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ABSTRACT:  There are two main challenges faced by asset management departments: first, the accurate and appropriate distribution of available budget among managed assets over a planning horizon in order to maintain assets conditions within satisfactory limits and, second, to determine ways of maximizing the efficacy of the money spent. This paper focuses on a new tool that can be used to facilitate and optimize budget distribution for assets. It is designed to respond to general needs while satisfying specific and particular business constraints.

The proposed system can accommodate a variety of budgeting scenarios, including the allocation of a budget to the planning horizon with an effort to maximize the overall performance index for the assets. The system will also assist in determining the minimum budget necessary for keeping the overall performance index within satisfactory limits. This paper has the following objectives: 1) explaining the conceptual level of solving budget distribution problem; 2) the development of genetic algorithms; and 3) the consideration of a generic case study for a typical street assets management. A prototype program has been developed to solidify the theories and concepts presented in this paper.
1. INTRODUCTION

Infrastructure performance definition is different from one entity to another depending on what is significant for that particuler entity. It could be physical, operational, or a combination of both with the same or different importance, or another set of factors that characterize the efficiency of that system. Periodically, an assets management teams’ main challenge is the distribution of the available budget in order to maintain asset conditions within satisfactory levels or to maximize the benefits of the spent money.

Another challenge can be identified when managing different categories of assets such as: 1) buildings; 2) streets; 3) bridges, etc. The reality is that each category can be further divided into multi systems, components and as elements at the most detailed level. Therefore, the more detail required, the greater the number of elements to be considered and the more complexity involved in solving the problem This area has been under many researchers’ attention, including Sadek, et. al. (2003) who presented an integrated infrastructure management system to manage six transportation system components using on-shelf programs such as Solver for optimization and GIS as a visual interface. McKay, et. al. (1999) presented the method for evaluating condition assessment in civil work toward the establishment of a consistent condition assessment procedure. Garaibeh, et. al. (1999) presented an integrated system of infrastructure management which included the following: 1) investment trade-offs (network-level integration); (2) coordinating the implementation of highway infrastructure improvement projects (project-level integration); 3) comprehensive evaluation of highway infrastructure performance (multiple concerns and performance measures); and (4) a single system architecture software that ties together the data and engineering, economic, and spatial analytical procedures.

Budget allocation problems can be considered as a combinatorial problem in which the solution set for each element is limited but huge for the total system and the optimum solution or near optimum is a combination of the sub element solutions. It is known that Genetic Algorithms (GA) is superior when solving such types of problems. The next section will focus on the use of a conceptual level for solving budget allocation problems.

2. Infrastructure Performance Index and Rehabilitation

The main objective of this part is to discuss the methodology adopted in modeling and evaluating infrastructure Performance Index (PI); performance index is a qualitative measure of infrastructure integrity and reliability. Infrastructure in general is composed from many levels depending on how much information is acquired and the level of desired sophistication. The proposed system is composed of the following entities: 1) infrastructure; 2) category; 3) system; 4) component; and 5) element, as shown in Figure1. 
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Figure 1 Infrastructure Model Anatomy

The evaluation of the performance index is carried out by the following procedure:

1- for each element evaluate element performance index by using Eq.1:
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2- for each component evaluate performance index by using Eq.2:
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3- for each system evaluate performance index by using Eq.3:
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4- for each category evaluate performance index by using Eq.4:
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5- calculate infrastructure Performance Index (PI) using Eq.5:

[5]
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Where:

PI: Performance Index

CAP: Category Performance Index

SP: System Performance Index

CP: Component Performance Index 

EP: Element Performance Index

NCA: Number of Categories

NS: Number of Systems in each Category

NC: Number of Components in each System

NE: Number of Elements in Each Component

CAW: Category weights relative to other categories

SW: System weight relative to other systems under the same parent

CW: Component weight relative to other components under the same parent

EW: Element weight relative to other elements under the same parent

VEC: Value of element condition (i.e. A=0.9, B=0.8, C=0.7, D=0.5, F=0.2)

Each element follows certain deterioration behavior, which could be modeled using two approaches; the first one uses a smooth spline curve, as shown in Figure 2. This method requires a large amount of information to define the curve.
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Figure 2: Assumed Element Deterioration Behaviour Using Spline Curve
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Figure 3: Assumed Element Deterioration Behavior Using Step Function


The second approach employs a step function, as shown in Figure 3. This method requires less information than the previous method and is thus more practical. Element condition values are taken in the middle of the condition period, and the number of years in each condition is entered for each element. Assumptions are then made in order for the model to be practical.

