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Abstract 

 

Most transit agencies require government support for the replacement of their aging fleet. A 

procedure for equitable resource allocation among competing transit agencies for the purpose of 

transit fleet management is presented in this study. The proposed procedure is a 3-dimensional 

model that includes the choice of a fleet improvement program, agencies that may receive them, 

and the timing of investments. Earlier efforts to solve this problem involved the application of 

one or 2-dimensional models for each year of the planning period. These may have resulted in 

suboptimal solution as the models are blind to the impact of the fleet management program of the 

subsequent years. Therefore, a new model to address a long-term planning horizon is proposed. 

The model is formulated as a non-linear optimization problem of maximizing the total weighted 

average remaining life of the fleet subjected to improvement program and budgetary constraints. 

Two variants of the problem, one with an annual budget constraint and the other with a single 

budget constraint for the entire planning period, are formulated. Two independent approaches, 

namely, branch and bound algorithm and genetic algorithm are used to obtain the solution. An 

example problem is solved and results are discussed in details. Finally, the model is applied to a 

large scale real-world problem and a detailed analysis of the results is presented.  
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1. Introduction 

 

Transit planners are faced with the task of allocating funds for fleet maintenance and 

procurement for various transit agencies in the region. An important issue in transit fleet 

management is the decision regarding the replacement and rehabilitation of a fleet. Procurement 

of new vehicles to retire old vehicles is a capital-intensive process. Transit agencies with limited 

resources depend on governmental support for fleet management purposes. Historically, up to 80 

percent of the capital cost of procuring transit buses in the United States has been borne by the 

federal government, with the remainder shared by the state and local governments (FTA 1992). 

These funds are to be used to meet the dual purpose of replacing aged vehicles with new ones 

and rebuilding the older fleet. 

 

The problem addressed in this paper is typical to most state Departments of Transportation (DOT) 

in the U.S. that support the fleet management of transit agencies in the state. The federal support 

to the fleet management program is typically routed through the state. A bus that completes its 

service life should ideally be replaced. States that do not have enough funds to procure new 

buses for their constituent agencies, have several rebuilding alternatives available to them. It is to 

be noted that the rebuild option is not a permanent solution; it only postpones the replacement of 

a bus. Although many rebuild options exist, the two generic categories are bus rehabilitation and 

bus remanufacturing (Khasnabis and Naseer 2000). Bus rebuild programs usually have some 

policy constraints associated with them, such as limiting the rehabilitation of a bus to no more 

than two times, limiting the remanufacturing to one time and so forth. Based upon an analysis of 

repair and maintenance data of transit fleet in the state of Michigan, U.S., it was found that up to 

certain limits, it is cost-effective to rebuild an existing bus (Khasnabis and Naseer 2000). With a 

fraction of the procurement cost for a new bus, it may be possible to extend the life of an existing 

bus by a few more years. This strategy will require the state DOT to allocate funds partially for 

the purchase of new buses and partially for the rebuilding of existing buses. In short, the rebuild 

program will help the state DOT in meeting federal standards, and maintaining the fleet strength 

with limited budget.   

 

Several issues need to be addressed on such rebuilding programs for a state DOT. The first issue 

is to decide whether or not a bus that has satisfied its service requirements should be replaced or 

rebuilt.  The rebuilding itself can have multiple schemes that may vary in cost and benefit. The 

second issue is to allocate resources to the constituent agencies in an equitable manner. Finally, 
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the allocation of funds over several years must also be properly programmed. Normally, funds 

are allocated on an annual basis according to an approved budget. However, the decision made in 

a given year will have an impact on the health of the fleet in the subsequent years. Therefore, a 

decision that considers the future impact of bus replacement actions is preferred. The authors 

contend that, this is an asset management problem that should be properly interfaced with the 

state’s long term strategic plans. A procedure is not currently available that addresses all these 

three dimensions, i.e. choice of rebuild/replace option, proportion of funds for each agency and 

proportion of funds over a planning period. This paper is aimed at the development of a model 

for state DOT’s for optimal resource allocations for transit fleet management. 

