communication of the constructidredale to the site is as important
as its design, as it ensures the clarificatiornefgroper scope, work packages,
targeted time and budget (Akinci, Tantisevi anddarg003; Ganah, Bouchlaghem
and Anumba 2005; K&hkénen and Leinonen 2001, Ljgtsther and Winograd
2001; McKinney and Fischer 1997; Zhang, Anson arahyV1997). It also should
show the integration and interference between eesl and the other to guarantee
the harmony and coexistence, without any impacthemroject objectives.
However, the current communication tools used Is®vn some shortcomings in
this area and these problems are getting biggetaltiee increasing complexity and
demanding construction market.

The current tools are site layouts, hand sketgiresentations and textual
descriptions (Kamat and Martinez 2001; Morris 19840dward 1975). Examples of
these are the Gantt chart which a favorable metéekn considering the Gantt chart
as a communication tool, one would find that ¥esy useful to list the sequence of

the activities; however it lacks the proper visiggdresentation failing to convey the



dynamic nature of the activities (Woodward 1975pr&bver, the Gantt chart does not
explain the interaction between the constructidiviies (Mawdesley, Askew and
O’Reilly 1997).

Not only that, but also this communication toolsall/ do not reach the level
of detailing the construction plan for activiti§® further clarify, let's take an
example of planning the activities for foundatiamstruction of a building, which
consists of a number of isolated footings. Typigathe planning process would

produce a Gantt chart with the following activiteess shown in Figure 4 :

Mar 2013 Apr 2013
ID Task Name

20

1 | Excavation -—l

2 | Soil Replacement I—__—,

3 | Formwork for Plain Concrete I—-_—,

4 | Pouring Plan Concrete L-_~,

5 | Formwork for RC L—,

6 | steel Work for RC |~-_I
7 | Pouring RC L-

21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 1

Figure 4 Example of the Gantt chart

The first observation would be that Gantt chartrtit explain to the execution
team the followed action plan, should they stamrfrinside outwards, from the right
side to the left side or how? Thus, this areaftsdethe decision of the workmen on
site. Here is the problem starts, since each crewk with their own methodology and
interferences in site increase (Mallasi and Daw2@ll).

Moreover, the use of the site layout techniquegdas the 2D grid approach
have neglected the implications that could happentd the third dimension (Cheng
and Yang 2001). Observing Figure 5 (Mallasi 208, man fixing the partitions is
obstructed by the existing ducts. Such interruptias not shown with the current

communication tools on the 2D level.



Figure 5 Example of interruption in the 3D level (Mallasi 2006)

Concluding, as explained by Hillier (1996) “spaees Iproperties related to
their entities” the industry is now in great needtframework that is able to capture
the changes in the workspace execution througmbenvals of time, detect the

conflicts and estimate the severity before constvac

2.3 Formulation of the 4D schedules

The first step to rectify this issue, to find a segsful communication tool that would
be able to capture the workspace changes wasalkegiron of the 4D schedules. A
4D schedule is a communication tool which conndwtggraphical aspect of a 3D
model, example the Cartesian coordinates X, Y atm&forth parameter. This
parameter could be anything that the user requies, resources, etc. In this case,
the interest is in considering the forth paramtidye time (Koo and Fisher 2000).
This is done by linking the 3D graphical model proghg from design software such
as AutoCAD Revit to the chronological data produfredh a CPM software such as
Primavera, through a third-party technology, asnsshm Figure 6 (McKinney et al
1996).

3-D CAD MODEL CPM SCHEDULE

] 4D-CAD »
INTERFACE|

%|%|e

Il I Il I . E E .
4D-CAD SIMULATION

Figure 6 Mechanism for creating 4D model (McKinneyet al 1996)
The 4D tool has proven to have many benefits sach a
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» Better coordination between trades in the desigiseh

» Identify the possible construction problems eanlyhie planning phase.

» Better communicate the construction schedule tedaeution team

* Minimizes the effort of transforming 2D drawinggamnreality, and saves time
while issuing the shop-drawings

» Provides all project stakeholders with a commowguleage where they are
capable of discussing and optimizing the execuwiostegy and construction
sequence. Moreover, this type of tool helps in cetg possible construction
problems earlier in the planning stage before cangon (McKinney et al

1996).

One of the early attempts to create a 4D schedateimnvthe “San Mateo
County Health Center campus expansion”. The Samrd/atoject was a multi-phased
project scheduled for final completion in 1999nkolved over 280,000 square feet of
new building floor area and over 40,000 square déetmodeled space. This attempt
was successful in producing the 4D animation; hawéive model was a mere
representation of the model. This means that whemsers needed to modify any
data related to the graphical model or the schegwata, they had to start the process
again from scratch. This presented a challengedardo produce alternative
schedules and perform sensitivity analysis (McKinaetal 1996).

Currently, with the advancement in the technolofythe 4D animation, it is
easy to produce a “Collaborative 4D model”. Maiftuantial researches are those
works of Clayton et al (1994), Norman (1988) andtBnet al, (1982) in producing
the concepts of the “interpretation” and “user's@cept model”. The “interpretation”
concept is that of realizing that each graphic@cithas its unique characteristics
which are the schedule data. The “user’s concepleticoncept is that vision of the
functions and tool that could be needed by schesltibebe able to create understand,
analyze and link the time schedules to the 3D nsoddto, this concept in addition to
the “interpretation” concept allowed planners tkesethe object, and assign it with its
unique temporal properties (Clayton et al. 1994).

As much as no one could deny the many positiveooues that have come from the
creation of the 4D schedules, except it imperativeay that most its uses have been
commercial, and not many researchers have attenpigdize it in the workspace

analysis and conflict detection.
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2.4 Workspace Definition
Workspace is defined as the required space arauwntulding element that would
allow the appropriate execution of a certain attiwithin the planned time and
allocated budget. Basically any workspace is asparent volume around the subject
element for the crew, equipment and feasible magréuy space (Thabet and
Beliveau 1994; Sirajuddin 1991). The size of anykspace could be attained from
global standards or from equipment manuals thatdvspecify certain surroundings
for normal operation (Sirajuddin 1991). For examfihere are safety manuals which
would enforce a minimum area for each worker basethe type of construction,
confined space or not (Safety, Health and Welfareanstruction sites - A training
manual 1995). There are also regulations for heauypment such as cranes, which
would prevent any operation within certain raditsuad them (Levine 2008). Also,
the method statements for the activities could bea source that would help
practioners in estimating the workspace size afisiess.
There are many variables affecting the workspa@ngfelement:
» Shape and size of the elementthe workspace size and shape would be
relevant to the size and shape of its element. piesof the workspace

representations of different building elementssirawn in Figure 7.

Workspaces are shaped and sized based on
Shape of the object they represent

Figure 7 Workspace representations for different bilding components

* Rate and Duration of the activity. based on the rate of the activity
execution, the workspace would adapt itself to avoodate for the
production size. For example, the workspace sizenwtalf of a wall is
executed is greater than if only a quarter is etegbUExamples of the
workspaces’ sizes changing due to activity exeoutade are shown in

Figure 8.
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Workspaces of the wall when built on two
days

Equal Quantity per day Variable Quantity per day

Wall Thickness

Workspace Length Workspace Length

Figure 8 Workspace representations for different ativity execution rates

» Start point and Direction of construction: Since the workspace depended
on the rate and the duration of the activity, thogically it would depend on
the starting point of the execution and the digecthe construction shall
move in. An example is shown in Figure 9, when rtiaztor decided to
construct columns in the site from the east (l&fty and working his/her
way to the west (right) side, the workspace accmlgiappeared in the east

side first.
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Workspaces depend on the direction of the
construction

Figure 9 Workspace representations for different costruction directions

» Construction method (governing axes)based on the construction method,
guantity and size of the building component mayvahus, the workspace
representing it will vary as well. For example bBswn in Figure 10, when
the construction method was to segment the walliocadly, the workspace
was divided among the duration; but when the wal wegmented
horizontally, the workspace remained the same tiivout the duration. The

main reason for this is to respect the workershtsignd workspace.

Construction Method Affects Workspaces

Wall Legnth

.

Height

Wall SI{

Thickngs:

Workspace Thickness Workspace Thickness

Figure 10 Workspace representations for different ativity construction methods
* Crew size and compositionas shown in Figure 11, the size of the

workspace depends on the number of labor crewsttint of material
stored, and if there are any equipment used.
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Workspaces depend on the amount of
resources and type

Assigned Workspace for multiple workers
and fork lift
. - e
Wallllength” " ‘ T Wall 2 Length Wall 1Length |
— N ...

\

‘ Assigned Workspace for one worker ‘

" Wall 2 Length__

Figure 11 Workspace representation for different reource sizes

* Modeling Approach (nature of activity): The workspace’s shape and
appearance are according to the action or objectépresenting. For
example, if a workspace were to model the actioa @dncrete pump, then it
would be assumed that the workspace could chamgéido throughout the
project, but would maintain the same dimensionstrabthe time
(dimensions would change to represent the pumgileéstate or in
operation). On other hand, if the workspace wemddel the material
storage, then the workspace would not move throuigine duration of the
storage area (excluding its movement to and fragrsthrage area), but
would rather change the dimensions, to increasiearease based on the rate

of storing of the material and its usage.

2.4.1 Researchers’ generation and definition of workspaces
Depending on the technical expertise of the rebeascthe case study projects that

they used for their study, and the approach they e modeling their workspaces,
the types also varied more and more. However, thersome agreed upon types
between researchers more than others. These cotypemare those which reflect
the main components of any project. These workspgoes are those that represent
the planned execution spaces for the labor, equipare material:
» The labor workspace is that virtual volume that eogstruction crew needs
around the element. This volume is proportionahtonumber of workers in a
crew and the nature of the activity being done (&kiFischer, and Kunz 306-
315).

14



* The equipment workspace is what represents the apeaation space for any
heavy machinery, such cranes, pumps, etc. (M&RG6)
* The material workspace represents the needed stptages for quick, safe
and easy access to the materials on site. (Akiredi 2002)
Although researchers would agree on their namenatute, yet they usually
would differ in the modeling approach due to ths&nce of other types of
workspace unique to each researcher. Below isdkerightion of some of the models

used by previous researchers:

2.4.1.1 Thabet and Beliveau Model (1994)
Thabet and Beliveau (Thabet and Beliveau 1994} their model on four main
concepts: workspace demand, workspace availabilbykspace variability, and
construction execution policies. Workspace demaritde space required by any
activity which is the summation of the physical dimsions of the resources, in
addition to the needed surrounding space, whiclddoei considered as a protection
space. They explained that based on the type aEwirce the proportionality
between the physical and surrounding space véfmdexample, the labor resource
would occupy a small physical space (the spaca few workers) but will need an
adequate amount for the surrounding space to girtbteevorkers from any harm. The
workspace availability is the available space far activity to perform in light of the
concurrent activities also in progress at that tifitee workspace availability is the
space left from the work area after subtractingsibece demand of other concurrent
activities. Workspace variability discusses thatkspaces of the activity do not
necessary occupy the same space throughout thigodurehey further on explained
that an example of workspace changing its sizeutitrout the duration of the activity
is the material workspace. The construction exeaypolicies they considered in their
study are those that could be determined by thetagtion managers or the main
contractors. Basically, these policies dictateréiation the work area would have
between different subcontractors. For examplecpdicould dictate that only one
contractor is allowed to work in the subjected gpas a certain time, prohibiting
others to work even if the space allows it. Suthasion must be considered during
the space planning.

According to these four concepts, three classegoispaces were created

shown in Table 1 below:
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Workspace | Description

Class A The type of activities that would demarelhole work area for their
workspace, either since the construction methodiresjlarge
surrounding space or the policy dictates so. Typse is considered to
have a fixed workspace size throughout the duraifdhe activity

Class B The type of activities which depend maonthe labor and
equipment and require very little amount for matiestorage. Those
activities will also have a fixed workspace throaghthe whole
duration, and would allow other activities to wadncurrently beside
them, pending the condition that the remaining spad allow for the
execution of other activities.

Class C The type of activities which require lasg@rage area at the start for
assembly. As time progresses, the space demaitioefe activities
will decrease as the materials are being usedspaee that decreases
is that for the material storage, whereas the labdrequipment
workspaces remain fixed as in Class A and B

Table 1 Thabet and Beliveau ‘s Workspace Classes (Thetband Beliveau 1994)

The above classes are based mainly on two typgsacke demands: those for
manpower and equipment (SD-1), and those for ne#8D-2). They assumed that
SD-1 would be the same throughout time for allss#as and SD-2 would be the same
for class A and B but for class C would be a desirgpstepping function. The
equations for calculating SD-1 and SD-2 are shoywkduation 1 and Equation 2
below:

SD—-1= Z Quantity X (Sphysical + Ssurrounding)

Equation 1 Estimating the SD-1 (Thabet and Beliveau 18})

SD-2= Z(Quantity X Sphysical) + Ssurrounding

Equation 2 Estimating the SD - 2 (Thabet and Beliveali994)

2.4.1.2 Akinci et al Model (2002)

Akinci et al (Akinci et al. 2002) clarified thatehtypes of workspaces could be
categorized into micro and macro-level categoiéacro-level workspaces are those
described as the actions being done on site budirestly related to the elements
installation, such as material transportation anaeal of excavated soil of the site.
Figure 12 shows an example of macro-level workspaghere the equipment on site

is obstructing the path of the truck to transpaatenials to or off the site.
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Figure 12 Macro-level Workspace

Micro-level workspaces are those types that woirectly affect the

installation process, and are being done with ekyge proximity to the element.

