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ABSTRACT: One of the important project resources that has been overlooked during the planning phases of most construction projects is site space. In some projects, site space can be as crucial as any other construction resource. Researchers have attempted to put together models that perform or assist planners in site layout planning. This paper presents a newly developed model that integrates the powerful graphical capabilities of CAD systems with the intricate search and optimization abilities of genetic algorithms for the purpose of solving the site layout problem. The model is capable of dealing with irregular site shapes as well as considering site obstacles and permanent facilities. Modeling the continuously developing construction site is made possible via dynamic site layout planning. Instead of creating a single layout that will inevitably become obsolete after some time, the model deals with several layouts that change over time as construction progresses.

الملخص: تعد المساحات المتوافرة بمواقع التشييد أحد الموارد الهامة التي كثيراً ما يتم تجاهلها أثناء عمليات التخطيط المبدئي للمشاريع. أحياناً تصبح المساحات الخالية بالموقع محدودة ومطلوبة مما يجعلها بنفس درجة أهمية الموارد التقليدية المستخدمة لعمليات التشييد . وقد حاول الباحثون في الماضي بلورة العديد من النماذج التي يمكن أن تساعد في عمليات تخطيط موقع المشروع أثناء التنفيذ. هذا البحث يقدم نموذج جديد يجمع ما بين إمكانيات برامج الرسم الهندسي (CAD) وقدرات البحث والأمثلية لنظرية الجينات لحل مشكلة تخطيط الموقع. صمم النموذج للتعامل مع كلاً من الأشكال المنتظمة والغير منتظمة لمواقع التشييد كما تم إضافة إمكانية التعرف على المباني والعوائق الموجودة داخل الموقع. النموذج يمكنه أيضاً التعامل مع التغيرات المستمرة التي تحدث في الموقع أثناء التنفيذ من خلال ما يعرف باسم التخطيط الديناميكي للموقع ، فبدلاً من وضع تخطيط واحد للموقع يستمر طوال فترة تنفيذ المشروع والذي يمكنه أن يصبح غير ملائم بعد فترة من بدء العمل بالمشروع ، يقوم النموذج باقتراح أكثر من تخطيط يتغير مع تطور عمليات التشييد في الموقع مع الزمن .
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1 Introduction


The effective and efficient management of construction resources is the essence of success for any construction project. Traditionally, most researchers and industry professionals identify the five main construction resources to include, time, capital, labor, equipment and material. One of the most important construction related resources that has been for long overlooked is space. In some projects on-site space can be as crucial a resource as the traditional construction resources mentioned. In highly congested sites, space becomes a very scarce resource that needs to be carefully planned and efficiently utilized. On the other hand, in large sites having abundant space availability, the proper positioning of site facilities with respect to each other will greatly influence material handling and travel costs. Most construction resources require space on site. This is the case for materials and equipment, support facilities (e.g., trailers or parking lots), and demarcated areas (e.g., law down areas, roads, or work space), but also for obstacles (trees or existing buildings). Allocating site space to resources so that they can be accessible and functional during construction is a problem known as layout planning (Zouein & Tommelien, 1999). Regardless of site dimensions and its level of congestion, the need for careful planning of construction site layouts is evident. In practice, the task of site layout is usually performed through common sense and the adoption of past layouts to present projects. 
2 the site layout planning problem
The layout arrangement of a certain site or location is a universal problem found in many scientific domains. In industrial engineering, the facility layout problem involves finding the optimum position of departments in an industrial facility. In electrical engineering, the design of VLSI microchips involves a task named macro-cell layout generation. In this task, the various components of the microchip are to be allocated in their optimal positions to minimize the area of the microchip (Schnecke & Vornberger, 1997). 
In the construction industry, the task of site layout planning consists of identifying the different facilities needed to support construction operations, determining their size and shape, and positioning them within the boundaries of the available on-site areas. Examples of these facilities include offices and tool trailers, parking lots, warehouses, batch plants, maintenance areas, fabrication yards or buildings, staging areas, and lay-down areas. (Yeh 1995). Neglecting site layout planning during the early planning stages of construction projects can lead to unsuitable layouts that need correction. Correcting a mistake costs much more than preventing it in the first place. The emergence of an unsuitable layout does not always occur during the early phases of a project, it is during the late phases (due to the vast changes that have occurred) that a layout might seem incompetent of achieving the site requirements at that time.