 

2. Review 

 

A review of literature in the area of transit asset management is attempted here. Although this 

term can be very broad in its scope, here we focus on the strategic resource allocation for fleet 

replacement and rebuilding programs. Examples of resource allocation problems characterized 

by a fixed budget and competing requirements are widely reported in literature spanning diverse 

areas such as operations research, manufacturing, finance, transport infrastructure projects (Ross 

2000, Sheu 2006, Melachrinoudis and Kozanidis 2002, Ahmed 1983). Transit planning is also 

rich in resources allocation and asset management problems: resource allocation to various 

agencies (Forkenbrock and Dueker 1979, Forkenbrock 1981), determination of location, size and 

number of transit centers (Uyeno, and Willoughby 1995), allocating fleets in transportation 

networks (Diana, et al. 2006), and the dilemma of purchasing new buses or retiring old buses 

(Simms et al. 1984, Khasnabis et al. 2002). Fleet management solutions for transit operators can 

be broadly classified into two groups. The first is fleet maintenance from the perspective of the 

operator who is concerned with the day to day maintenance for an efficient fleet operation 

(Etschmaier and Anagnostopoulos 1984, Etschmaier 1985, Pake et. al 1985, Pake et.al 1986, 

Dutta 1989, Maze and Cook 1987). The second is a closely related problem, addressing the needs 

of a state transit planner in the replacement and/or rebuilding of buses (Blazer et. al 1980, Rueda 

1983, Davenport 2005). Each of these problems is characterized by a very specific formulation, 

stated objectives and constraints, as opposed to a standard formulation and solution methodology. 

These problems demonstrate the benefit derived from a proper mathematical modeling approach. 

They usually involve either the maximization or minimization of an objective function 

comprising a set of decision variables, subjected to various constraints expressed in the form of 

equations or inequalities.  
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Depending on the nature of the problem, these methods can be formulated as linear programming 

or non-linear programming, integer, mixed integer and dynamic programming models. (Ahmed 

1983, Ariaratnam and MacLeod 2002, Srour et al. 2006, Uyeno and Willoughby 1995, 

Melachrinoudis and Kozanidis 2002, Kozanidis and Melachrinoudis 2004). Traditionally, such 

allocation problems are solved by various forms of gradient search methods (Deb 2001). These 

methods assume the search space to be uniform and unimodal, to ensure a unique solution. 

However, seldom would one encounter such convex problems in real world. There are several 

ways to address such non-convex problems; notable among them are Genetic Algorithm (GA), a 

general purpose robust solution algorithm (Mathew and Mohan, 2003, Karlaftis et al. 2007, Deb 

2001), and Branch and Bound Algorithm (BBA) to deal with integer variables and constraints 

(PSP 2007, Haggag 1981, Pillai 1998, Horn 2004). In this paper, a comprehensive mathematical 

programming model for fund allocation for transit fleet management is formulated. We propose 

two solution methodologies: Genetic Algorithm (GA) and Branch and Bound Algorithm (BBA). 

We then present the results of an example problem followed by a full scale case study. First, the 

background of the problem is highlighted. 

 

3. Background 

 

The resource allocation problem addressed in this paper is motivated by the structure of the US 

federal support to transit agencies. Current federal policies are designed to ensure that buses 

purchased with federal funds are properly maintained and remain in productive operation for a 

minimum normal service life, (MNSL). Buses that have achieved their MNSL are qualified to 

receive federal funds for replacement. The federal funding is complimented in many cases by 

state DOT’s through matching funds to local transit agencies for replacing transit buses. When 

the state DOT’s do not have enough funds to provide necessary matching support to procure new 

buses for their constituent agencies, they may allocate capital funds partly for the purchase of 

new buses, and partly for the rebuilding of existing buses. This strategy may help the DOT in 

meeting the requirements of all the agencies, as set forth in the MNSL criteria.  