They divided these micro-level workspaces as showrable 2:

Workspace Type

Description

Building This represents the space occupied by the building
Component components.
Work Space This represents the space occupiecdebyrdw.

Equipment space

This represents the space occopidk equipment.

Hazard space

This represents the danger zonedhabnk should be
permitted in. in other words, the space which wqddse
safety threats to the work.

Protected space

This represents the contingencyg sppaund the building
elements which would prohibit any damage.

Temporary
Structure Space

This represents the space occupied by temporargtstes
such as scaffolding.

Table 2 Akinci et al Workspace Types (2002)

The authors were focusing on generating the wodespeelated to the

building components through the qualitative desmmns given by the construction
managers. For example, for a subcontractor tolingtadows using a scissor lift, then

he would detail the requirements as follows: thmtacrew to be on the right side of

the window, with dimensions 3*2.5*2.5 m for the d¢gin width and height

respectively, the equipment below the window witinehsions 3*2.5*4 m.

Accordingly using the transformation matrix, theters would generate the

workspaces and shown in Figure 13 below:
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Figure 13 Akinci et al Transformation matrix (2002)

The qualitative orientation descriptions that thiegd were: outside, inside,
above, below, and around. In view of that, thesditptive were transformed into the
graphical description as follows in Table 3 fromigththe transformation matrix

would calculate the workspace dimensions takingothileling object as the reference

point:
Qualitative Orientation|  Graphical representatiothi® building object
Above Top Side
Below Bottom Side
Outside Exterior space
Inside Interior Space
Around Connection surface

Table 3 Geometry of Akinci et al Qualitative Orientaion (2002)

2.4.1.3 Guo Model (2002)

Similar to Thabet and Beliveau (1994), Guo deteedithat one of the main factors to
define any space-time conflicts is to first deterenihe space availability on site.
Thus, he categorized the space available on sddelisategories: exterior to the job
site, interior to the jobsite, inside the structarel space for temporary facilities. The
space related to the jobsite focused on outlinregatrea on the ground level, while the
inside the structure space was to determine tratiegispace within the confines of
the building structure. In most cases, the indidestructure space would be broken
down into levels to represent the story heightd,iato zones to represent the working
areas in each story. The main idea of the spadahbnigy was only to create a

medium to assign the workspaces, and was not iadludthe calculations.
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He classified the workspaces into four types: ladoat equipment to resemble
working spaces, material to resemble storage, @mgarary facility to resemble the
set-up and preparation spaces. Knowing these taetsyorkspaces were assigned as
graphical boxes to the created layers and zorfeeilCAD drawings. He concluded
that the space demands are attained mainly fdirtteeschedule which is then broken
down into a hierarchical structure as shown in FadLd below. As seen in the figure,
once the type of workspace was determined, Guodeineorked on determining the
possible paths it would take to reach the destinati

r—
Planned
Schedule
-
h h - h
Activity A Activity B Activity C
- - -
- h - h - h | - h | - h ¥
l Task 1 Task 2 Task 3 Task 4 [ Task 5

- - -
r— P— P— —
Labor Equipment Material Temporary

- - -
pr—— pr—— pr—— |
Y Y Y Y Y Y
Weriding Path Space Weriding Path Space Material 1 Material 2 TF.1
Space Space U
r—— | |
3 3 3
Storage Waste

l Sreee l Semee { Set up space

Figure 14 Guo's Hierarchical Structure (2002)

2.4.1.4 Song and Chua Model (2005)

Researchers like Song and Chua focused on tryiillgistrate the workspaces from
the view point of the intermediate functions. Theyplained that any construction
process has to have two functions, the transfoondtinction and the intermediate
function. The transformation function is the atténgpchange the state to a building
component, such as fixing the column rebar, andiddoe done by either the labors or
the equipment. The intermediate functions are tlsapport functions that help
achieve the transformation function (Song and GQG5). They further explained
that any intermediate function has four main patansefunction provider, function
user, available function criteria and availablerattion criteria.

Their focus was to investigate the topologicaltiefeships between the

transformation and the intermediate functions. Tiheljeved that the workspaces
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could be derived from a component-relation strugtwhere the space system is
broken down into fewer hierarchies, reaching toltheest level which would be a

graphical CAD component that can be representsti@sn in Figure 15.

Constr
Component

Design
Component

Design Constr

Component

Permanent Building Space | «e

Component

Constr.
Component

Design
Component

—{ Product Space l— —| Temporary Facility Space

Material Storage Space

Constr.
Zone

Logistic Space

—| Process Space }——I Construction Space

Auxiliary Process Space

Constr

Zone

Space World |—

Constr
Zone

Protection Space

Moving Object
Route/Track

Figure 15 Song and Chua Space System (2005)

Path Space

As seen in the above figure the main componentiseo§pace world are those

workspaces explained in Table 4 below:

Workspace Type Description

Product Space Which reflected the elements thatdaeztually occupy
volume at any certain time as building componentia
temporary facilities and/or material storage

Process Space Which reflected the virtual spacedatkeat any project suc
as the logistical space, construction space antiayx
process space

Protection Space This reflected the virtual spaslad to protect the newly
built components from any damage.

Path Space Which the angle of movement and direcfi@any moving

object on site.
Table 4 Song and Chua Workspace Types (2005)

-

After identifying the workspaces, they defined mite time interval (FTI)”,
where they argued that there is a period of timere/the spatial temporal
characteristics of any element are fixed and ungéadywhich could be a week, a day,
or even an hour according to the accuracy requBgdhis analogy, any construction
process could be broken down into a series of elis@vents. These discrete events
then can be represented by an existence vectochusa series of binary codes. The
length of the existence vector is according todtmetion and the defined FTI. Each

binary code has only two values, either 1 to regrerue or O to represent false.
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Example of the use of this system is shown in FdLé of the excavation of a trench
and the movement of a mobile crane. The duratidghe@gxample is nine days. The
excavation process was broken into smaller diseetats to be able to represent

them by an existence vector.

Sxane Pa(h. Direction
y___N
A\

State Chain of Trench Earth Component Represented by Existence Vector
1) Original:  (1,1,1,0,0,0,0,0,0)
2) Excavating (0,0,0,1,0,0,0,0,0)
3) Excavated (0,0,0,0,1,1,0,0,0)
4) Backfilling (0,0,0,0,0,0,1,0,0)
5) Backfilled (0,0,0,0,0,0,0,1,1)

Transportation Activity Represented by Existence Vector
(0,0,0,1,1,0,0,0,0)

Figure 16 Example of Song and Chua's Binary Syste2005)

2.4.1.5 Winch and North Model (2006)
This model has developed five types of spaced: $ptece (t), product space (p),
installation space (i), available space (a), angdired space (r). Similar to Thabet and
Beliveau (1994), the total space represents thetmwork area, where tasks would
be assigned to. The product space reflects thegmam elements such as the building
components. The installation space representgteeaneeded for the execution of
the task, which could be the space for prefabocatir site installations. The available
space is the empty space left from the total spétee assigning the product and
installation spaces. The required space is thenplhispace needed for the activity
execution strategy. The researchers believed iitapce of developing well
integrated tool that can easily automate and lioktaspects of the space-time
planning together. Thus, the generation of the gpakes was done on three levels.
Their system generates a 2D drawing of the worl aiéh the product spaces.
The user then manually selects the available sfpad¢asks’ execution using a tool
called “AreaMan”. The next step is importing theks from the schedule, which each
task is linked to the types of workspaces, anchtiraber of resources. The types of
the workspaces and resources are imbedded in #RCUN” database, so the user
simply selects from a drop-down list for each atfivl he authors defined also a site

boundary parameter to identify the projects totatks area. This parameter is only
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for visualization aids and does not affect any dalied areas. Figure 17 below shows

the classification of the workspaces used in thdeho

a: available space

sit:
ingtallations

J— site boundary

l

Figure 17 Winch and North Workspace Types (2006)

2.4.1.6 Mallasi Model (2006)

Mallasi (2006) utilized the space-time taxonomyt thas done by Akinci et al (2002)
and added other types of workspace that allowednib@el to view both the macro
and micro workspace levels shown in Table 5 below.

Workspace Type Description

Process Space This represents that space occopigérforming the task.

Equipment Path | which represents the path takethéequipment to perform
the activity

Storage Space which represents the material sttovagtons

Path Space which represents the path taken fomamwing object on site

Support Space This represents the space needbd byetv beside any
building element to perform the task, a locatiostire the
materials for the specific task for example.

Table 5 Mallasi's Additional Workspace Types (2006)

The combination of these workspaces formulatedubr&space of the activity.
Mallasi used the Boolean operator “Union” to congboetween them to formulate
one workspace for the activity. Mallasi dependedvam major concepts when
visualizing the workspaces in a construction priojec

» The variable productivity of an activity: Mallasigued that any workspace

behavior is directly proportional to the produdiywiates pattern of the
activity. Thus in his study, he formulated threpeyf rates shown in Figure
18, high-low, constant, low-high:
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Figure 18 Mallasi's Completion Rates (2006)

The execution patterns: Mallasi developed twel¥i=idint execution patterns
in his study to explain the execution directiorttod activities. The execution
patterns depended on the cardinal coordinates,remtith, east, and west, and
were divided into two types:

o0 Work progress that can be expressed in one direotiy: assuming

that there are sufficient resources to performwheks on both
locations perpendicular to the direction, the exiecupatterns could be
either: north-south, south-north, west-east, arstheast.

Work progress that cannot be expressed in onlydoeetion: normally
in the site, the resources would be limited andsegnently the
execution would need more than one direction termdse it. | would
also need a diagonal resemblance to explain itekkeution patterns
resulting from this are: north-south beginning froortheast, north-
south beginning from northwest, south-north begigrirom southeast,
south-north beginning from southwest, east-wesinogagg from
northeast, east-west beginning from southeast -@gstbeginning

from northwest and west-east beginning from soustiwe

2.4.1.7 Wu and Chiu Model (2010)

Wu and Chiu (2010) adopted a different approachnwdtimosing the workspace
types. They preferred to focus only on the main ponents as building, labor,
equipment and material workspaces. However, thdg@dne important parameter
which is the site workspace. This workspace hasgir@o be very useful, as it
represents the allowable space for the constructien to work in without invading

the neighbors’ space. In many construction sitesding the allocated space for
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construction could cause many penalties on the&ctolr, reaching to termination of
contract in some cases.
The dimension of any workspace type was determiyddquation 3:

Workspace = Spacegpject + Spacepperation + SPACesafety

Equation 3 Estimating the Workspace Size (2010)

The object and operation definitions varied acaaydo the type of the
workspace. For example when estimating a buildorgmonent, then the object space
would be the physical dimensions of the buildirgnent and there would be no
operation space; but when estimating a labor commothen the object space could
be the space the crew needs at static positiomh@&nolperation space would be the
maneuvering. The safety space is a protection fhetzone for the workspace.

The authors used “Constructive Solid Geometry’reate the workspaces and created
a workspace data model which represented their dBeinlt consisted of six main
sets, each with its own subsets, as shown in Fib@ir@he target was to be able to
define each workspace by its unique characteriaticsto store the data in an

organized matter that would help in the clash dete@nd analysis.
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Figure 19 Wu and Chiu Workspace Data Model

2.4.2 Researchers approach to Workspace Representation in 4D
As explained above, any workspace has spatialangddral properties, in which it

has certain dimensions, appearance rate and duraoordingly, the representation
of the workspaces differed from one case to theroRRepresentation in this study is
defined as the attempt to transfer the unique ptigseof the workspace adopted from
the parameters explained before, into objects wbathd be used afterwards in 4D
animation and analysis. The main problem was thphgcal representation, as the
temporal properties were inherited from the timieeslule, which revealed the fact
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that the dimensions of any workspace are concutoettie design of the building
component itself. This presented the researchearsaninajor dilemma that
workspaces’ graphical properties could be irregatad hence pause challenges when
used in further analysis and calculation. Thus,tri@sature adopted the rectangular
prism as an acceptable approximation for represgtitie graphical properties of the
workspaces. Further arguments were raised desgiitmw that the behavior of the
actual elements on site are better representedregtiiar shapes for the workspaces.
Figure 20 shows the transformation from irreguégresentation of the workspaces to

the regular rectangular representation.