Considering the dynamic nature of construction projects and its direct reflection on site requirements in general further complicate the layout process. Site facilities constrain one another in the process of determining their final position. Gasoline or natural gas containers must be kept a minimum distance away from buildings or oxygen tanks. Physical resources (e.g., trailers) cannot occupy space that is occupied by other physical resources, that is they cannot overlap. Constraints themselves vary over time. A lay down area may provide space to store precast members while a structure is being erected, and space to accommodate machinery later. Interactions between resources also determine the quality of positions, which can also vary over time. A loader and filling material interact during backfilling, so they must be positioned as close as possible to each other to minimize travel time. Upon completion of this activity, the required interaction stops. The loader will probably be assigned to a different activity and thus relocated to function better (Zouein & Tommelien, 1999). This ever-changing nature of construction sites has led to the emergence of what is known as dynamic layout planning. This approach creates several layouts spanning the project duration so that each unique layout will strive to achieve the site requirements set forth during the layout’s life span.
3 Problem solving approaches
Researchers in the field of construction engineering have chosen various approaches to deal with the layout planning problem. These approaches differ from one another in the level of detail they provide and the extent to which they yield a well round solution to the rather sophisticated problem of layout planning. These approaches can be broadly divided into 3 categories; static layout planning, dynamic layout planning and space scheduling. The three categories are briefly described in the following sections.
3.1 Static Layout Planning
A layout is termed “static” if effort put in planning yields only one site layout that will span the entire project duration. Usually this layout will become obsolete after any significant progress in the project, as the needs of construction sites change considerably from time to another throughout different phases of construction.
Early research in the area of site layout planning was limited to static layout problems. Performing the more sophisticated “dynamic layout planning” was hindered by the high computational capabilities that was unavailable in the late 80’s and early 90’s. Researchers acknowledged their models’ limitations and recommended future research to consider the more generic “dynamic layout problem”. (Tommelien et al. 1992, Cheng & O’Connor 1996, Li & Love 1998).

3.2 Dynamic Layout Planning

Creating layouts that change over time as construction progresses is termed dynamic layout planning. The needs of construction sites change considerably from time to another throughout different phases of construction. 
1- As the project grows, more area is occupied by permanent facilities leaving less space to position supporting facilities.
2- The types and quantities of material being delivered to the site change considerably throughout the project. Thus, the areas needed for their storage change accordingly. (Zouein & Tommelien, 1999)

3- In most projects, the demand for heavy equipment and on-site administrative support facilities changes as construction progresses. This causes significant changes from time to another in both the required site space to support these facilities and the presumptive position of each relative to the others. 
4- Access roads that are available during one stage of construction may not necessarily be available during another stage. 
The need for a dynamic model to represent site requirements is clearly understood. Applications in construction engineering nonetheless lagged behind their counterparts in other fields such as industrial engineering. For instance, Rosenblant (1986) presented a mathematical model for dynamic plant layout where an optimization technique named “dynamic programming” was utilized to mimic the dynamism of the layout process. 
Tommelien & Zouein (1993) presented one of the earliest dynamic models for construction site layout planning. A number of studies have followed since then (Zouein & Tommelien 1999, Elbeltagi et al 2001).
3.3 Space Scheduling
The dynamic modeling discussed in the previous section is incompetent in solving all site layout related problems. Dynamic layout can only assign a set of facilities that occupy the site during a certain time period on a predetermined site area. If during any time period there is no feasible solution, the planner must either alter his schedule or reconsider the area assigned to facilities. The more generic approach of “Space Scheduling” addresses problems of this kind. 

The first to acknowledge the broader approach of space scheduling in construction were Tommelien & Zouein (1993). Their study recognizes space scheduling as a bi-directional interaction between scheduling and layout construction or improvement. The basic research approach is to conduct appropriate schedule changes whenever insufficient space is available to accommodate all resources on site for any time interval. It was not until 2001 when the same researchers formulated an improvement algorithm for limited space scheduling (Zouein & Tommelien 2001). In this latter work, space scheduling is dealt with in the form of a constrained resource leveling problem with the resource into consideration being site space.

4 Problem solving techniques
Researchers have utilized many problem solving techniques in site layout planning ranging from purely mathematical models to knowledge based systems. Artificial intelligence and evolutionary algorithms have also been used in problem solving. Up till now, researchers have not acknowledged a specific problem solving technique to be more suitable than another. Techniques used can be broadly divided into two categories, namely heuristical techniques and mathematical techniques.  