 

Bus rebuilding practices have been studied extensively focusing on the needs and experience of 

the transit industry (Balzer et al. 1980, Felicetti 1985, Khasnabis and Naseer 2000). Among 

several improvement programs, the most intensive level is remanufacturing the engine and 

transmission, installing new bulkheads and rebuilding structural components. The service life of 
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a bus can be extended by about four to ten years depending on the size of the bus and intensity of 

the program. The second level is rebuilding components and systems to original specification for 

added life of about three to seven years depending on the size of the bus and intensity of the 

program, however, at a lower cost. The third level includes repairs as required, with life about 

two to five years at a much lower cost. The above studies clearly showed that the 

remanufacturing/rehabilitating of buses, if done properly, can be a cost-effective option 

(Khasnabis et al 2003).  

 

For the purpose of this paper, the three terms, namely replacement, rehabilitation and 

remanufacturing are adapted from the literature (Khasnabis et al. 2004). Replacement (denoted 

as REPL) is the process of retiring an existing vehicle and procuring a completely new vehicle. 

Buses replaced using federal funds must have completed their MNSL requirements. The term 

Remaining Life (RL) is used to designate the difference between the MNSL and the age of the 

vehicle. By rehabilitation, (denoted as REHAB) an existing bus is rebuilt to the original 

manufacturer’s specification, with primary focus on the vehicle’s interior and mechanical system. 

Remanufacturing (denoted as REMANF) is the process by which the structural integrity of the 

bus is restored to original design standards.  

 
In this paper, four options were considered for improving the life of the ageing fleet. REHAB1 

and REHAB2 increase the expected life of fleet by two and three years respectively. REMANF 

and REPL increase the life of fleet by four and seven years respectively. There are two policy 

constraints adopted; (1) A vehicle can be rehabilitated only two times (REHAB1 or REHAB2) 

before it must be replaced (REPL) with a new bus, and (2) A vehicle can be remanufactured only 

one time before it must be replaced (REPL) with a new bus. (Khasnabis et al 2003). The policy 

directives represent a consensus opinion of transit operators in Michigan (Khasnabis and Naseer 

2000). In the remainder of this paper, the generic term ‘rebuild’ has been used to mean 

rehabilitation and/or remanufacturing. Decisions on replacement versus rebuilding of a large 

fleet, comprising various sizes and operating characteristics clearly require a comprehensive 

asset management strategy. The salient features of the earlier attempts to model and solve this 

problem are also addressed. 

 

4. Model 

The model presented in this paper is an outgrowth of a sequence of earlier modeling efforts 

initiated by Khasnabis et al. (Khasnabis et al. 2004).  A brief synopsis of this development is 
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presented below:  

 

4.1. Two-stage LP model:  

 

Khasnabis et al. (2004) developed a two-stage, Linear Programming (LP) based optimization 

model (hereinafter referred to as the Two-stage LP model) for the purpose of resource allocation. 

In the first stage, the budget available is allocated for the dual purpose of purchasing new buses 

and rebuilding existing buses.  The model is formulated as an optimization problem that 

maximizes the weighted life of the fleet being replaced, subjected to budget, demand, and the 

non-negativity constraints. In the second stage, this budget is distributed to the constituent 

agencies in such a manner that the weighted remaining life of the entire fleet for all constituent 

agencies is maximized. This two stage approach is based upon linear optimization, and the 

output from the first stage serves as an input to the second stage.  While each of the two stages 

is directed toward local optimization, the solution may not necessarily reflect the global 

optimum. This perception motivated the development of a single-stage model described below. 

  

4.2. Single-stage GA/BBA Model 

 
As a part of continued research, the two-stage LP model was re-formulated as a single-stage 

optimization model that can be used to allocate resources among the constituent agencies directly 

for the replacement and/or rebuilding of existing buses for a given year subjected to the usual 

budget, demand, and non-negativity constraint (Khasnabis and Mathew 2006 and Khasnabis et al. 