Circular Column
Expected Workspace Size

Approximated Workspace Size

Figure 20 Using Rectangular Prisms for Workspace R@esentations

2.5 Clash definition and estimation
As explained above, the workspace of any objeecton is needed in order to
guarantee the optimum execution on the planned taftecated budget and with the
targeted quality. However, this is not always theecin construction projects. Many
researchers have observed different activitiesteraad found much interference
between different workspaces. Riley and Sandvi®@T) withessed over seventy
different interferences between various workspasegn observing only four trades
for a period of two months.

The interference between workspaces occurs whgrrélogiire the same space
unit at the same time and this is defined as dcksr example, Figure 21 shows the

workspaces for two walls, where their workspacesriap (green section).
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Wall 1

Overlapped Space

Wall 2 Workspace

Figure 21 Overlapping Workspaces of 2 Walls

The practical explanation of the clash is when waokspaces share the same
spatial-temporal requirements. Since, the sizeaoheavorkspace is known and their
rate, and then it is easy to calculate the sizetlash, which leads us to the next
guestion, what is the impact of these clashes anddould they be estimated?

In order to be able to effectively estimate theslslaone should first understand what
happens when the clash occurs. As explained ablezelash occurs when two or
more activities require the same space unit asdimee time. The physical meaning is
usually one of two things: either the allocated kgpace per activity shrunk at the
time of the clash since it is now being shared \&itbther one, that the worker now is
working in a tighter environment, making it hardeperform the scheduled tasks; or
that a certain area of the allocated workspacdbas completely blocked due to any
activity imposing itself on the other, and hence Worker cannot access the area
entirely. In terms of project aspects, the claghaféect the following:

* The time of the project: assuming that the impaeiddity is on the project
critical path, then the blockage or the shrinkiag kreated an uncomfortable
environment to the worker affecting the productivand thus the actual
duration of the work will exceed the planned dumati

* The quality of the works: the hard access to cedaeas will affect the

performance of the worker.
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« The safety: if we are to assume that the clashppéning between the
workspaces for labors and for equipment, then tiseaerisk that the labor
could get harmed standing in the path of the eqamm

* The cost of the project: the increase in cost cbeldhe results of many
things:

o The low productivity would force the contractorregain the services
of the labor and /or the equipment longer than mdaln increasing the
COsts.

o The doubted quality of the work may lead to re-exiag the job,
which means demolition of the existing, purchasiew material, and
hiring another crew and renting equipment again.

o If the workspace is out of the project boundarilesn the contractor
could suffer from penalties.

A great risk also is the damage of some of theadlyeonstructed spaces. This
could happen when the workspaces for the equipmestere with the building
components, or if the sequence of the construclidn’'t account for the size of the
equipment being used. Figure 22 shows an exam@darklift needed to carry
materials into the house, but is bigger than trenom. So in order to be able to use it,

some of the fagade will have to be removed and teaonstructed again.

Figure 22 Forklift obstructed by small opening

To imagine the impact of the clashes on projectgjestionnaire was
conducted on the thirty one different project maragwhom were asked to rate the
problems occurring on site. From the eleven problesised in the questionnaire,

such as lack of material or tools and equipmerahaewn, the workspace
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interferences ranked the highest (Kaming et al8).98nother study was performed
on the University of Teesside that estimated aytlpercent loss in productivity due
the workspace interferences resulting from the Edaketailed space planning and
improper communication of the time schedule (Makesl Dawood 2001). The
remaining issue still exists, which is “what are thossible factors that contribute to
the estimation of the clash?”

Literature has shown that the first main goverrfangor that estimates the
clash is the detection mechanism that each ressansks, how the model will be
viewed and what are the expected clash types tiaditresult. Other factors could be
the size of the clash, workspace types clashimgintiportance of the activities
clashing etc. (Hosny, Nassar and Hosny 2012; M&i@86)

2.5.1 Researchers detection and classification of clashes
This section describes the approach that researalsed in order to detect and

classify the clashes in a construction projecligint of the illustrations shown above

in section 2.4.1.

2.5.1.1 Thabet and Beliveau Model (1994)
One of their study’s main concepts was to measweavailable workspace for an
activity by subtracting the available space invloek area from the spaces demanded
by other activities. Hence, their model was basethe idea of defining the work area
and the activities allocated to it. They dividetypical floor into zones, based on the
floor layout plans, and then each zone was brokewndnto layers. The layers
contained the activities that are going to be eteztat the same time. Once the
activities are known, they started calculated ftrece demand for each activity using
the SD-1 and SD-2 explained above. This way, tlasseltreated a work area which is
the area of the layer, and know the space demarehfih activity.

Using a CAD model they draw the space of the zdagsys and activity
space, differentiating between the spaces for thepower and equipment and that
for the material allocation. If the spaces for #oéivity were allocated entirely in the
layer area, then it would be confined to this anely. But if the spaces of the
activities were allocated to more than one layantpresumably they would be
stretched to be included in all the layers. Thisecaas more common with the
allocation of the material spaces. An example efdlocation techniques is shown

below in Figure 23 below:
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Figure 23 Thabet and Beliveau Allocation TechniquesThabet and Beliveau 1994)

Once the work in a layer was completed, anothearlayth a tighter work area
would be created and the next set of activitiesldibe linked to it. Their argument
mainly depended on the fact that as the work isptetad on site, the work areas
become more determined and smaller. For exampheatart of the project with the
concreting and the block work activities, there stk no space limitation and thus
material can be stored easily and manpower ang et would perform safely.
When the concreting and block work is done, the sitw is divided into rooms with
smaller work areas, which are the new layers. Thesrea for the mechanical and
electrical work is smaller. Bearing this concepbimind, the model starts to check
for any clashes by an equality equation, if thecepdemanded for any activity is equal
to what is left from the total work area after sabting the space demand for other

activities progressing at the same time.

2.5.1.2 Akinci et al model (2002)

In light of the workspace generation and types &xeld above in section 2.4.1.2, the
authors implemented a discrete event simulatiarder to detect the possible space
conflicts that could occur in the project. Sindesplace requirements have been
assigned a graphical object, therefore the checth®ospatial conflicts has become
geometric clash detection throughout discrete evétey explained that mechanism
is as follows: the system starts with the actigitieat has no predecessors and hence
can start concurrently, setting the discrete easrthe duration of the shortest activity.
Then the model keeps adding the successors amdét: other discrete events as
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the duration of the activity of the earliest finigs shown below in Figure 24, an

example of six activities:

Duration
Activity # 1 | 2 3 4 5 6 7 8 9
1

10 11 12

2

o || |

DC2 DC4 DC5

Figure 24 Akinci et Al Discrete Event Simulation Metianism (2002)

During each event period, the model pairs up thewwent activities and
check for the possible geometric clashes betwemsphces requirements of each.
Since each activity usually would have more tham gpace type, then it is possible

that more than a clash type would arise from thiaerefore, the generated clash types

that were considered in the model were as showalihe 6:

. . Temporary
Building Workspace Equipment| Hazard | Protected Structure
component Space Space Space
Space
Building Design : . No No .
component| Conflict Congestion Congestion Impact | Impact Congestion
. . Safety | Damage .
Workspace Congestion Congestion Hazard | Conflict Congestion
Equipment : Safety | Damage :
Space Congestion Hazard | Conflict Congestion
Hazard No Damage No Impact
Space Impact | Conflict b
Protected No Damage
Space Impact Conflict
Temporary
Structure Congestion
Space

Table 6 Akinci et Al Clash Types (2002)

The congestion in the above table is later brokémthree types, mild,

medium and severe, based on the degree of congdistibshould be determined by

the conflict ratio.

2.5.1.3 Guo Model (2002)
This model depended on the idea of design cooldméetween drawings. This

means that at each point of time, the workspaceégath spaces would be drawn in
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the CAD layers and the overlapping spaces woulshiogvn as graphical intersections.
Although this model didn’t conclude any clash typewas easy to determine the
clash was a result of which type of workspaces m@ag to the drawing code in
Figure 25 below that shows the unique represemtati@ach workspace.

Space user Labor Equipment Material ‘Temporary

Facility

Type of space  Working space  Working spacc  Storage space  Set-up space

Identification ]]]]]]]]

Figure 25 Drawing Representations of Guo's Workspae Types (2002)

The clash detection concept was based on detdiisng/orkspaces of the
activities in each zone, and then overlapping thbove each other to determine the
clash. This concept is similar to the discrete ¢ganulation that was adopted by
Akinci et al (2002). The concept is clarified irgbre 26 below, two main checks
were done, first the workspaces and then the pattisif any clashes then the whole
arrangement would be investigated.

Space demand > S
e]
Activity A : > =i

Activity B Cl & -

Activity C

Overlapped O CHEY s ° >
space demand i/ &1 i 2 s Clq O()

Time N Time N+1 Time Frame

Figure 26 Guo's Clash Detection Concept (2002)

2.5.1.4 Song and Chua Model (2005)

As explained above, Song and Chua used discrete siveulation and the existence
vector to represent the spatial temporal charatiesiof the different activities on the
site. The possible clashes that could result fioair framework based on the choice

of the workspaces were ten combinations as showigure 27:
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. N # WS Type | WS Type Clash Category
1 Product | Product |Non-Compromising
2 Product Process |Compromising
o A o 3 Product |[Protection|Compromising
4 Product Path Non-Compromising
5 Process Process [Compromising
B r—— 6 Process |Protection|Non-Compromising
‘ 7 Process Path Compromising
8 Protection | Protection |[Non-Compromising
—y "y 9 Protection Path Non-Compromising
10 Path Path  |Compromising

Figure 27 Song and Chua Clash Types

The method for detecting the clashes was baseldeoBdolean operators
“And” and “Or” between the existence vectors of #pace entities. The “Or” operator
was to combine between the discrete events of stiwmtion. This operator led to one
existence vector that represented the activity. “Rmel” vector was used to check the
applicability of two different vectors co-existiag the same time. Based on these
operators, the detection method was broken intodiagnostic rules: “the
compromising/non-compromising criteria” and thddalable limit of interference
space percentage”.

The first diagnostic rule categorized the clashés two categories
compromising and non-compromising, based on theespges interfering. As shown
in Figure 27 above, the non-compromising are thdsere the overlapping between
the two space types is strictly prohibited andalerance will be allowed, hence the
construction method that was suggested which ex$uitthese clashes is completely
rejected. On the contrary, the compromising clasineshose where the overlap
between the space entities is allowed to certaiit that is decided by the
construction planner, which leads the user to doesd diagnostic rule.

The second diagnostic rule is to calculate the ek=syof congestion between the
overlapping activities, since it is inevitable tivagany construction project, two or
more activities share the same workplace. The relsees utilized the previous work
of Akinci et al's “Conflict Ratio” (2002) and Gus*Interference Space Percentage”
(2002) to estimate the overlapped: workspace eatthaccordingly set the congestion

levels of the project.
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2.5.1.5 Winch and North Model (2006)

The clashes in this model were identified throuBhd?awings. As explained above in
section 2.4.1.5, the user identifies the availablegce, and then assigns the workspaces
and resources types and the VIRCON system estirtfegeszes of them based on it
library. The model calculates the required spacsumming up the space needed for
the resources, while adding a protection zonedta speration. The model
investigates some relation to determine the clashtt®e system. These relations are:
the size of the available space to the size ofdéfaired space, and the overlapping of
the required spaces in an available space. Thelmaltellates to main factors for
each activity, its time criticality according tcettandard CPA method, and its space
criticality according to the developed CSA approdidie model would then use red
and green lights to identify the status of eaclviigt A screenshot of the interface is
shown in Figure 28 below where the green and g#ddion both sides of the activity.
The left lights indicate the time status and tightiights indicate the space status.
The system developed lacked the usage of thedimmdnsion, which meant that it

could not capture any vertical clashes.

Time Crltlcallty aceManClient Space C”tlca“ty

of Activity N o Activity
'\:~ [ | :Cmical Task indicator kight Spatial overload indicator fight:] L - :/
\\ 1 D, - ' ,,
\I joerver flocalhost art:{ 2000 : '/
] € : Logon to server ] 3¢t database | 1 :
1 1
1 1 1
1 I 1
ey J
[)?f : e
L7 o elle il _ | Usdsie | AuioCpimise | =
’
zﬁl” Task End Dale: Task Name
s B =e =l = | FulRepor | = oupn |
Task Location Togals UK./US dates Bt |

]This unmodified Work &rea space has a static size of. 60 m2

Figure 28 Winch and North's Space Man Client (2006)

2.5.1.6 Mallasi Model (2006)

As explained above, the activity workspace is thamation of the different
workspace types suggested. Mallasi’'s model thenestie new formulated
workspaces and lays them out on a new cad layésr Afat, a simple overlapping

algorithm is applied which denotes the workspacmipyging the same location at the
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same time, and accordingly the intersection isutated. When the intersection
occurs, it is able to define which component ofheactivity workspace has

overlapped. An example is shown below in Figur@2the mechanism:

CLashing Space —
Workspace vs. Equipment Space A

Wall 1

Workspace
Equipment S

Wall 2

Figure 29 Mallasi's Clash Detection Concept (Malla2006)

The interferences resulted in one of the followatesh types: design conflict,
safety hazard, congestion, access blockage, dasgaee obstruction, work
interruption and no impact. The clash types co@l@ktended more to contain

different levels of each, such as severe or milthestion.