4.1 Heuristical techniques
Early research in the area of layout planning was focused more heavily on systems that would provide guidelines or rules that assist managers in layout planning rather than perform the assigning process itself based purely on a specified optimization goal. Systems of this type are more dependant on manual rather that automated design. One of the early innovative expert systems was the SightPlan model presented by Tommelien et al. (1992). SightPlan was a model that mimics how people layout construction sites and encodes the domain knowledge and heuristics they apply in this process. Cheng & O’Connor (1996) developed an automated site layout system for temporary facilities. Their system ArcSite integrated a database management system (DBMS) with a geographic information system (GIS). 

4.2 Mathematical techniques
Most mathematical techniques involve the identification of one or more goals that the layout should strive to achieve. Any of these goals is interpreted to what mathematicians term "an objective function". This objective function is then optimized under problem specific constraints via any common optimization technique. Some of the techniques used by researchers in the site layout optimization problem are listed in Table 1. 
Table 1. Summarization of optimization techniques used in 
solving site layout planning problem
	Technique
	Research

	Linear Programming
	Zouein & Tommelien (1999)

	Genetic Algorithms
	Li & Love (1998), Hegazy & Elbeltagi (1999)

	Neural Networks
	Yeh (1995)


5 CAD-based dynamic site layout planning model
The model presented in this paper integrates the highly sophisticated graphical capabilities of CAD platforms with the highly robust search and optimization abilities of genetic algorithms for solving the dynamic site layout problem. A schematic diagram of the newly developed model is illustrated in figure 1. The novelty of the proposed model lies in its utilization of CAD capabilities as input/output media. Using CAD systems increases the practicality of the model. The fact that most construction companies have their project plans and drawings in a CAD format will greatly facilitate the use of the model. 

Figure 1. Structure of the CAD-based dynamic site layout planning model

The proposed model utilizes vast amounts of data. Data used in the model can be grouped into four major categories (Table 2), namely, schedule data, temporary facility data, site geometrical data and facility cost data. 
Table 2. Description of the main data types required in the model
	Data
	Description

	Schedule data
	Main project phases. Phases are grouped based on temporary facility requirements.

	Temporary facility data
	Temporary facility requirements in each phase in addition to the expected sizes of these temporary facilities.

	Site geometrical data
	CAD drawings representing the layout of fixed facilities in each project phase.

	Facility cost data
	Inter-facility transportation costs for each phase in addition to the expected cost for relocating temporary facilities.


Genetic algorithms are used to perform the optimization process, which proceeds in two stages. Firstly, static layout is performed and each phase is considered completely separate. Secondly, dynamic layout is performed taking layout continuity into consideration. Following the optimization process, the model delivers a series of CAD drawings each depicting a particular construction phase with all temporary facilities placed in their optimal positions. 
The functionality of the optimization engine largely depends on identifying the specifics of the CAD drawing (i.e., site boundaries, permanent facilities, and obstacles). Accurately identifying the available space on site for assigning the temporary facilities is essential in order to yield a feasible solution. Available space on site is detected through the algorithm explained hereafter. The main concept in space detection is that of space discretization, that is the division of space into an orthogonal two-dimensional grid. This grid is then coded, each grid cell having a unique (X,Y) coordinate as illustrated in Figure 2. 
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Figure 2. Space Discretization

In order to perform this function, two main steps needs to be performed.

1- Identification of site boundaries: The linear equations of all lines comprising the site boundaries are identified. Using a single point inside the site, the site boundaries are recognized based on a set of inequalities. By toggling through coordinates of all points inside the site boundary’s “Bounding Box”, only those points that satisfy all linear inequalities simultaneously are chosen.
2- Identification of fixed facilities and obstacles: Grid spaces occupied by fixed facilities and obstacles are removed from those detected in "1". 
5.1 Use of Genetic Algorithms in site layout optimization

In the very broad sense genetic algorithms or GA’s, are search algorithms based on the mechanics of natural selection and natural genetics. They combine survival of the fittest among string structures to form a successful search algorithm. In every generation, a new set of strings is created using bits and pieces of the fittest of the old. While randomized, genetic algorithms are no simple random walk. They efficiently exploit historical information to speculate on new search points with expected improved performance. Genetic algorithms are often viewed as function optimizers, although the range of problems to which they can be applied is quite broad. (Goldberg, 1989). Because of their characteristic of not utilizing gradient information, GA’s are highly applicable to problems having non-differentiable functions, as well as functions with multiple local optima. (Whitley, 1993). 
The aforementioned characteristics demonstrate GA's to be quite a viable technique for site layout optimization. Any GA follows the shown simple algorithm (Chan et al., 1996)
Begin

Generate a new population of solutions

While terminating condition is not met DO

   Evaluate the solutions

   Select the better solutions

   Recombine solutions using genetic operators

END

There are three basic genetic operators:

 1- Reproduction: A process in which strings are duplicated according to their relative fitness measure. 