2007). Note that the single-stage model, unlike its predecessor, completely bypasses the 

intermediate step of allocating resources among new buses and rebuilt buses.  Rather, it is a 

direct and simultaneous allocation of resources among the different fleet life improvement 

program and among the constituent agencies. The single-stage model is formulated so as to 

maximize the total weighted average remaining life (TWARL) for all the agencies. Two solution 

approaches using Genetic Algorithm (GA) (Khasnabis and Mathew 2006) and Branch and Bound 

algorithm (BBA) were proposed (Khasnabis et al. 2007).  Both the approaches, as one would 

expect, yielded better solutions than the two-stage LP model.  

 

The single-stage GA/BBA models demonstrated the framework of a management strategy over a 

one-year, short-term planning horizon (Khasnabis and Mathew 2006; Khasnabis et al. 2007). The 

two-stage LP model (2004) solved a multi-year fund allocation problem by successive 

application of the two-stage LP models over each year in the planning period. In this approach, 
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certain policy constraints (for instance, the restriction of a bus being remanufactured no more 

than once) were treated manually from one year to the other. In addition, it was felt that 

optimization being blind to future scenarios, may have resulted in an inefficient allocation of 

resources. This realization led to the development of the proposed model, termed as the 

Single-stage 3-dimensional model, that incorporates the choice of different fleet life 

improvement programs, allocation of funds to different agencies, and distribution of funds over 

the planning period. Thus, this paper is an effort to further expand the framework by integrating 

the third dimension i.e. time frame into the single-stage model.  

 

Two variants of the Single-stage 3-dimensional model are proposed in the paper: an annual 

budget model (ABM) and a planning budget model (PBM). In ABM, the total budget for the 

planning period as well as budgets for individual years is considered ‘fixed’. In PBM, a single 

budget is considered for the entire planning period. PBM is based on the assumption that the 

agency has the flexibility of “borrowing” monies from future years’ allocation (and reducing the 

future years’ allocation accordingly).  

 

5. Methodology 

 

A modified transit fund allocation model is proposed that has three levels of decision making: 

first, the choice of fleet improvement program; second, the allocation of funds among the 

constituent transit agencies; and third, the allocation of funds over the years in the planning 

period. In addition, the model simultaneously addresses all fleet rebuilding constraints (unlike 

the two-stage LP model, where these policy options were treated manually). The model is 

formulated as a mathematical program that maximizes the total system weighted average 

remaining life of the fleet, subject to budget, demand, rebuild, and non-negativity constraints. 

The notations used in the study along with an explanation of the terminology used in describing 

various models are shown in Table 1. 

 

5.1 Assumptions 

 

The following assumptions were made while formulating the model: (i) Buses that have 

completed their MNSL requirements will be improved either by REPL or by REBUILD. Further, 

REBUILD includes three options: REHAB1, REHAB2, and REMANF; (ii) Improvement 

options REHAB1, REHAB2, REMANF, and REPL will result in additional remaining life of 2, 3, 
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4, and 7 years respectively; (iii) Buses rehabilitated two times (REHAB1, REHAB2 or 

combination) must be replaced with new buses; (iv) Buses remanufactured once (REMANF), 

must be replaced with new buses; (v) Any remaining surplus in a given year can be carried over 

to the next year; and, (vi) Deficits, although not desirable, are allowed, when policy constraints 

make viable solutions infeasible; Note: assumptions (iii) and (iv) are referred to as policy 

constraints in the remainder of the paper. 

 

5.2. Formulation 

 

The model is formulated as an optimization problem where the objective is to maximize the total 

system weighted average remaining life (TSWARL) of the fleet for all the agencies over the 

entire planning period, subject to budget, demand, rebuild, and non-negativity constraints. This 

formulation is given below: 
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The objective function (1) represents the sum total of the weighted average remaining life of the 

fleet of all the constituent agencies for the whole planning period, designated as TSWARL or 

Z(x). The decision variable
ij

mx is defined in equation (6) with the help of an auxiliary variable m
iky . 