2.5.1.7 Wu and Chiu Model (2010)

Before going into the detection of the clashes, twapor concepts that the authors
developed should be discussed. The first is theegggion of the workspaces, which
deals with the size of the workspaces when two arenare combined. The author
claimed that the combination of workspaces coutdllten a “direct combination” or
an “aggregation” of workspaces. The “direct comborameans that the workspaces
are simply being added up, since each one hawitsralependent space that it cannot
share, such as combining between the workspadabafand equipment. The
“aggregation” means that certain parts of the woakes being combined could be
overlapped to become one and thus the dimensitreaksulting workspace is less
than the sum of the workspaces alone, such as oomglithe workspaces of a building
and material because there is no space neededdretinetwo elements and hence

can be removed.. This concept has affected thé detection as the elements in the
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aggregation are not considered. Figure 30 desctiilee&lirect combination” and the

“aggregation”.

Labor Workspace

Labor Workspace Labor Workspace

Aggregation
Material Work # #
S Sk —\ Material Workspace

Material Workspace

Figure 30 Wu and Chiu Direct Combination and Aggre@tion Techniques (2010)

The second concept was the second type of workspassgfication the
authors used in their model: static and dynamieabj Static objects are those that
preserve the same volume and location throughe such as a building component.
Dynamic objects are those which either change sbafmeation throughout time such
as transportation of material. Those concepts alatigthe workspaces formulated

the conflict types as shown in Table 7 below:
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Result of
# S Dynamic vs
Type Static vs. Static |  Static vs. Dynamic 3[/) e
ynamic
: Building vs.
1| Desion Building
Equipment vs.
’ il Labor
Building vs.
° Damage Equipment
4 | Congestion Material vs. Labor vs. Material| CdUiPment vs.
Material Equipment

Table 7 Wu and Chiu Clash Types (2010)

The design conflict arises when two or more bugdiomponents share the
same space. This would happen regardless of tleeaimd hence is considered as
“static vs. static”. The physical meaning is thatrexthan one discipline required the
same space in the design, such as the overlap éetive column’s rebar in the
structure design and the electrical conduits inefleetrical design. The safety hazard
occurs when the equipment and labor workspacesiterThis would happen only if
the two workspaces are dynamic, hence “dynamidwsamic”. The physical
meaning is that the labor crews are probably wagrkiear the hazardous zone of
operating equipment, such as working in the wag ofobile crane.

The damage conflict occurs when the workspaceeétiuipment interferes
with a building component. This would only happkthe equipment is operating near
to the building, hence “static vs. dynamic”. Theygibal meaning is that within the
needed space for the equipment to operate, layddirty component, such as using a
forklift in room after installing the door. The ogestion conflict is the overcrowding
of difference workspace types at the same timdaeation. This could happen in any
case, when more than one subcontractor intendsetthe same material storage space
“static vs. static”, or when the stored materialdi the access for labor to work
“static vs. dynamic”, or when more than one equiptweork operate closely to each
other that at any point of time they could intetsec

Although the clash types are sufficient to desctitgeinterferences in any
project, an argument is raised whether is it pedfker to classify them as shown above
in Table 7, or should the system be more flexilfle”,example, not all equipment vs.
equipment are congestion only, rather most of theald be damage or even a safety

hazard, such as a crane hitting an oil tank.
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2.5.2 Researchers clash estimation techniques
This section presents the previous attempts tmagtithe clashes, and how

researchers dealt with the matter. The data preddrdre below is arranged according

to the date of development, where each technigergkined and evaluated upon.

2.5.2.1 Thabet and Beliveau Model (1994)
They developed the space capacity factor showmuaton 4:

Space Demand for activit
ScF = P f y

current space availability

Equation 4 Space Capacity Factor (Thabet and Beliveali994)

Where the space demand for the activity and theentispace availability
were explained above in sections 2.4.1.1 and 4.5.Their focus was not clash
detection as much as it was to estimate the pesddirease in productivity that
would occur due the activity having less than #guired space. They developed a
hypothetical relation between the crew productiuityny layer and the SCF factor
shown in Figure 31 below. This relation in additiorother decision factors would
determine the new modified schedule of works. Adoag to these factors, the
activities were modeled by three ways: either tttevily would start on time but with
a decreased productivity, or the activity wouldtsta time with the planned
productivity and be segmented into two or more sgs(the work is interrupted in
the middle), or the activity would be delayed atattdater than planned with the
planned productivity.

Productivity
T

100% -3

80%

80% -

Demand <= Availability Demand > Availability

Figure 31 SCF - Productivity Hypothetical Relation(Thabet and Beliveau 1994)
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This study was mostly hypothetical and didn’t foomsdetermining the types
of clashes or the severity of each. There was iberier to differentiating between
workspaces and didn’t accommodate for the diffesentrities that could occur and
would force the work to stop, such as hazardousatsp The useful concept of this
study that inspired the site workspace is the camfient of the activities in fixed

spaces.

2.5.2.2 Akinci et al Model (2002)
They developed the conflict ratio:

_ _ Y. Conflicting volume
ConflictRatio = - x 100
Y. Volume of space required

Equation 5 Akinci et al Conflict Ratio (2002)

Where the): Conflicting volume is the summation of the conflicting volume
at each instance between the workspaces of eagltya@nd accordingly the
Y. Volume of space required shares the same idea of summing the total of the
volumes required of the required spaces of the sgag&es that bared the conflicts. As
explained before in sections 2.4.1.2 and 2.5.hélr model depended on a pair wise
approach, where each activity would be paired withrest in the discrete event
period and checked for clashes. Along with thathesctivity has a number of objects
and workspaces tied to it, hence the same clasdllyfiappened between the same
pair of activities at more than one instance. Tlasltratio’s mechanism was the
aggregation of these instances.

To further illustrate this notion, let's imaginevndow installation activity.
This activity would be linked to a number of windgvand each window would have
one or more workspace linked to it. So, if any otlype of workspace for another
activity (say installation of c-channels) were tast with this activity, there would be
instances generated from this clash, which numloeldvbe decided according to the
number of windows. The conflict ratio manages tordases the number of instances
into only one, by summing up the conflicted voluamel the space required at each
instance, as long as they share the same paitivitias and the same type of space
clash. After that, the clash ratio was mostly usedefine the different levels of
congestion, of the different types of equipmensiots.

The conflict ratio didn’t account for the severitfythe clashes and didn’t

account for the criticality of the activities, ahdnce the only acceptable optimization

38



was the manual rescheduling. In the event thatondict ratio detected more than
one ratio for the same pair of activities, it idéatl the main conflict type through the
following categorization shown in Figure 32 thapdeded on the type of trouble it

would create:

P}l;:;::y Conflict Type Problem Created
1 Design Conflict Design related constructability problem
2 Safety Hazard Construction related constructability problem
3 Severe Congestion Construction related constructability problem
4 Damage Construction related quality problem
5 Medium Congestion Significant productivity loss problem
6 Mild Congestion Minimal productivity loss problem
7 No Impact No problem created

Figure 32 Akinci et al Clash Ranking (2002)
2.5.2.3 Guo Model (2002)

This study used two equations to estimate the ekaghe Interference Space
Percentage (ISP) in Equation 6 and the Interfer@nration Percentage (IDP) in
Equation 7:

inter ference space size
ISP = — - x 100
original size

Equation 6 Guo's Interference Space Percentage (2002

interference duration
IDP = — - x 100
original duration

Equation 7 Guo's Interference Duration Percentage (202)

Where the interference space size and duratiothase of the clash between
the activities and the original size and duratiosthose of the planned workspace of
the activity. As explained above in section 2.4.5G80 model considered the activity
as the parent, from which hierarchies are brokemndo reach to the space
demanded. Therefore, these equations are calcdtatedch clash for each activity.
This means that a single activity may have mora tiree ISP and IDP. As Akinci et
al (2002), Guo’s main focus was the resolutiorheftlash, and has not classified any
types of clashes. Rather than that, a set of eriteere developed to aid to the
decision of conflict resolution. The criteria cogdritems such as the logical sequence
between the clashing activities, the criticalityg ppossibility of changing duration and

the possibility of modifying the space demand.
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In many situations, the Guo model was proven ta geod choice for conflict
resolution as it not only monitored the clashesifmorkspaces, but also the paths
they needed from and to the work area. Howevennbeel didn’t account for the
variable severity that could be resulted from ttiedent space clashes, which should

have been one of the main criteria for the conflsblution.

2.5.2.4 Winch and North Model (2006)
They developed a set of equations for the Critg@dce Analysis (CSA) approach

shown in Table 8:

Name Equation
r
Spatial Loading S = - %X 100
Spatial Overload S > 100
Spatial Slack WhenS <100,a —r
Critical Space S =100

Table 8 Winch and North Spatial Loading Equations (208)

Where S is the spatial loading factor for the attjand r is the required space
and a is the available space which is calculatedrding to Equation 8:
a=t—-p—i

Equation 8 Winch and North Available Space Calculatin (2006)

Where the t is the total space, the p is the priosjpce and the i is the site
installation space.

Similar to the Critical path method for calculatitig time, the researchers
developed the above set of measures to calculatgpidice status of the activity. The
spatial loading is a ration between the requiretsm@mnd the available space. This
technique was able to show when the activity wekitag the required space for
execution (r > a, S > 100), or when the requireatspvas mush less than the
available space (r < a, S < 100) and thus morgiaes could be executed in the extra
space (a-r) and the activity was critical and cae’'modified any more (r = a).

However, this technique has failed to show theed#fit clash types, of the
severity of each clash as it only calculated thi®emaof the occupied space to the
ration of the existing space. Moreover, the faat the system works on the 2D scale

has limited the ability to detect the vertical tlas that could occur.

2.5.2.5 Mallasi Model (2006)
The equation developed was the space criticaldtofasshown in Equation 9:
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fa(scr) = vwl. fp (co) + vw2. fp (r) + vw3. fp(no) + vw4. fp (st) + vw5. fp(cr)
Equation 9 Mallasi's Space Criticality Factor (Mallasi 2006)

Where the £ (scr) is the space criticality factor for A groopactivities at D
period of time, thed(co) is the ratio between the total of the confligtvolumes and
the total of the occupied spacesf is the total of the clashes’ severities basede
developed critical space-time analysis approackveho Figure 33 below, thefno)
is the number of activities conflicting;(kt) is the number of workspaces conflicting
and H(cr) is a measure for the activity criticality ands only two values, 1 for critical
activities and O for non-critical activities. Theyyare the weights determined by the

user at the start of the study.

Space Types

(" Clash Types

~N

Product space

Workspace

Process space

Equipment space

Design conflict
Safety hazard

Congestion

Access blockage

Equipment path

Damage

Storage space

Space obstruction

Path space

Work interruption

Protected space

No impact

Severe (8)

This research

ranking scale

o >, Low (1)

Support space

- =

Figure 33 Mallasi's CSA Approach (Mallasi 2006)

Mallasi’s model was the first to introduce the matiteria function to space-
time analysis. It also accounts for the activitigicality, the types of workspaces and
the clash types with different severities. Some ld@ugue that this is the perfect
method for clash estimation, but unfortunately ¢here some disadvantages to this
system. One of the disadvantages is that the systemonly evaluate a number of
activities at the same time and not only one, whiglans that this study can’t rank the
activities based on their space criticality fadtwat would help planners greatly in
their decision support system. Another disadvantagifee method of calculating the
fo(co) as the gathering and summation of all thelatimg volumes and the occupied
spaces minimizes thg(to) value, which lowers its weight. Last but resdt, many
arguments could be raised about the importancddihg both thed(no) and f(st) to
the equation, both represent factors of the samegaand thus having them both
could be considered as double-counting and hengalamce the system.
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2.6 Summary of literature
Table 9 below shows the summary of the literatakgew. The models were
investigated from the 3 main aspects mentionetlerstope of work: Workspace
Generation, Clash Detection and Clash Evaluatibe. @asic conclusion was that the
above researchers have demonstrated successfulmggserating workspaces
detecting and evaluating clashes, however there s@ne handicaps in the following
points:
* The focus on the process as a whole to deal witlclhliallenge of automating
the huge data needed for the workspace analysis
* The lack of the proper classification of the worksp types in some models,
considering on the “Available Space” with referete¢he “Required Space”
* The extra details of the classification of the wap#ce types in other studies
considering the “Product Space” and the “Procese&pwhich was baffling
to most users.
* The clear undervaluation of the clash impact indfuglies. They tend to the
measure the clash that happened in one of thatgd¢tvthe overall
workspace required of the activity for the entitgation. This gave a false

indication to where the true problem was.
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CHAPTER 3: DEVELOPED FRAMEWORK