2- Crossover: A process in which the newly reproduced strings are randomly coupled, and each couple of the string partially exchanges information. 

3- Mutation: Is the occasional random alteration of the value of one or more of the string bits. 

Usually there are only two main components of most genetic algorithms that are problem dependant, the string coding and the objective function evaluation. String coding refers to the process of translating any solution into a unique string (similar to the biological chromosome) prior to commencing the genetic algorithm. The objective function evaluation is the process of deciphering the string back to its problem-equivalent value with the purpose of achieving the problem objective.
5.2 GA string coding

The coding scheme of any GA is the essence of its success. The coding scheme used in the presented model is a modified version of that adopted by Hegazy & Elbeltagi (1999). As their model depended largely on utilizing a set of grid cells to represent site space; each grid cell was uniquely coded based on the location of the row and column in which the cell is located. Site facilities were then referenced via these developed codes. The model by Hegazy & Elbeltagi (1999) was implemented using MS-Excel. 
In the model of this paper, the case is quite different. Our main dependency on geometrical data is by space detection through the CAD platform. It was seen previously that available space is represented by a set of X and Y coordinates. Therefore there is no need for the unique coding of grid spaces, as each grid space in uniquely identified by a set of two numbers (i.e., the X and Y coordinates). The model represents the solution through a string representation as illustrated by the following example for 8 temporary facilities. 

	
	F1
	F2
	F3
	F4
	F5
	F6
	F7
	F8

	X
	12
	0
	22
	1
	16
	6
	8
	20

	Y
	0
	0
	4
	12
	2
	6
	20
	5


The above string coding translates as follows:

F1 is placed such that its bottom left corner is at (12,0)

F2 is placed such that its bottom left corner is at (0,0)

And so on.
5.3 Constraint Satisfaction

Geometrical constraints are vital in the layout process. It is of utmost importance that temporary facilities be placed (1) Inside our site boundaries and (2) In such a manner that no overlap occurs between any two temporary facilities or between temporary facilities and fixed facilities. 

To achieve the satisfaction of geometrical constraints, two main sub-modules of the algoritm are utilized, namely, “CheckSite” and “CheckOverlap”.

5.3.1 CheckSite module:

This module performs the function of ensuring that any temporary facility (1) lies inside the site boundaries and (2) does not overlap with any fixed facility or site obstacle. This function requires as input 4 variables; the x and y coordinates of the bottom left corner of the facility and the facilities dimensions in the x and y directions. It provides a Boolean true/false output. In its operation it toggles through all grid coordinate occupied by the facility and compares them with all available X and Y coordinates (Figure 3).

If any (X,Y) of facility 
[image: image2.wmf]Ë

 Available(X,Y) then CheckSite = False

Else CheckSite = True

[image: image3.wmf]Site Boundary

Fixed facilities

Temporary facilities

CheckSite = False

CheckSite = False

Fixed facilities

Site Boundary

Temporary facilities


Figure 3. Functionality of CheckSite module

5.3.2 CheckOverlap module

This module performs a function consisting of two sequential tasks (Figure 4).

a- Makes sure that the facility being checked does not occupy a space already being reserved for another facility that has been assigned on site.

If any (X,Y) of facility 
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 Occupied(X,Y) then CheckOverlap = False

Else CheckOverlap = True

b- If no overlap occurs space is reserved for the facility

For 
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 (X,Y) of facility, Occupied(X,Y) = Facility(X,Y)
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Figure 4. Functionality of CheckOverlap module

5.4 Optimization Procedure

5.4.1 Objective function

The objective function that is evaluated in the optimization process is a modified version of that adopted by Zouein & Tommelien (1999). The objective function to be minimized is:
Layout Cost = Transportation Cost (T.C.) + Relocation Cost (R.C.)
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Where:

P= Total number of fixed and temporary facilities present.
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In the newly developed model the term R.C. depicting the relocation cost has been slightly modified. In construction site planning, the cost of relocating a facility is not greatly dependant on the distance of relocation but on whether relocation has taken place or not. Empirically, relocation cost of a construction facility can be represented by the following equation:
R.C. = Fixed Cost + Variable Cost