This definitional constraint ensures that the life of the buses is improved by either two, three, or 

four years for a re-built bus and by 7 year for a new bus. Other buses in the system will have no 

additional years added. The equations (2a) and (2b) represents the budget constraints for the 

annual budget model (ABM) and the planning budget model (PBM) respectively. The former (2a) 

represents a fixed budget (bm) for each year that cannot be exceeded; and the later (2b) represents 

a fixed budget (B) for the seven-year planning horizon and the planner has the budget flexibility 

across the years. The equation (3) ensures that all the buses that have completed their MNSL 

requirements will be improved by either re-building or replacing. Equation (4) represents policy 

constraints which ensure that the buses that have been rehabilitated twice or remanufactured 

once will be replaced. The two terms in this constraint are defined in equations (7) and (8). These 

three constraints are specific to the case study presented in this paper (as discussed in section 3), 

and can be revised at the discretion of the user. Thus, the equations (4) and (7) ensure that a bus 

that was rebuilt twice (each time its life is increased by or  years) is replaced. Obviously, this 

policy is applicable only after +   years. Similarly, a bus that is remanufactured resulting in 

an increase in life by   years must be replaced (equations 4 and 8) and is applicable only after 

  years. This constraint represented by equations (4, 7, and 8) is specific to the case study 

presented in this paper (as discussed in section 3), and can be revised at the discretion of the user.  

Equation (5) is a non-negativity constraint, which ensures that the number of buses chosen for 

improvement is never negative. The formulation involves non-linear functions, 

non-differentiable functions, step functions, and integer variables. Although the step function can 

be generalized to linear forms, the formulation will require additional variables which may result 

in variable explosion rendering the model unsuitable for large/real world problems. 

 

 

6. Solution Approach 

 

In order to solve the Single-stage 3-dimensional models efficiently, particularly for large 
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problems, two solution approaches are proposed, a Genetic Algorithm (GA) and a Branch and 

Bound algorithm (BBA). The non-linear non-continuous and non-differentiable form of the 

problem makes the traditional methods (e.g. LP) ineffective (PSP, 2007). Both GA and BBA 

have been successfully used in such problems by several researchers. Further, each method has 

been successfully used over a single year horizon (Khasnabis and Mathew 2006, Khasnabis et al. 

2007). The fundamental principles of these two methods are described below. 

 

6.1. Genetic Algorithm  

 

Genetic algorithm is a robust optimization process suitable for large non-linear, non-convex, 

discontinuous, or non-structured problem. It is based on the principles of natural genetics in 

which complex information is stored and transferred by basic building blocks called genes. A 

simple implementation of the genetic algorithm first converts the real variable into binary codes 

using upper and lower bounds, and the required precision. An instance of the solution is 

randomly generated for each variable and concatenated to for an individual. Similarly, a 

population of such individuals is generated and evaluated. The evaluation is done by finding the 

objective function value, while three genetic operators (reproduction, cross-over, and mutation) 

are applied to derive a better solution in the next generation. This process is repeated until 

convergence. GA is applicable to non-convex and non-linear problems because of its superiority 

over other search techniques which are limited by the continuity, differentiability, and 

unimodality of the evaluated functions. GA treats these limitations by (i) operating with codes of 

parameter set and not with the parameter themselves; (ii) searching for a population of points and 

not a single point; (iii) using the objective function information and not the derivative of the 

function; (iv) using probabilistic transition rules as opposed to deterministic ones. All these 

features make GA an attractive choice in solving the transit allocation problem. A canonical form 

of genetic algorithm with binary coding, two point crossover, fixed population and completion of 

a pre-specified number of iterations as the convergence criteria is used in this study. A stochastic 

sampling without replacement is used for the reproduction operator. The GA/operators adopted 

include reproduction, crossover, mutation, and elite operator.  
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6.1.1. Coding 