Section 2 above has presented many of the pastlsnanie their techniques. The
author’s analysis has shown that till date, thenmeot a reliable model that can cover
the whole process estimating the value of the spaeeclashes and provide
justifiable decision support mechanism to planmetie construction project.
Therefore, the need still remains for a balancexistin support system that can
estimate the severance of space-time clashes prtwedplanner with the enough
information to optimize the situation. This sectaescribes the developed framework
in this study. As the literature review, the molamework will cover the following
topics: the types and techniques to generate wadesp the clash detection
mechanism and the clash types resulting from tleecelof workspaces. The
framework will also cover the development of theME’, which is a set of formulas
used to help the planner estimate the clash sgvéhts framework mostly focuses on
the micro-level workspaces, but allows the use$o check for some of the macro-
level tasks. The framework will consist of 4 maindules:

1. 4D Model Generator

2. Workspace Generator
3. Clash Detector
4

. Clash Evaluator

3.1 4D Model Generator Module

As mentioned before, one of the main problems tiéhcalculation of the space-time
clashes is the huge amount of input equation reduifhus, for the successful
completion of this task, an automated method folegating the workspaces must be
developed. The idea is to be able to formulatenaesef the proper size and behavior
of the workspaces with the least amount possibla fihe planners. However, before
moving to this step, one must ensure the avaitgtwfia constructible 4D model that
answers the questions of What, Where, When andtHewsroject is being built. This
section presents the steps that are taken in tovadgmerate 4D model. This study
attempts to use the new concepts of Building Infiirtom Management (BIM) in its

steps. The summary of this module is shown in @4 below.
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Figure 34 4D Model Generator Module

3.1.1 Creation of a Visual 4D model
This model depends mainly on the creation of tiseali 4D model as the first step.

This is created basically by connecting the tasis fthe time schedule to the 3D
building components. With the advancements of tii &chnology, it is easy to
define a building component, its location dimensicarea and volume, and it is also
possible to identify the orientation of the objeghich face is north or south. Adding
to that is the ability to assign each building comgnt with a unique identification. In
order to minimize the duration taken for linkinggtBD model to the activities from

the time schedule, this study suggests that cigeatigue identification factors to

both the schedule activity and its correspondinigdbng components so that they
automatically are linked. The author has develdbsteps to speed up the creation of
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the 4D model: an automatic step using the scheilttigity ID, and then manual
selection.

The automated step is creating parameters in thigi#dD that can be translated and
linked directly to the building component. The aarthas developed a coding
sequence for the activity ID in the time schedhieven in Figure 35 below. The code
consists of 6 levels with a total of 11 charactBssthis code the 3D model is now
categorized under the tasks planned. In the eti@htiore than one activity will bear
the same building objects, then manual selectionlavibe used to categorize the

conflicting objects.

Activity ID Coding Structure
6 Levels, 11 Characters

I N
3 e Work Package Structural .
L Project Name Building No. Floor Level l Description Component Serial

& &

a h 4 R 4 h 4 R 4 R 4 )\
-No.01 - First FI - Concreting CO - Walls W -No. 01
HIA -No.02 -Second SE - Plastering PL - Slabs S -No. 02
- - B
S Nirghads OR - Roof RO Masocr;;v MA Beams
International - Code AB .
Airport - Code XV . This could be
the BOQ
Division such as
- Division 02
- Division 03
|
(& y € y y € A y 4

Figure 35 Activity ID Coding Structure

3.1.2 Generation of a Constructible 4D model
Most 4D models in the market are only visualizatiools, and have not been used for

projects control or workspace analysis. This mehatthe current tools cannot
simulate the execution strategy resembled in thihodestatements for the building
components (cannot build a constructible 4D modelpther words, the only
important aspect about the building in the 4D maosiéhe time, but now how or
which first. Thus, this study presents the concaptded for the creation of a
“Constructible 4D model”. There are 2 conceptsti@r study, the “Singular
Construction Method, and the “Group Execution &iygt.
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3.1.2.1 Singular Construction Method

The singular construction method deals with the wayngle building component
shall be constructed. It shall answer the questfdiow is this built?” This data will
be obtained from the construction method statemélsisg the simple coordinate
system (x,y,z), any planner will determine the dliken of construction and the
governing axis (terms explained before in secti@h). Zhe remaining issue will be the
intended construction rate to answer the questibhaw long and how fast is it
built?” The best way to answer this is by having atatistical data from the market or
previous projects that could explain the averagelpeced quantity per day for each
activity and the minimum allowable duration. Sirateghis moment the data is
unavailable, this study has developed 3 types ahtity production simulation used

in the study shown in Figure 36 below. But the plmwill be asked to manually

input the least allowable duration per activity
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el T el
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Figure 36 Completion Rates of Activities

3.1.2.2 Group Execution Strategy

The group execution strategy shall deal with thealver of the mass. The common
practice has shown that usually planners woulddirgkoup of building components
to one activity, which duration would be estimatedthe completion of all the
components (example formwork of columns). Therefbesed on the minimum
allowed duration per activity and the directiore tiroup execution strategy sequences
the building components to simulate the constragtimcess on site. This means that
each building element can have different startemaidate, provided that they all
preserve the planned activity start and end dates sequence is identified by
utilizing the cardinal category to create 4 direeti: North-South, South to North,
West to East and East to West. An extra direcsBaadided “General” which explains

the intention to work on all the elements at thmsd@ime. Since the study focuses
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mainly on the micro-level workspaces, these fourstaction directions will be
enough to explain the site. In the event that thdysincludes macro-level details in

the future, then the directions will need to beadetl more.

3.2 Workspace Generator Module
Having now a constructible 4D model, one can mouvhé next step, which would
assigning the workspaces to the models to cre&@pace-Loaded Model”, which is a

4D model that accounts for the workspace assigrsrerihe project.

3.2.1 Workspace Types
There are five different workspace types that ackuded in the study shown in

Figure 37:

Figure 37 Workspace Types

* Building workspace: This workspace represents the physical dimensibns
the actual building components of the project. Tilybe generated
automatically once the building component is linkedhe schedule activity.
This workspace serves two purposes, the first ietp visualize the
construction method based on the data from se8tib2 and to acknowledge
the existence of this space in the model aftectmstriction is complete. The
building workspace should be the size of the corepoitself in addition to a
protected space to set a protection zone beforgrgadamage. A protected
space factor (PSF) was developed in this studpltutate the building

workspace according to Equation 10:

PSF)

Building Workspace = Actual Building component size * (1 + 100

Equation 10 Building Workspace Calculation

e Labor workspace: This workspace represents the space requiremetite o
labor crew in order to execute a certain activitgray building component.
The dimensions of this work space are proportibméhe dimensions of the
building component and the crew size. Equationdigérthines the size of the

workspace:
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Labor workspace
= (estimated size per one labor x number of labor)

* maneuver factor

Equation 11 Labor Workspace Calculation

The maneuver factor must always be greater thand.js estimated based on
the nature of the activity, the use of equipmend the expected crew
behavior. In most cases, the labor workspace wilids to its object, thus this
equation will mainly help identify the width onlgince the length and the
height will be that of the object itself. This wepace is always dynamic.
Equipment workspace:this workspace can be used to describe two samnari
the equipment path on the site and its operatidiusaFor example, if a
concrete pump were to be used, then the planneldviiost select the
workspace type as dynamic to resemble the patim takeeach the destination.
Once the equipment is in position, the planner Waalect another
workspace, but this time static to resemble theaifmn space around the
equipment.

Material workspace: Same as above for the equipment workspace, this
workspace describes the material storage locaindgshe material paths.

Site workspace:This workspace represents the site boundariesiaptieight
limitations that could exist, such as working osita near airports. This

workspace is never linked to any activity and allays be static.

3.2.2 Automated generation of workspaces
Once the Constructible 4D model is created, obj@ascategorized below their tasks,

and all the needed data regarding their constmnudsitined. At this level of detail, site

engineers and superintendents through a seriasatifajive data can automatically

generate the workspace sizes and behavior. Thasislttien translated into

geometrical displacements to be simulated. Thewl#itaover:

Workspace types used in the activity

Workspace'’s relationship: whether they are direlatliged to the building
objects or just share the same duration. For ex@rtip concrete pump is
used for pouring the walls, but will be positioreaglay from them, whereas

masons will work directly in front of the walls.
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Workspace location: if it is not related to builgiobjects, then size and
location will have to be manually drawn. But,tifg linked to the object, then

Table 10 below shows the location options thatsiteeengineers would use to

describe it.

Location Geometrical Translation
Option

Around Workspace will be along all faces of theeabj
Parallel Workspace will be parallel the longesefat the object
Below Workspace will be below the lowest z-compdradrthe object
Above Workspace will be above the highest z-compbne
Inwards Workspace will be along the face connediintpe ceiling and

floor
Outwards Workspace will be along the face not coting to the ceiling
and floor
Perpendicula Workspace will be parallel the shortest face ofdbgect

Table 10 Geometry of Location Options

Workspace size: the workspace size will be detezthirsing the terms long,
wide and high, to reflect the length, width andgheirespectively. If the
workspace is linked to the object, then based erSihgular Construction
Method in section 3.1.2.1 and the workspace lonatlefaults for the
workspace size can be assumed. For example, Wahiespace is parallel to
the object, it will probably have the same lengild aeight, and the planner
would only need to input the width.

Workspace behavior: whether it is a static workshat would preserve the
same dimensions and location throughout the pladneation, oritis a
dynamic workspace that would change dimensioneaation throughout the

planned duration.

3.2.3 Workspace representation in 4D
This study shall use the cuboid (rectangular prisamie as the previous authors’

choice in representing the geometrical data ofstbekspaces.

3.3 Clash Detector Module
At this stage the output of the 2 generator modwiasld be a matrix as shown in
Figure 38 below, where each element has been littkad activity, assigned a

workspace, and has been decomposed into its supesmnts to know exactly what
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is being done, when, where and how. So, this rentian describes the clash

detection mechanism of the framework.

Day |

Day 2

Day 3

Day 4

Figure 38 Outputs of the 2 Generator Modules

3.3.1 Relational Database Concept

Relational Database Concept means that any parammetetered once, linked to all
and used many. The database connects all the gedplaita from the 3D model to the
schedule data to the formulated 3D informatiorhefworkspaces. Figure 39 below

shows the UML diagram to explain the relations taunithe framework:

3D Building Object

Activity
-ID -ID
-Name -Name
-Start Date -Family
-Duration Executes -Material
-Finish Date -Location
-Predecessors % -Length
-Successors -Width
-Total Float -Height
-Free Float
1 Q Workspace lw)
[0
2 D =+
= =
™ -Type D
w -Length w
-Width
-Height
* -Location
-Behaviour

-Construction Direction|
-Governing Axis

Figure 39 UML Diagram
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3.3.2 Discrete Event Simulation
As explained before in literature, in order to captany space-time conflicts in a 4D

model loaded with the workspaces’ properties, ardte event must be produced. In
this discrete event, the graphical properties lahal objects and their workspaces are
fixed (the model works on the graphical informatadrthe sub-components). By that
method, the detection for clashes becomes and deoatelash detection. The output
from the 2 generator modules as shown in Figural®®&e, has considered each single
day as a discrete event itself, from which clasioedd be detected.

3.3.3 Trial Period
The trial period is the duration at which the deterevents are formed. Each discrete

event in this model is 1 day. Based on the desicedracy of the planner, the discrete
events could be daily, weekly or monthly. The TRuldadefine the duration between
the events. It is recommended the TP is 1. Dis@e¢ats will be formulated at the
following days using Equation 12:

Day;,1 = Day; + TP

Equation 12 Determining the Dates of the Des

Where Daystarts with the value of the Project Start Date i@ maximum Day is
less than or equal the Project End Date

For example, if the TP = 7 then the discrete evenatsid be taken at Day 1, Day 8,
Day 15, etc.

3.3.4 Pair-wise Detection Concept
After choosing the targeted days for investigattmough the trial period, this section

describes how it would check for the clashes. Thdehadopts the pair-wise system,
which means that it chooses one of the objectgaird it up with other objects to
check for any geometrical clashes. Once the olgdws been paired with the rest, it
is removed from the calculations and the processpsated until all objects have
been checked. So for example, if A, B and C clagheasame time, then the model
would record 3 clashes, A with B, A with C and BmC. The number of checks that
is performed at each discrete event is calculatedrding to Equation 13:

n!
(n—=r)x(@hH

Equation 13 Number of Checks per Discrete Event

Number of Checks =
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Where n = the number of workspaces in the dis@etat and r = 2 (pair-wise

concept).

3.3.5 Clash Types
Although the common practice before is to desdtigeclash based on the

physical impact it would have on a site (for exaenwhen a building component
interferes with an equipment component, this céndélch damage clash), the study
describes them as the workspaces that have irgdrf8o for example, an equipment-
labor clash is the clash type that occurs fronbardavorkspace interfering with an
equipment workspace. Since the model adopts thexpse system, as explained
above in section 3.3.4, the clash type will notéhenore than 2 workspaces.
Accordingly, the number of clashes in the model Mdae given by Equation 14:

n+r—1)!
NCT = rl(n—1)!