Rehabilitation strategies define all actions that could be taken for each element, as shown in Table 1. Five generic actions were defined and each action can be associated with a certain cost measured in $/km. For example, Action #1 refers to a “major replacement” and it is applied to an element in condition “F”. If this action is applied, the element’s new condition is “A”.

Table 1: List of Rehabilitative Actions

	Action
	Description
	Model Action

	1
	Element Replacement
	F ( A

	2
	Major Rehabilitation
	D or C ( A

	3
	Minor Rehabilitation 1
	D ( B

	4
	Minor Rehabilitation 2
	D ( C

	5
	Do nothing
	Deterioration


The proposed system can accommodate a variety of budgeting scenarios, including distribution of a given budget over a planning term (e.g. for a given budget of $5,000,000/year what is the optimum distribution of this budget to maximize the system performance index?) carried out on a global or local level, where global budgeting is the distribution of the budget among all main categories and local budgeting takes care of distributing a certain portion of the budget within one category (e.g. major arterials). Another scenario is the evaluation of the minimum required budget and its distribution in order to keep the system within a certain performance level (e.g. what is the minimum budget required each year and its distribution for the next 10 years to keep the PI 
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0.78?). The following sections will address the proposed budget distribution optimization model for roads and streets and how it makes use of Genetic Algorithms.
3. Optimization of Budget Allocation using Genetic Algorithms

Genetic Algorithms (GA) has been used in various engineering applications and the results shows that it is an excellent optimization tool especially when it is dealing with combinatorial problems. Feng et al. (2000) and Hegazy (1999a) were able to present a solution to time-cost trade off problem using GA. Site layout planning is another problem that has been solved using GA. The arrangement of a construction site should satisfy the site layout constraints and minimize the total traveling distance of site personnel and equipment. Li and Love (1998) and Hegazy and Elbeltagi (1999) used GA in solving this problem. GA is also used in structural design; Rafiq and Southcombe (1998) used GA to optimize the design and detailing of reinforced concrete biaxial columns. Rajeev and Krishnamoorthy (1998) used GA in the design optimization of reinforced concrete frames. Hegazy (1999b) developed a GA model that dealt with resource allocation and leveling simultaneously. Al-Tabtabai and Alex (1997) developed a GA model that deals with manpower scheduling optimization.

In general the following step is executed in the course of applying GA: 1) start by generating a random feasible population of solutions (chromosomes); 2) evaluate each chromosome fitness and arrange them; 3) perform Elitism by copying the highest fitness chromosome to the new population, so that the new population will carry the best old solution;4) select two chromosomes from the current population based on their fitness; 5) perform Crossover and Mutation resulting in a new solution; this is repeated until the new generation is produced; 5) evaluate the new population and check if the stopping criteria is satisfied or not. The proposed system flow chart is shown in Figure 4.

In general three major issues are to be determined when GA is used in optimization: 1) chromosome encoding; 2) fitness calculation; and 3) executing Genetic Algorithms actions (crossover, mutation)
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Figure 4 Optimization Program Flow Chart

3.1. Chromosome Encoding

The proposed optimization program has evolved through the course of planning and implementation of the program. The first thought was to have a chromosome as shown in Figure 5, which is basically an array of a size equal to the number of elements, and with each cell containing a number indicating the element portion for the total available budget. This approach has been discarded because the search domain size wouldl be very large and convergence would be questionable.  
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Figure 5 First Proposed Chromosome Encoding

Another reason to drop this encoding is the nature of the problem based on actions associated with a certain cost; when using this encoding the allocation of money will result in a large waste (unused money). The final chromosome used is encoded based on rehabilitation actions as shown in Figure 6; each chromosome is an array where each cell is associated with a certain element and contains one of its legal actions.
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Figure 6 Final Proposed Chromosome Encoding

3.2. Fitness Calculation

Each chromosome (Child) presents a set of actions which are basically used to evaluate the new performance index; the higher the performance index, the more fit the solution, if and only if, the associated cost is less than or equal to the available budget for that period. In the case where the used budget is greater than the available budget a new fitness role should be established. The first approach is to overright the chromosome with the “Do Nothing” action and take the new condition as a result of deterioration only. This would lead to a loss in time and computation effort in addition to the fact that “A bad chromosome is not bad all the time”. The chromosome may include a very good part but the rest may not be good when merging this chromosome with another chromosome may result in one of the children giving a good fitness as shown in Figure 7.
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Figure 7. Chromosome Fitness