Where the fixed cost represents those costs spent on dismantling, re-installment, delay and providing an alternative facility. Variable costs are usually attributed to hauling, and are a direct function of hauling distance. When considering most construction related facilities, fixed costs are far larger than variable costs. Therefore, the following representation for relocation cost can be used:
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If facility i has been relocated from phase (t-1) to phase t, then 
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If no relocation has occurred 
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5.4.2 Dynamic Optimization

Until now, all discussion of the optimization process was only for a single phase in the project. The layout process itself is dynamic in nature, thus the optimization process must also reflect this dynamics. The optimization process begins with the static optimization of all phases based solely on transportation costs. It treats each phase as if it were a completely separate phase with no interaction with preceding or succeeding phases. After static optimization of all layouts are complete, one of two dynamic optimization techniques are followed. The two techniques are called the critical phase approach and the mini-min approach, Figure 5.

[image: image16]
Figure 5. Flowchart for the optimization procedure

In the past, researchers who have tried to tackle the problem of dynamic site layout planning have proceeded in chronological order (Zouein & Tommelien, 1999). This approach has its drawbacks. The main weakness lies in the fact that facilities that are assigned positions in early phases may:

1- Be placed in positions that  will subsequently be occupied by permanent facilities, thus they will be forced to be relocated. 

2- Be placed in positions that minimize transport costs during early phases but in subsequent phases be in unfavorably far positions from other facilities.  

As mentioned before, the researchers have proposed two approaches to mitigate these costs of early assignment of facilities in positions that may seem favorable in early phases, but could turn out very costly in phases to come.

5.4.3 Critical Phase Approach

It is evident that the choice of the first phase to be the initial phase (where no relocation costs are calculated) may not necessarily yield the most optimum transportation + relocation cost for all phases combined. The key to finding the optimum solution for all phases lies in identifying an initial phase whose layout will be solely dependant on the transportation cost. Dynamic optimization should proceed in forward chronological order for succeeding phases and backward chronological order for preceding phases.

This approach is based on the prevalence of a phase in the project having several on- site temporary facilities, a lot of ongoing site movement and a relatively long time span. Thus during this critical phase, transportation costs are more likely to be much higher than other phases. During planning, extra care should be provided to this phase. Performing facility layout based solely on transportation costs in phases other than the critical phase may lead to facilities being placed in a position that is not optimum during this critical phase. Transportation costs in this critical phase could greatly boost. The overall transportation costs for all phases could be far from optimum. 

The critical phase approach highlights the importance of this critical phase. The approach selects the phase having the highest transportation costs (previously obtained from static optimization) as being the initial phase. Dynamic optimization proceeds in backward chronological order for all phases preceding the critical phase and in forward chronological order for all phases succeeding the critical phase. It is to be noted that this approach does not necessarily give the most optimum solution. It is merely suggested as an enhancement to approaches that begin the layout process with the first phase in the project sequence.

5.4.4 Mini-Min Approach

Due to the fact that the critical phase approach does not necessarily yield the most optimum solution, the Mini-Min approach is introduced. The main weakness in the critical phase approach is that the phase having the largest transportation cost might not necessarily be the initial phase. This approach is a slight enhancement of its critical phase counterpart.

The Mini-Min approach considers all possibilities for choosing the critical phase. It performs the dynamic optimization of all phases n times, n being the number of phases. It calculates the total costs for all phases n times and chooses the trial having the least cost as the Minimum-Minimum solution. It may seem that the Mini-Min approach performs the dynamic optimization problem far too many times and that this may be computationally exhaustive. In fact, it is. For a project comprised of n phases, our system is required to solve n2 optimization problems. When case studies were used to test the model, using the Mini-min approach required feasible running times on PC's of regular speed.

6 Computerization of Developed model

The researchers are currently developing an automated computer program that implements the presented model. Implementation is via Microsoft VisualBasic and incorporates AutoCAD™ as the CAD platform of choice. AutoCAD™ is selected because of its widespread use in the construction industry. Meanwhile, the optimization dynamics and the program environment are implemented via VisualBasic. Details of the system can be found in the authors' other publications (Osman, 2002). 
7 Summary & Conclusions

This paper is divided into two main parts. The first part provides a thorough comparative review of research pertaining to construction site layout planning. The comparison focuses on the modeling approaches and problem solving techniques. The second part presents a hybrid model that combines the powerful graphical capabilities of CAD platforms with the intricate search and optimization abilities of genetic algorithms. The model is intermittent in the approach it follows in modeling the dynamic aspects of site layout that were not thoroughly covered in previous models. The researchers are currently implementing the presented model to provide a completely automated CAD interactive system to be used as a construction site planning tool.
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