Equation 14 Number of Clash Types Equation
Where NCT = the number of clash types (workspacebooations), N = the number
of workspaces (in our case 5) and R = the comlmndietween the workspaces which

will always be 2 (pair-wise). So, in the model wihvorkspace types, there are 15

different clash types as shown in Figure 40.

Building > Building

Equipment

Equipment

Site Site

Figure 40 Workspace Combinations (Clash Types)

3.3.6 Severity of Clashes
There are some main points that any planner shouéstigate in order to help in

identify and clash a clash:
* The complexity of the construction: simple struatigystem, choice of

mechanical an electrical systems, etc.
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* The site possession situation: whether it's padidlll site possession.

* The type of equipment being used and their proyitaitthe building

according to the site layout plan.

* The number of access points in the project.

» The possible work conditions for labor: compactcgsa high-rise structures,

etc.

* The resource histograms to speculate the averéigeofdabor to equipment

on a daily basis.

* The criticality factor in the time schedule to detee the allowable tolerance.

» The strategic priorities of the project, should fineus be more on quality, or

on safety or time?

This study considers three main clash categoriggh,H/edium and Low. The
reason of this choice is the variable nature ofcthrestruction projects that two
workspaces interfering could have more than oneah aking the interference
between a building component clash and an equipoiash, it would usually be
considered as a damage clash, since it is assuraethé equipment would damage
part of the existing structure (Akinci, Fischerdafunz 306-315; Mallasi 2006;
Akinci et al. 2002). But, what if the project nagwvas a partial handover to the
contractor, and the equipment interfering with strecture had working offices? Then
this clash would automatically be a safety hazéadhcand not just damage.

Similarly, some researchers considered the clasét®geen the equipment
workspaces as congestion, which is not alwaysdke ¢NVu and Chiu 2010). Itis
granted that some of the clashes by equipment wades could be considered as
congestion, such as two trucks competing on theesatoess point, but what if there
was a more serious case? If the workspace intexder@ere between two cranes due
to poor site planning, then the clash cannot baidened as congestion, but should be
damage, as certainly this clash would damage #@reesrand would cause a serious
productivity problem to the site; crossing onefgger together that it doesn’t become
a safety hazard and casualties are suffered.

There are some clash impacts that all could agvea,which are the building
vs. building and the site vs. site as a “no impat@sh. If the definition for the
workspace types above is revised, then the buitdgduilding clash type would be

between the protection spaces and hence has netinipis is of course assuming
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that the 3D model is free from any design conflatsl there many tools in the market
now to do so. On the other hand, the site vsctitgh is just a programming clash and
has no physical meaning and thus can be considsrad impact.

The severity of the clash may vary from one cagbdwther. Thus, this model
utilizes the Monte Carlo simulation in predictirgetvalues High, Medium and Low
categories. Future study is needed in this aréa t@ble to formulate the correct
probability distribution for each category. Tilleth, the model assumes a uniform
probability distribution with the values of 0.8550and 0.25 for the High, Medium
and Low respectively. For the no impact clashes/éhee would be zero.

3.3.7 Clash Detection Constraints
The model enforces some hard constraints that ptelre unbalancing or the over-

estimation of clashes. The first hard rule prokiliite assigning of the same
workspace to the same object of the same activilyerthan once. In other words, a
wall undergoing the masonry activity cannot have labor workspaces, but can have
a labor and material workspace. The other constimihat the interferences between
the workspaces of the same object of the sameatgaie not considered a clash. It is
assumed that the different workspaces built forapject linked to a certain activity
work in harmony and must interfere in order tothetjob done. Hence, the model
neglects any interferences happening between thiespaces of the same activity of

the same object.

3.4 Clash Estimator Module

This study developed a new multi-criterion functitamed the Clash Magnitude
Estimator “CME” that would assist planners in gtaively estimating the impact of
the different clashes in a construction project pravide the enough analysis in order
to decide on the preferable optimization. Thisisaegbresents the findings and
introduces the new equation. In order to minimiee computational effort and ensure
receiving the results in a timely acceptable maniher CME was designed to work on

two levels. Figure 41 shows the flowchart for thesh detection and evaluation
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Clash Detection & Evaluation Flowchart
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Figure 41 Clash Detection and Evaluation Flowchart
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3.4.1 First Level Check: The Space-Time Criticality Factor
The first check’s idea is similar to that of thamher’s criticality factor. Here, the idea

is to set the project’s tolerance level for theahble clashes per day. The system
then checks for the days which are out of thosraolke levels, and would need extra
investigation. The equation for the first level ckéor a given daw is as follows in

Equation 15:

Equation 15 First Level Check: Space-Time CriticalityFactor

WhereNC = the number of clashes at that ddy= The volume of the conflicting
space between the two workspace typgss The planned volume required by both
workspaces at that da§k- = The value of the severity of the clash, angw, = User-
defined weights that are decided upon the staheproject. However in this check,
it is recommended that the weight for the sevdatyor be greater than that of the
volume ratio, since the clashes with the biggeesgvshould be the top priority.
Here the target is to prioritize the problems ia finoject, starting with the days with

highest space-time clashes and then working doefirib.

3.4.2 Second Level Check: Clash Magnitude Estimator
At this point, the system has identified the catidays with the highest space-time

clashes. Accordingly, the second level of invesiogawill start, which will be
conducted on the activities that are working irsthdays. The target from this check
is to pinpoint the activity with the highest spatee clashes, which when modified
would enhance the project behavior. Also, this kh@ovides the user with the
prioritization of the activities, which are the me@sausing space-time clashes and
which are the least. The equation that is useddtuate the activity’s behavior is as

follows in Equation 16:

n=CN
_ Vcn Dcn
CMEActivities = Wl-V +W2-D + W3.CFTl+ W4.SFn
n=1 Apn Apn

Equation 16 Second Level Check: Clash Magnitude Estintar

Where \t = The volume conflicting between 2 workspaceg, 2/Planned workspace
volume of the activity, D= the length of the clash in days,,B the planned duration

of the activity, CF = a measure to indicate théaality of the activity in question, SF
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= the quantification of the clash type based orvtbhekspaces, and CN is the total
number of clashes that the activity is suffering.
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CHAPTER 4: IMPLEMENTATION OF THE DEVELOPED
FRAMEWORK

This chapter describes the tools developed in daitast the developed framework in
Chapter 3. It describes to main parts: first thénsrre tool used for inputting and
processing the data for workspace generation, @tahsl a test model to display the

analysis techniques of the resulting data.

4.1 Development of the software tools

The tool needed for this study can be categotiziad3 main parts: a planning tool, a
3D graphical tool, and a tool for workspace generaflhe planning and 3D
graphical tools are common and any type could led usthis study. However, a
software tool for workspace generation has beeeldped specifically since there
was no tool in the market to do so.

The software tool developed is called the “Actiwtiorkspace Generator
(AWG)”". The AWG utilizes the GUI of the Blender $ofire, which is 3D software
using the python programming language with an cgmmree license (Blender
Organization). Being an open-source license hasvatl the developers to modify the
software to collect and process the data neededkefaring the workspaces, detecting
and calculating the clash volumes. Figure 42 bealescribes the main components in

the user interface that help in gathering the data.
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Figure 42 User Interface of the AWG

The Blender accepts the Film Box (FBX) format frany drawing software,
which captures the graphical data and the IDse@bthilding components. The data
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from the planning software is inputted into thenoler using the Comma-Separated
Values (CSV) format. Figure 43 explains the funesian the Workspace generation
component that is used after the object is seld@ctedeate the 4D schedule and input
the workspaces. For the simplicity of the datayergach object’s orientation is

according to its local axes, rather than providing global set of axes for all.

s e ) i
@ o (BN EE Y| <+ B EE )| | slender Render 4

User Persp

econd Activity :
WST_BS
+Y

Figure 43 Workspace Generation Component

Once all the workspace data for the objects istiepun the software, it starts
to create the properties for each building objsch aet of decision in a singly array.
The trial period is set to 1, the PSF is 0 andagsimed quantity production
simulation is uniform. The AWG ends with the caltidn of the clashes’ volumes

and the rest of the analysis is done using theddwit Office Excel tool.

4.1.1 Clash Detection and Volume Estimation
Since the software is originally a 3D model, itaépable of determining the center

point of each building element. The clash deteatimthanism depends on measuring
the ratio between the distances of 2 elementsecgrtints and their dimensions. If
the ratio is less than 1, then a clash exists athdtart calculating its volume. This is
done in two steps: first the blender has alreablyik-in algorithm that can formulate
the shape of the intersection clashing betweenextdy and then the developers have
added another algorithm for calculating the voluBiace, the intersection output is
not always a regular shape, so the calculatiohe¥blume is done by slicing the
shape from any assumed center to tetrahedronsrandélculating the summation of
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their volumes (Zhang and Chen 2013). For exampleihave a 4 vertices shape such
as a cube, it has six faces, each face consisigdfiangles, so we take each triangle
3 vertices and connect it to the assumed centerto a tetrahedron and calculate its
volume and do the same for the other trianglesifSa& have the assumed center
point O= (0, 0, 0) and a triangle ABC where A=(y1, z1), B=(x2, y2, z2), C=(x3,

y3, z3), the volume of tetrahedron OACB is accagdm Equation 17:

|VOACB|=|% (—=x3y2z1 + x2y3z1 + x3y1z2 — x1y3z2 — x2y1z3 + x1y2z3 )|
Equation 17 Volume of Tetrahedron (Zhang and Chen 2013

4.2 Design of the test model

A test model was designed for two main reasonst iirto provide an illustrative
example of the calculations done for the clashuatadn adopted in this study and to
verify the developed “AWG”.

4.2.1 Test Model to Measure the CME effectiveness
Figure 44 shows the dimensions of the test modedrisists of five walls each with

the thickness of 0.5 m. Two scenarios of the corstn execution on the model were

tested.

3.000m
5.000m

Figure 44 Test Model Design

For simplicity, the wall will only have one type wbrkspace which is the
labor workspace. The planned schedule is showmgur& 45. The workspaces for the
walls and the intended construction direction &@as in Figure 46. The governing
axis for the walls is assumed to be perpendicoléiné construction direction.
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2013
— May i
mﬁ_TWE'FFFTFH‘n Ue r

Start

Test Model 11-May-13 | 15-May-13
) 0 11-May-13
A1010 Wall 1 5 11-May-13 15-May-13
A1020 Wall2 2 11-May-13 12-May-13
A1030  Wall 3 5 11-May-13  15-May-13

2

2

0

A1040 Wall5 13-May-13  14-May-13
A1050 Wall 4 14-May-13  15-May-13

A1060  Finish 15-May-13 Finish

Figure 45 Test Model Schedule

>

Construction Directio

Figure 46 Workspaces for Scenario 1 in Test Model
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Different colors have been given to the labor wpdce of each wall in Figure
46 to ease the simulation process. Table 11 betmws the simulation of scenario 1

based on the same assumptions that the AWG has.

Day 3D Simulation

11-May-13

12-May-13

13-May-13

Table 11 Scenario 1 Simulation
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14-May-13

15-May-13

Table 12 Scenario 1 Continued

Table 13 presents the clashes arising in the ntmsed on the simulation
Table 11:
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N N Planned Workspace Volume (%) . Planned Workspaceri®Igm3 Clash Dimensions
#| Clash Datg >o_ﬁw\;< >7A_UMM_W Workspacg LengthiWidth| Height| Volume >o_ﬁ__w\_€ >7A_UM,“«_N Workspace Length|Width [Height Volume [Length/ Width | Height| Volume
(m) | (m) | (m) (m?) m (M| M| M) [ (m | (m)]| (M | (Mm%
1]11-05-2013] A1010 | Wall1 Labor 10 2 3 60 A1020( Wall 2 Labor 25 1.2 3 9 2 1.2 3 7.2
2112-05-2013 A1020 Wall 2 Labor 2.5 1.2 3 9 A1030| Wall 3 Labor 10 2 3 60 2 1.2 3 7.2
3113-05-2013 A1030 Wall 3 Labor 10 2 3 60 A1040| Wall 5 Labor 2.5 2 3 15 2 2 3 12
4114-05-2013] A1040 Wall 5 Labor 2.5 2 3 15 A1010| Wall 1 Labor 10 2 3 60 2 2 3 12
5114-05-2013 A1050 Wall 4 Labor 2.5 1.2 3 9 A1030| Wall 3 Labor 10 2 3 60 2 1.2 3 7.2
6(15-05-2013 A1050 Wall 4 Labor 2.5 1.2 3 9 A1010| Wall 1 Labor 10 2 3 60 2 1.2 3 7.2
7115-05-2013 Wall 5 Building 5 0.5 3 7.5 A1010| Wall 1 Labor 10 2 3 60 2 0.5 3 3
8115-05-2013 Wall 5 Building 5 0.5 3 7.5 A1030| Wall 3 Labor 10 2 3 60 2 0.5 3 3

Table 13 Clashes Resulting from Scenario 1
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Table 14 below shows the calculation of the fiestel check using Equation