The first step in the GA solution procedure is coding the decision variables. This enables GA’s to 

perform genetic operators on the variables without violating any feasibility constraints. In the 

current problem, the decision variables are the number of buses chosen for each of the 

improvement programs for a given agency i and year m, namely x2, x3, x4, and x7. The variables 

x2 and x3 refer to the number of buses that will go for rehabilitation of first or second type 

(REHAB1 or REHAB2), thus enhancing their lives by two or three years respectively. The 

variable x4 denotes the number of buses that will be remanufactured (REMANF), adding a life of 

four years to the fleet. The final decision variable x7 denotes the number of buses that will be 

replaced (REPL), adding a life of seven years to the fleet. The binary coding scheme adopted is 

shown in Figure 1. The first sub string represents the improvement options for the first agency. 

Then the variables are coded for every agency and concatenated to form a sub-string representing 

the improvement options for all agencies in the first year. Similarly, sub-strings are coded for 

each year and concatenated to a string (chromosome) to represent an instance of the solution.  

 

6.1.2. Treatment of Constraints  

The proposed GA maximizes the weighted remaining life of the fleet subjected to the budgetary 

and improvement option constraints. Since the traditional GA operators are blind to constraints 

that are typical of optimization problems, special purpose constraint treatment methods are 

usually required to ensure the feasibility of the solution (Deb 2001). The budget constraints and 

improvement option constraints are treated separately. The budget constraints specified by 

equation (2a) and (2b) are solved by the penalty method that converts the constrained problem to 

an unconstrained one by including a penalty value to the objective function (Ukkusuri et al. 

2007). If the budget is violated by any candidate solution, its evaluation value is penalized. An 

exterior penalty function method is adopted which transforms the constrained objective function 

Z(x) into an unconstrained function (x). The unconstrained objective function for the PBM 

model is given as: 

m m
ik k

m i k

Maximize ( x ) Z( x ) max 0, y c B   
   

 
         (9) 

and for the ABM model the is given as:  

m m
ik k m

m i k

Maximize ( x ) Z( x ) max 0, y c b   
   

 
          (10) 

where ρ is a penalty term. The constraints given by equation (3-5) are addressed by the coding 

scheme (section 6.1.1). These steps ensure that GA performs the search within the feasible 
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region. 

 

GA, now maximizes the unconstrained functions (9) or (10). Although several sophisticated 

methods to address constraints are available, there is no precise way of fixing the penalty term, 

penalty function method is very simple and has given good results in wide rage of problems (Deb 

2001). Based on the fitness value, GA computes the next trial solution using genetic operators 

(reproduction, crossover, and mutation). Application of these genetic operators is expected to 

yield better off-springs and the process is repeated till convergence.  

 

6.1.3. Stopping criteria 

There are several strategies for stopping the evolution process of the GA. Because it is difficult 

to define the optimal solution, usually two procedures are adopted as convergence criterion: (1) 

the GA procedure is stopped when the variation in the fitness level among generations is within a 

user defined range; and (2) the iteration is stopped when the number of generations has 

accumulated to a predetermined level. In this research, the GA was stopped when it reached a 

predefined number of generations (Ukkusuri et al. 2007). The solver used for the GA algorithm is 

a computer program written in C language and implemented on Linux platform by one of the 

authors. For details refer Mathew and Mohan (2003). 

 

6.2. Branch and Bound Algorithm 

 

Branch and Bound Algorithm (BBA) is an enumeration approach for solving various problems 

especially in discrete and combinatorial situations. This approach has been applied to a variety of 

operations research problems, including integer programming (IP). The BBA approach is applied 

in three steps. The first step involves coding of the decision variable cells. The second step 

involves model initialization, where the convexity and the size of the problem in terms of 

number of variables, integers, bounds and surface nature are determined. A diagnosis of the 

model is performed to check the nature of the desired model (linear, quadratic, conic, non-linear, 

etc.). Finally, the third step involves the development of constraint coded cells. Budget 

constraints (Equation 2(a) and 2(b)), mandatory replacement constraints (Equation (3)), and 