In Figure 7 chromosomes 1, 2, and 3 are within budget so their fitness would be the evaluated performance index; on the other hand, chromosomes 4 and 5 are over budget and a penalty would be exercised to adjust their fitness. In this figure, it can be seen that chromosome number 4 is significantly better than chromosome 5. Using this concept, the maximum fitness is equal to the health index based on deterioration and is evaluated using Equation 6:

[6]
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Where :

TB = Total available budget ($)

PUSED = Budget Used by the chromosome 

INC = Infrastructure new Condition based on deterioration only

3.3. Executing Genetic Algorithms

The first step starts by selecting the model file which includes the following information: 1) element number; 2) element name; 3) element current condition; 4) element relative weight; 5) number of years remaining in current condition; 6) element life duration in condition A; 7) element life duration in condition B; 8) element life duration in condition C; 9) element life duration in condition D; 10) rehabilitation cost (e.g. replacement cost, major rehabilitation cost, and minor rehabilitation cost); 11 ) element satisfaction level information. The first run is done assuming all actions are “Do Nothing” to evaluate the infrastructure’s current and future condition under deterioration only (no spending). 

The next step is to find the number of active elements; an active element is defined as any element with more than one possible action. This is done to minimize computation time and the required storage memory. Figure 8 explains the idea behind selecting active elements and it can be seen that the chromosome length has been reduced from seventeen to only nine cells in this example. In the case of zero active elements, there is only one action to be taken for all elements; no optimization is required and this can only happen when all elements are in a satisfactory conditions.   
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Figure 8 Minimizing Chromosome Lengths by Selecting Active Elements

Future planning is defined by: 1) number of planning years; and 2) total budget. Budget rollover is also defined at this stage. A budget rollover strategy is presented to give more negotiations flexibility for planners, knowing that the total budget acquired is limited most of the time and distributed equally over the planning horizon; which may not be the best strategy. 

A set of feasible actions is determined for each element and, based on these actions, a random population is created. It should be mentioned that usually the first generation is created randomly, but because budget is limited in most of the cases the generation of first population is designed to carry the following percentages: 1) 70% “Do Nothing”; 2) 20% “lowest spending action”; and 3) 10% randomly generated. The idea behind this distribution is to generate chromosomes with lower total costs, which is a feasible solution and later GA actions will evolve those chromosomes and glide them to higher levels. This modification has been tested and shows the ability of finding a good solution in a shorter time.

The main output of this system is the infrastructure performance index evaluated on the assigned action for each element. We anticipate the system will follow the planning team’s set of actions and requirements or employ an automated budget distribution tool to find the set of actions associated with the maximum performance index.

The model output depends on the selected scenario (e.g. optimization of budget distribution or performance index optimization). The following are common outputs for both scenarios for each element in the model: 1) current condition (i.e. A, B, C, D or F); 2) new condition without spending (i.e. only deterioration is assumed without any spending); 3) action to be taken (i.e. the set of action shown in Table 1); 4) new element condition based on proposed action; 5) number of years remaining in new condition; and 6) cost associated with the selected action.

In the case of budget distribution optimization, there are three major outputs for each year in the planning term: (1) system distribution, (2) budget distribution, and (3) proposed rehabilitation strategy. System distribution provides annual information about the pavement length in each condition (e.g. for the fourth year, there are 45.5 km of pavement in condition “A”, 56.4 km in condition “B”, 19.8 km in condition “C”, 0 km in condition “D”, and 1.5 km in condition “F”).

Budget distribution provides the following yearly information: (1) current system performance index (e.g. for the first year current PI=0.79141); (2) new system performance index based on deterioration only (e.g. no spending); (3) available budget (e.g. $5,000,000); (4) used budget (e.g. $4,550,000); (5) new system performance index (e.g. PI=0.8102); (6) unused potion of the budget (e.g. $450,000).

A proposed rehabilitation strategy summarizes the total lengths which should be moved from one condition to another (e.g. F(A = 0 km), D(A = 1.60 km, C(A = 8.4 km, D(B = 2.40 km, and D(C = 0.40 km).

Performance index optimization would have similar results, with the exception of the section dealing with budget distribution, as no budget is given. The following output is given for this section: (1) system current performance index (e.g. for the first year current PI=0.79141); 2) system new performance index based on deterioration only (e.g. no spending); 3) recommended budget (e.g. $4,550,200); 4) system new performance index (e.g. PI=0.7702). In the next section a case study of a typical major arterial street sample will be presented to solidify the theories and concepts.