15:
Workspace | Workspace Ve Severity | First Level

# |Clash Date P P VpTotal |Ve(m®)| w1 w2 v

Type 1 Type2 | Vpl(m?) | Vp2(m?) (m?) Factor Check
1 |11-May-13| Labor Labor 60 9 69 7.2 0.4 0.6 0.5 0.342
11-May-13 Total 0.342
2 [12-May-13] Labor | Labor 9 60 | 6 | 72 ] 04 | o6 | o5 [ o034
12-May-13 Total 0.342
3 [13-May-13] Labor | Labor 60 15 | 5 ] 12 ] oa ] o6 | o5 [ 0364
13-May-13 Total 0.364
4 [14-May-13| Labor Labor 15 60 75 12 0.4 0.6 0.5 0.364
5 |14-May-13| Labor Labor 9 60 69 7.2 0.4 0.6 0.5 0.342
14-May-13 Total 0.706
6 |15-May-13| Labor Labor 9 60 69 7.2 0.4 0.6 0.5 0.342
7 | 15-May-13| Building Labor 7.5 60 67.5 3 0.4 0.6 0.85 0.528
8 | 15-May-13| Building Labor 7.5 60 67.5 3 0.4 0.6 0.85 0.528
15-May-13 Total 1.397

Table 14 First Level Check Calculations
The values for the severity factor and the weiginésshown in Table 15
Severity Factors
Workspace | Workspace Value Weights
Labor Labor 0.5 w1 0.4

Building Labor 0.85 W2 0.6

Table 15 Severity Factor and Weights Values

Graphing the results of the First Level check amascdering the tolerance to
have a maximum value of 0.75, then Figure 47 belowws the problem in day 15-
May-2013

First Level Check

1.397

11-May-13 12-May-13 13-May-13 14-May-13 15-May-13

M First Level Check Allowed Tolerance

Figure 47 First Level Check Results
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Therefore the second level check is applied tatitwities in 15-May-2013

which are Wall 1, Wall 3 and Wall 4, whose calcidas are shown in Table 16

below:

Clashed With
Activity Clash  |[Workspace Planned Activity Workspace Clash Total Dc Dp CME
Workspace Name / Volume W1 |Vec(m3)]|Vp (m3)] w2 W3 | CF | W4 | SF
Name Dates Type . Type Float (days)|(days) Value
Volume (m?) |Object Name (m?3)
Wall 1 | 11-May-13 Labor 60 Wall 2 Labor 7.2 0 0.3 7.2 60 0.1 1 5 0.1 0.9 0.5 0.5 0.396
Wall 1 |14-May-13| Labor 60 Wall 5 Labor 12 0 0.3 12 60 0.1 1 5 0.1 0.9 0.5 0.5 0.42
Wall 1 | 15-May-13 Labor 60 Wall 4 Labor 7.2 0 0.3 7.2 60 0.1 1 5 0.1 0.9 0.5 0.5 0.396
Wall 1 | 15-May-13 Labor 60 Wall 5 Building 3 0 0.3 3 60 0.1 1 5 0.1 0.9 0.5 | 0.85 0.55
Wall 1 Total 1.762
Wall 3 | 12-May-13 Labor 60 Wall 2 Labor 7.2 0 0.3 7.2 60 0.1 1 5 0.1 0.9 0.5 0.5 0.396
Wall 3 |13-May-13 Labor 60 Wall 5 Labor 12 0 0.3 12 60 0.1 1 5 0.1 0.9 0.5 0.5 0.42
Wall 3 | 14-May-13| Labor 60 Wall 4 Labor 7.2 0 0.3 7.2 60 0.1 1 5 0.1 0.9 0.5 0.5 0.396
Wall 3 | 15-May-13 Labor 60 Wall 5 Building 3 0 0.3 3 60 0.1 1 5 0.1 0.9 0.5 | 0.85 0.55
Wall 3 Total 1.762
Wall 4 | 14-May-13| Labor 9 Wall 3 Labor 7.2 0 0.3 7.2 9 0.1 1 2 0.1 0.9 0.5 0.5 0.63
Wall 4 | 15-May-13 Labor 9 Wall 1 Labor 7.2 0 0.3 7.2 9 0.1 1 2 0.1 0.9 0.5 0.5 0.63
Wall 4 Total 1.26
Weights Values Severity Factors Criticality Factors
W1 0.3 Workspace |Workspace| Value T.F Range Value
W2 0.1 Labor Labor 0.5 0<x<20 0.9
W3 0.1 Building Labor 0.85
W4 0.5

Table 16 Second Level Clash Results

The results show that Wall 1 and Wall 3 have a GMkie of 1.762 each
where Wall 4 has lesser value of 1.26. This indisdhat the choices made for Wall 1
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and 3 ought to be revised. Accordingly, Scenamnea2 designed with changes applied

to the workspaces of Walls 1 and 3 only as showselow in Table 17:

Wall
#

|

Scenario 1 Workspace Scenario 2 Workspace

Wal 1
10.000m

]

10.000m

3
Table 17 Workspaces Changes for Scenario 2
Thus, the simulation for scenario 2 is shown inl&dlB:

Day 3D Simulation

™

-

>

©

=

—

—

Table 18 Simulation of Scenario 2
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12-May-13

13-May-13

14-May-13

15-May-13

Table 19 Scenario 2 Continued
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The simulation shows that there are no clasheg;hwtrioves that the results of
the clash evaluation mechanism were successfuhpomting the preferable
optimization solution.

4.2.2 Verification of the AWG
Since the AWG’s main task is to estimate the clagbme arising from any space-

loaded model, Scenario 1 was repeated using the Awd3he results were
compared. This section also provides the user tivéhmethod for inputting the data

Figure 48 Application of AWG to Scenario 1

Table 20 shows the workspace calculations inpdtie&cenario 1 in the AWG

Activity Object [Workspace . . WS _x WS vy WS z
Motion | Static |Reverse

Name Name Type (+x,-x) (+y,-y) (+z,2)
Wall 1 Wall 1 Labor +X Yes No [(2.25,-0.25) 10 3
Wall 2 Wall 2 Labor +X No No (2.5,0) |(-0.25,1.45) 3
Wall 3 Wall 3 Labor +X Yes No |[(-0.25,2.25) 10 3
Wall 4 Wall 4 Labor +X No Yes (0,2.5) |(1.45,-0.25) 3
Wall 5 Wall 5 Labor +X No Yes (0,2.5) 2.5 3

Table 20 Choices for Workspaces of Scenario 1 in AWG

The AWG calculates the workspace sizes from théecqroint of the object, thus the
negative inputs are to account for the workspaea #nside the object itself. The
AWG also accepts values in both directions of atig,dut in the event that only one
value is placed (such case for the z in wall I§ntthe AWG consider the workspace
equally distributed in both directions (+z =-45 in Wall 1). Table 21 shows the

comparison between the clash results of the Maralaulation and the AWG.
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Clash # |Clash Date C.Ia.sh Betwee.en. Clash Volurne Variance Variance
Activity | Activity Manually |Using AWG %

1 11-May-13| A1010 A1020 7.2 7.20000 |-0.000004 | 0.000%
2 12-May-13| A1020 A1030 7.2 7.20000 |-0.000005 | 0.000%
3 13-May-13| A1030 A1040 12 12.00037 | -0.000365 | -0.003%
4 14-May-13| A1040 A1010 12 11.99867 | 0.001327 | 0.011%
5 14-May-13| A1050 A1030 7.2 7.20000 | 0.000000 | 0.000%
6 15-May-13| A1050 A1010 7.2 7.20000 | 0.000000 | 0.000%
7 15-May-13 A1010 3 3.00000 | 0.000000 | 0.000%
8 15-May-13 A1030 3 3.00000 | 0.000000 | 0.000%

Table 21 Results Comparison between Manual Calculatns and AWG
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CHAPTER 5: CASE STUDY
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CHAPTER 5: CASE STUDY

5.1 Case Study Description

After verifying the AWG and proving the effectivesseof the clash evaluation
mechanism, it was tested on a live case studyeShmeframework developed works
best at the micro-level workspaces, a resident@kpt was chosen as the case study.
The project consists of one residential buildingumd floor, 3 typical floors and a
roof as shown in Figure 49 and Figure 50. The dsimars for the ground and typical
floor are shown in Figure 51 and Figure 52. Theglhieof each floor is set to 3 meters.
The 3D model was developed using the Autodesk Revtitecture. The time

schedule was prepared using the Primavera Prdgech®& P6 version 7.

Figure 50 Section of the Residential Building
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Figure 51 Ground Floor Plan
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Figure 52 Typical Floor Plan

The works that were tested in this study were thereting works, masonry
and plastering works. The first floor was extradiean the case study and tested.

Two Scenarios were tested.
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5.2 Scenario 1 Calculation and Results
For Scenario 1, the proposed time schedule is shoWwigure 54. A snapshot of the
workspaces assigned is shown in Figure 55.

Activity 1D 2013
Residential Building 91:May: 13100 Scn o
Contractual Milestones 152 )1-May-13 30-Sep-13 0
A1000 Start 0 )1-May-13 0 |¢ Start
A1570 Finish 0 30-Sep-13 0 <o
Proiect sllmmary 152 )1-May-13 30-Sep-13 0
A1580 Foundation Level 13 )1-May-13 14-May-13 0 o—
A1590 Ground Floor 49 14-May-13 02-Jul-13 82 ——
A1600 First Floor 59 29-May-13  27-Jul-13 = 59 —
A1610 Second Floor 59 24-Jun-13 22-Aug-13 35 —
A1620 Third Floor 59 20-Jul-13 17-Sep-13 12 ——
A1630 Roof 46 14-Aug-13 30-Sep-13 0 —_—
Construction Schedule 152 )1-May-13 30-Sep-13 0
Foundation Level 13 )1-May-13 14-May-13 0
Concrete Works )1-May-13|14-May-13| 0
A1010  Formwork for PC Concrete 3 )1-May-13 03-May-13 0 |}
A1020 Pouring PC 1 )3-May-13 04-May-13 0 !
A1030 Formwork for RC and Smells 5 )4-May-13 09-May-13 0 ]
A1040 Reinforcement for RC and Si 3 )9-May-13 11-May-13 0 1
A1050 Pouring RC and Smells 1 11-May-13 12-May-13 0 |
A1160 Deshuttering 2 12-May-13 14-May-13 0 1
Ground Floor 49 14-May-13 02-Jul-13 82
Concrete Works 32 g
~ A1060  Formwork Columns 3 14-May-13 17-May-13 0 1
A1070 Reinforcement Columns 3 17-May-13 19-May-13 0 1
A1080 Pouring Columns 1 19-May-13 20-May-13 0 I
A1090 Formwork Slab 5 20-May-13 26-May-13 0 ]
A1100 Reinforcement Slab 3 26-May-13 28-May-13 0 ]
A1110 Pouring Slab 1 28-May-13 29-May-13 0 |
A1120 Deshuttering 3 12-Jun-13 | 15-Jun-13 0 ]
Masonry Works 15-Jun-13 | 24-Jun-13
A1130  Masonry 9 15-Jun-13 24-Jun-13 62 (]
Plaster Works 24-Jun-13 | 02-Jul-13
 A1140 Plastering Walls 5 24-Jun-13 29-Jun-13 73 u}
A1150 Plastering Ceiling 2 29-Jun-13 02-Jul-13 | 82 0
First Floor 59 29-May-13 27-Jul-13 = 59
| ConcreteWorks |42 _[20May13] 13| 0 |
A1170  Formwork Columns 3 29-May-13 01-Jun-13 10 0
A1180 Reinforcement Columns 3 01-Jun-13 04-Jun-13 10 i]
A1190 Pouring Columns 1 04-Jun-13 05-Jun-13 10 |
A1200 Formwork Slab 5 15-Jun-13 20-Jun-13 0 o
A1210 Reinforcement Slab 3 20-Jun-13  28-Jun-13 0 |
A1220 Pouring Slab 1 283-Jun-13 24-Jun-13 0 |
A1230 Deshuttering 3 08-Jul-13 = 11-Jul-13 0 ]
~ Masonry Works 9 11-Jul-13 | 20-Jul-13 | 45
A1240  Masonry 9 | 11-Jul-13  20-Jul-13 45 O
Plaster Works 20-Jul-13 | 27-Jul-13
A1250  Plastering Walls 5 | 20-Jul-13 25-Jul-13 52 0

Figure 53 Proposed Time Schedule
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A1510
A1520
A1530

Concrete erk§7

Concrete Works

| Reinforcement Slab
Pouring Slab
Deshuttering

Masonry Works

Activity 1D Activity Name Original Start Finish Total
Duration Float

I A1260  Plastering Ceiling 2 25-Jul-13  27-Jul-13 59
Second Floor 59 24-Jun-13 22-Aug-13 35

| 24-Jun-13 | 05-Aug-13

14-Aug-13|

03-Sep-13
04-Sep-13
19-Sep-13
21-Sep-13

21-Sep-13

A1470  Formwork Columns 14-Aug-13 16-Aug-13 | 13
A1480  Reinforcement Columns 16-Aug-13 18-Aug-13 [ 13
A1490  Pouring Columns '18-Aug-13 19-Aug-13 13
A1500  Formwork Slab '31-Aug-13 03-Sep-13 . 0