REBUILD constraints are coded. The principle used for branch and bound algorithm is explained 

below 
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Let m
iky  is the number of buses to be added to a fleet when it reaches a zero remaining life for k 

type of improvement for agency i, on mth year. If m
iky  is not an integer, we can always find an 

integer [ m
iky ] such that: 

m m m
ik ik ik[ y ] y [ y ] 1   .              (12) 

Equation (12) results in the formulation of two sub problems, with an additional upper bound 

constraint 

m m
ik iky [ y ] ,                (13) 

and another with lower bound constraint 

m m
ik iky [ y ] 1  .                (14) 

If the decision variables with integer constraints already have integer solutions, no further action 

is required. If one or more integer variables have non-integer solutions, the Branch & Bound 

method chooses one such variable and creates two new sub-problems where the value of that 

variable is more tightly constrained. These sub problems are solved and the process is repeated, 

until a solution is found where all of the integer variables have integer values (to within a small 

tolerance). The optimization problem used in the case study is large in terms of the number of 

variables and is solved using Premium Solver Platform (PSP, 2006 and PSP 2007).  

 

 

7. Numerical example 
 

In order to illustrate the feasibility of the proposed model and solution approaches, a numerical 

example of fund allocation among three transit agencies is investigated over a planning duration 

of eight years (including the base year). The input data to the problem showing the base year 

distribution of the remaining life for three agencies before allocation of resources is shown in 

Table 2.  

 

Agency 1 has five buses with zero years of remaining life (RL), 10 buses with one year of RL 

and so on, for a total fleet size of 47. Similar information for the other two agencies is presented 

in Table 2. The total fleet size of all the agencies is 111; The last column of the Table 2 gives the 

weighted average remaining life (WARLi) for each agency, computed from the distribution of RL 
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for the agency. For example, the WARLi of the first agency is calculated as 

(0x5+1x10+…+7x8)/47 =3.74. The total weighted remaining life of all the agencies (TWARL) is 

9.99. The budgets available for each year and the unit cost for each improvement options are 

shown in Table 3. 

 

For the base year, 18 buses have zero years of RL (Table 2). Replacing all the buses would 

require $1,487,720, (18x $81,540) which exceeds the first year budget. Similarly, in the second 

year, 20 buses which had one year of RL in the base year will be qualified for improvement. 

Replacing all these buses would require $1,630,800 (20x$81,540), which also exceeds the 

second year budget.  In the third year all the 9 buses which had 3 years of RL in the base year, 

plus the number of buses in the base year that may have been chosen for REHAB1, will be 

qualified for replacement. Similarly, buses chosen for REHAB1, REHAB2, and REMANF, in 

previous years, will qualify for REPL in the subsequent years, thus increasing the complexity of 

the allocation problem. The problem now is to identify the improvement options for each agency 

for every year, so that the total remaining life of the entire fleet is maximum subjected to the 

budget constraints.  

 

7.1. Solution by Single-stage 2-dimensional Model: 

 

First, the problem is solved by the Single-stage model for the base year of 2002, and the results 

serve as the input for the year 2003, and the process is to be continued until the year 2009. From 

the year 2006 onwards, the policy constraints are manually incorporated into the solution. The 

solution using BBA is given in Table 4. The base year weighted average remaining life of the 

fleet is increased from 9.99 in the base year (Table 2) to 13.07 in 2002 due to the improvement. 

Similar TWARL values for each year are presented in Table 4. The TSWARL for all agencies for 

the planning period is 82.43. It can also be observed that budget constraints were met in all years 

and a net surplus of $51,111 resulted at the end of the 8th year (2009). This solution is intended as 

a benchmark for comparing the performance of the proposed models.  