4. Case Study

A case study is presented to demonstrate the effectiveness of the proposed system. Modeling of a typical major arterial streets model was performed with the following scenario of an optimum distribution of $5,125,000/year for ten years over a planning period of ten years. Table 4 summarizes the model current conditions and Table 5 shows the length distribution within each condition, for example from condition A 8.30 km will move to condition B next year. Table 6 shows the associated costs for each rehabilitation strategies.  

For the given case study the total length is 121.70 km and current performance index is 0.77358. By running the model for ten years with a yearly budget of $5,125,000, the final performance index at the end of the tenth year found to be 0.851, and the unused portions of the budget were only $25,000. After the second year, all rehabilitation actions were focused on moving roads from condition “C” to condition A. Additionally; no length was allowed to stay in conditions “D” or “F”. Table 7 shows the proposed model rehabilitation strategy and Table 8 shows the budget distribution. 

Table 4: Model Current Condition

	Condition
	Length (km)
	Life duration in each 

condition (year)

	A
	24.80
	3

	B
	68.20
	6

	C
	24.00
	10

	D
	4.70
	12

	F
	0.00
	N/A


Table 5: Model Current Condition

	Number of Years 

Remaining
	Condition

	
	A
	B
	C
	D
	F

	0
	 8.30
	  8.40
	1.80
	2.00
	0.00

	1
	16.50
	  9.20
	1.90
	0.20
	

	2
	0.00
	10.20
	2.00
	0.20
	

	3
	
	11.40
	2.10
	0.20
	

	4
	
	13.20
	2.30
	0.20
	

	5
	
	15.80
	2.40
	0.20
	

	6
	
	
	2.70
	0.20
	

	7
	
	
	2.60
	0.30
	

	8
	
	
	3.00
	0.30
	

	9
	
	
	3.20
	0.30
	

	10
	
	
	
	0.30
	

	11
	
	
	
	0.30
	


Table 6: Cost of rehabilitation strategies 

	Action
	Cost/km

	1 :(F(A)
	$ 3,215,560

	2 :(D:C(A)
	$ 430,000

	3 :(D(B)
	$ 300,000

	4 :(D(C)
	$ 225,000

	5: (Do nothing)
	$       0.00


Table 7: Proposed Rehabilitation Strategy

	Year
	Length        F (A

(km)
	Length               D ( A

(km)
	Length            C ( A

(km)
	Length            D ( B

(km)
	Length                  D ( C                (km)

	1
	0
	1.60
	8.40
	2.40
	0.40

	2
	0
	0.00
	11.70
	0.20
	0.20

	3
	0
	0.00
	11.90
	0.00
	0.00

	4
	0
	0.00
	11.90
	0.00
	0.00

	5
	0
	0.00
	11.90
	0.00
	0.00

	6
	0
	0.00
	11.90
	0.00
	0.00

	7
	0
	0.00
	12.00
	0.00
	0.00

	8
	0
	0.00
	11.90
	0.00
	0.00

	9
	0
	0.00
	11.80
	0.00
	0.00

	10
	0
	0.00
	12.00
	0.00
	0.00


Table 8: Proposed Rehabilitation Strategy Cost, (Budget = $5,125,000/year)

	Year
	System Current PI
	Available Budget ($)
	Used Budget ($)
	System New PI
	Un-used Portion ($)

	1
	0.77568
	$5,125,000
	$5,110,000
	0.79141
	$15,000

	2
	0.79141
	$5,140,000
	$5,136,000
	0.79059
	$ 4,000

	3
	0.79059
	$5,129,000
	$5,117,000
	0.80805
	$12,000

	4
	0.80805
	$5,137,000
	$5,117,000
	0.82354
	$20,000

	5
	0.82354
	$5,145,000
	$5,117,000
	0.82375
	$ 28,000

	6
	0.82375
	$5,153,000
	$5,117,000
	0.81758
	$36,000

	7
	0.81758
	$5,161,000
	$5,160,000
	0.83743
	$1,000

	8
	0.83743
	$5,126,000
	$5,117,000
	0.83940
	$9,000

	9
	0.83940
	$5,134,000
	$5,074,000
	0.83122
	$60,000

	10
	0.83122
	$5,185,000
	$5,160,000
	0.85107
	$25,000


5. Conclusion

This paper presents the budget allocation for infrastructure systems utilizing genetic algorithms by optimizing a system Performance Index. The optimization objective is to maximize the system performance index by finding the optimum allocation of available budget on the system under consideration. This model can be used to allocate budget for any type of infrastructure if the relative importance between those categories is decided.
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