04-Sep-13
05-Sep-13
21-Sep-13
26-Sep-13

A1270  Formwork Columns '3 24-Jun-13 27-Jun-13 10
A1280 Reinforcement Columns 3 27-Jun-13 29-Jun-13 10
A1290 Pouring Columns 1 29-Jun-13 30-Jun-13 10
A1300  Formwork Slab 5 11-Jul-13 = 16-Jul-13 0
A1310 Reinforcement Slab 3 | 16-Jul-13 | 19-Jul-13 0
A1320  Pouring Slab 1 | 19-Jul-13  20-Jul-13 0
' Deshuttering 3 03-Aug-13 05-Aug-13
Masonry Works 9 | |14-Aug-13| 28
~ A1340  Masonry 9 05Aug-13 14-Aug-13
Plaster Works 8 114-Aug-13 22-Aug-13 |
A1350  Plastering Walls 5  14-Aug-13 20-Aug-13
A1360 Plastering Ceiling 2 20-Aug-13 22-Aug-13 35
Third Floor 59 20-Jul-13 17-Sep-13 12
Concrete Works 20-Jul-13 | 31-Aug-13| 0
~ A1370  Formwork Columns 3 20-Jul-13 22-Jul13 10
A1380 Reinforcement Columns 3 22-Jul-13 = 25-Jul-13 = 10
A1390 Pouring Columns 1 25-Jul-13  26-Jul-13 = 10
A1400 Formwork Slab 5 05-Aug-13 11-Aug-13 0
A1410  Reinforcement Slab 3 11-Aug-13  13-Aug-13 0
A1420  Pouring Slab 1 13-Aug-13 14-Aug-13 0
A1430  Deshuttering 3 28-Aug-13 31-Aug-13 0
Masonry Works 9  |31-Aug-13|09-Sep-13| 12
~ A1440  Masonry 9  31-Aug-13 09-Sep-13 12
Plaster Works 8 |09-Sep-13|17-Sep-13| 12
A1450 Plastering Walls 5 09-Sep-1 3 14-Sep-13 12
A1460  Plastering Ceiling 2 14-Sep-13 17-Sep-13 12
Roof 46 14-Aug-13 30-Sep-13 0

Plaster Works 26-Sep-13| 30-Sep-13 !
A1550 26-Sep-13 29-Sep-13
A1560 29-Sep-13 30-Sep-13

Plastering Walls
Plastering Ceiling

2
2
1
3
2
1
2
5
5
4
3
1

0
0
0
0
0
| 0
0

Figure 54 Time Schedule Continued
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Activity Name Object Name WS Type | Motion | Static | Ws X(+&-) Ws Y(+&-) Ws Z(+&-)
A1090.Case Study.CN.GR.CO.Formwork Slab Slab - Ground Floor | WST_LS +Y False 12.29 4.258:0 2.125:3.125
A1100.Case Study.CN.GR.CO.Reinforcement Slab Slab - Ground Floor | WST_LS +Y False 12.29 4.258:0 2.125:3.125
A1110.Case Study.CN.GR.CO.Pouring Slab Slab - Ground Floor | WST_BS +Y False 12.29 21.29 0.25
A1110.Case Study.CN.GR.CO.Pouring Slab Slab - Ground Floor | WST_LS +Y False 12.29 4.258:0 2.125:3.125
A1150.Case Study.CN.GR.PS.Plastering Ceiling Slab - Ground Floor | WST_LS +X False 6.145:0 2129 -0.125:3.125
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-01 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-02 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-03 WST LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-04 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-05 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-06 WST_LS +X True 15 15 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-07 WST LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-08 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-09 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-10 WST_LS +X True 15 15 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-11 WST_LS +X True 15 15 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-12 WST_LS +X True 15 15 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-13 WST_LS +X True 1.5 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-14 WST_LS +X True 1.5 1.5 3
(A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-15 WST LS +X True 15 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-16 WST_LS +X True 1.5 1.5 3
(A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-17 WST_LS +X True 15 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-18 WST_LS +X True 15 15 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-19 WST_LS +X True 15 1.5 3
A1170.Case Study.CN.FR.CO.Formwork Columns Column FF-20 WST_LS +X True 15 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-01 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-02 WST_LS +X True 15 15 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-03 WST LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-04 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-05 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-06 WST_LS +X True 15 1.5 3
IA1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-07 WST_LS +X True 15 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-08 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-09 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-10 WST_LS +X True 15 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-11 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-12 WST_LS +X True 15 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-13 WST_LS +X True 15 15 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-14 WST_LS +X True 15 1.5 3
[A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-15 WST_LS +X True 1.5 15 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-16 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-17 WST_LS +X True 15 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-18 WST LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-19 WST_LS +X True 1.5 1.5 3
A1180.Case Study.CN.FR.CO.Reinforcement Columns Column FF-20 WST_LS +X True 1.5 1.5 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-01 WST_BS +Z False 0.167 0.457 3
[A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-02 WST BS +Z False 0.167 0.457 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-03 WST_BS +Z False 0.167 0.61 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-04 WST_BS +Z False 0.167 0.32 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-05 WST_BS +Z False 0.61 0.167 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-06 WST_BS +Z False 0.167 0.32 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-07 WST_BS +Z False 0.167 0.61 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-08 WST_BS +Z False 0.167 0.61 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-09 WST_BS +Z False 0.167 0.61 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-10 WST_BS +Z False 0.167 0.61 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-11 WST_BS +Z False 0.167 0.61 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-12 WST_BS +Z False 0.32 0.167 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-13 WST_BS +Z False 0.32 0.167 3
[A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-14 WST_BS +Z False 0.61 0.167 3
[A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-15 WST_BS +Z False 0.61 0.167 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-16 WST_BS +Z False 0.32 0.167 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-17 WST_BS +Z False 0.32 0.204 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-18 WST_BS +Z False 0.61 0.167 3
[A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-19 WST_BS +Z False 0.32 0.167 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-20 WST_BS +Z False 0.32 0.167 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-01 WST_LS +X False 1.5 1.5 3
A1190.Case Study.CN.FR.CO.Pouring Columns Column FF-02 WST_LS +X False 1.5 1.5 3

Figure 55 Snapshot of Workspaces for Scenario 1

The graph for the first level check is shown ing56. From the 59 days for
the first floor, 36 days had clashes, 10 of themevadove the tolerance level of 60.
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Figure 56 First Level Check Results for Case Studycgnario 1

The severity values and weights for the first lestedck are shown below in Table 22

below:
Workspace Type Workspace Type Value
Labor Space Building Space 0.85
Building Space Labor Space 0.85 w1 0.4
Labor Space Labor Space 0.5 w2 0.6
Building Space Building Space 0.25

Table 22 Weights and Severity Values for Case Study

The days above the tolerance level were the diaes11-July-2013 to 20-
July-2013 and 24-July-2013. When these dates wessiigated, it was found that the
activities of de-shuttering, masonry and plasteviradjs were in question. The results

of the second level check are presented in Figdre 5
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Figure 57 Case Study Second Level Results

5.3 Scenario 2 Calculation and Results

Based on the findings of the second level checkagiario 1, the masonry and

plastering activities were readjusted by only myidij their workspace assignments

and orientations without any schedule adjustmentsfast attempt. The results
showed improvement in the ranges an average of Pldever the results still
showed some critical days above the tolerance,iwgtiows the need for an
automated optimization tool as an addition to smfware in the future.

First Level Check - Case Study Scenario 2

100

Figure 58 First Level Check - Scenario 2
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5.4 Validation and Discussion
The above results were presented to 6 lead exipdtie construction field through
short informal sessions. Each session lasted Lisshoovering the following topics:
* The problem statement of the research and the pegjpivpamework
* The case study and the choices of input
* The results of the case study

The profiles of the evaluators are shown belowabl& 23:

No. | Participant Type ExperiengeParticipant Profile

Years

_ Leading architectural engineer in an
Projects Control _ _ _ _
1 ) 26 Egyptian consultancy firm with planning
Director )
and costing roles

_ Average | Civil engineers in an Egyptian contracting
2 | Two Senior Planners

10 firm with planning and costing roles
) Civil engineers with planning experience
Three Project Average | . o o
3 in Egyptian contracting firms working in
Managers 13

the Middle East

Table 23 Profiles of Evaluators

Since the topic was still considered new to thefEigy market, the discussions at
the start of the sessions generally tangled thetoureof when would it be best to use
this model, and who is benefiting the most outafhie contractor or the client? What
would be the easiest method to attain the data thensite engineers? Etc...

The overall agreement was that it was preferragséothe model at the end of the
planning stage by the contractor, once the detéheel 4 schedule has been prepared.
This is to ensure the adequate available datate the workspaces on site and detect
the clashes. It was also found that it is preferablconduct the study on the whole
schedule as the first trial in order to capture enycal activities (space-wise) that
would appear at the end of the project.

The rest of the feedback from the sessions wasah&nt and acknowledgement
of such useful data in the market. The main benéfghlighted were:

» The use of the 4D as a visualization medium whih dased the estimation

and analysis stages

* The variable productivity rates and their link b@ tmarket norms
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* The automaton attempts of the workspaces
* The 2 level check of the clash evaluation mechanashe used as a
comparison tool between schedule alternatives
There were some critics to the model also whichliggted the following points:
* The output was not still refined enough for dinesé in the site, which
needed more work
* The fact that there was not yet an automated opditiain tool to the model
forced the users into manual optimization which entiee process longer.
* The absence translation of the clash evaluatottsesuthe impacts on the
time, cost and quality and hence the inability ptimize through these

factors.
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6. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusion

The study has presented a complete coherent frarkdarahe detection, analysis
and evaluation of clashes. The research startédieoyifying the handicaps that were
available in the previous studies. Then, it begateisign the road map from the start
of the problem which is the automated generatiohefdifferent workspace types
based on the least data possible. As this hasdyeznf the main problems in the past
due to the large amount of input data required. ditemated generation dealt with
three main topics

» The creation of the 4D model through utilizing thetivity ID.

» The definition of the inputs for the singular compat through the

construction direction and the different quantajes.

* Dealing with the behavior of the mass componentsuthh defining the

different execution strategies.

The next step the research presented was thedd#sttion mechanism which for
the first time ever was done on two steps:

» Step One targeted the days to quickly identifydtigcal days beyond the

tolerance levels, focusing on the activities okthdays

» The results of step one led to the second stepabdfiating the performance of

these activities, to determine which are the mastitiesome and ought to be
modified.

Not only that, but the research also presentedafmf-concept illustrative test
model to demonstrate the framework in action, anshbw the effectiveness of the
two level check.

The framework was also tested on an actual cadg,dty developing a software
tool to ease and structure the workspace assigndagat where the first floor was
extracted and workspaces were assigned to theatorg;rmasonry and plastering
works. The results showed massive clashes which amalyzed. A modified plan
was then tested again based on the analysis frerirsh scenario which showed an
average optimization of 20% in the clash resultee finding were presented to
construction experts in the field whom acknowledtexlusefulness of the results and
recommended extra output for better practical use.
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6.2 Recommendations for Future Work

The future work will be focusing on the following:

Modifying the singular direction construction asgtion: In order to mimic
the actual execution behavior of any element, istnme assumed that the
building rate of the element is variable in eaafection (coordinate).

Adding factors to the CME: Some factors could beeabto the CME to
provide the user with a better estimation. Exampfdblese factors could be
the cost weight of the building component or the@Bd@ivision it follows, or
could be a quality factor to reflect on the desigmplexity of the building
element.

Introducing uncertainty software such as Monte-€annulation: For the
clash quantification area, a simulation like Mo@aro simulation may be
added to provide the users with confidence levels.

Quantify CME results: Utilizing the BIM technologihe CME results will be
linked with parameters as the resources’ cost dotla@ time schedule to
guantify them into estimates that could be congidén contingencies.
Prediction tool: The current output of the moddahis CME results in addition
to some analysis. The future hope is to expandatblento a complete
prediction model which could estimate the new prognd date and expected
cost. For that to happen, the author will atteroptreate algorithm to import
more schedule data such as the relations. Most déhamisms in the market
relate the building components to the start andadride activity and do not
respect the activity relations.

Automatic optimization of the presented model dradutput of the re-
modified construction method and sequence throbglidilowing parameters:
o Delaying the start of certain components in eaciviag by utilizing
the total and free floats (adopting the same casaefresources

leveling.

o Allowing for the automatic breaking down of actie# into smaller
sections, to allow for the interrupted flow of work

o Optimizing the results based on the time delay edws the cost

incurred rather than the CME value only.
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0 Setting a priority mechanism to eliminate clashetypefore others
based on the project type. For example, when wgrkimuclear
plants, not building clashes can be allowed.

o0 Introducing evolutionary algorithms as Geneticaitlpms to enhance

the optimization process.
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