 

7.2. Solution by Single-stage 3-dimensional Models 

 

Summarized versions of the solutions of the example problem by four variants of the 

3-dimensional model (ABM solved using GA and BBA, PBM solved using GA and BBA) are 
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presented in Table 5 along with the corresponding result of the two stage model (Table 4). The 

TSWARL values are higher than the Single-stage 2-dimensional for both the GA and BBA 

approaches. Although BBA approach has resulted in large surplus, GA gave better objective 

function value. The example problem is also solved using the 3-dimensional PBM formulation 

(which assumes there is only a single budget constraint for the planning duration) using both GA 

and BBA. Here, both approaches resulted in a much better TSWARL than the ABM formulation 

(where there is no budget flexibility). This is possible because of better utilization of the budget. 

The relative performances of GA and BBA are consistent in both ABM and PBM formulations. 

One can also observe that with the improvement in the TSWARL, the total number of fleet that has 

gone for improvement is reduced primarily due to the increased bus replacement options. This 

suggests that although rebuilding policies help in meeting yearly budget, its benefit diminishes 

with a long planning horizon.    

 

8. Case study 

 

A comprehensive case study is demonstrated by utilizing actual fleet data derived from the Public 

Transportation Management System (PTMS), developed by the Michigan Department of 

Transportation (MDOT). This database is used because it permits a direct comparison of results 

with the two stage LP model proposed by Khasnabis et al. (2004). The basic model parameters 

(e.g. budgets, policy constraints, extended life values associated with different improvement 

options, etc.) were kept unchanged in the case studies for Two-stage and Single-stage model to 

ensure compatibility between the results. The data consist of medium sized-medium duty fleet of 

total size of 720 from 93 agencies in Michigan that receive capital assistance from MDOT.  The 

distribution of the Remaining Life (RL) in years of the fleet for a few of the 93 agencies for the 

base year (2002) is shown in Table 6 along with the WARLi for each agency (last column). From 

the last row of the table, one can observe that among the total fleet of 720 buses, 235 buses have 

zero years of RL, and needing immediate replacement. The base year total weighted average 

remaining life of the entire fleet (TWARL) is 225.23 years. 
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8.1. Results of Two-stage LP Model:  

 

For the purpose of this demonstration, the same four possible improvement program areas, 

REHAB1, REHAB2, REMANF, and REPL used in the example problem were used in the case 

study. Hence, the unit cost of improvement option is adopted from the Table 3 (except the budget). 

The above problem was originally solved by the two stage LP model (Khasnabis et al. 2004) and 

results are presented in Table 7, along with the available budget Table 7 shows that for the year 

2002, 107 REHAB1 buses for 2 years of extended life (to be eligible for REHAB again in 2004), 

and 128 REMANF buses for 4 years of extended life (that must be replaced in 2006) represent the 

optimum solution, with no new buses purchased. Table 7 shows that this combination results in a 

TWARL of 376.72 years in replacing the 235 buses within the allocated budget of $5.789 million. 

In the year 2003, the need for 122 vehicles is met by 106 new (REPL) buses (to need replacement 

in 2010) and 16 REMANF buses (to be replaced in 2007), at the available budget of $9.13 million, 

for a TWARL of 358.53 years. Similarly fleets coming through natural aging process are subjected 

to various improvement programs for the subsequent years as presented in Table 7. Deficits in the 

years 2006 and 2008 are caused by a need to replace a very large number of buses, because of 

policy constraints that a bus can only be rehabilitated twice, and be remanufactured only once. The 

LP model cannot allocate resources in these two cases, as feasible solutions do not exist. Hence, 

allocation was done heuristically, with the conscious knowledge that deficit will result (see 

Khasnabis et.al 2004 for details). Table 7 also presents a comparative summary of budgetary 

allocation, and the cost incurred along with surplus/deficits by the proposed approach as discussed 

above.  Table 7 shows a net deficit of $12.165 million (constant dollars) for the seven year 

planning horizon. As indicated earlier, this solution requires manual intervention and judgment to 

address the policy constraints. The 3-dimensional model discussed below incorporates these 

policy constraints into the model, thereby eliminating the need for a manual intervention.  

 

8.2. Results of Single-stage 3-dimensional Model: 

 

In this section, we present the results of the Single-stage 3-dimensional PBM. The ABM approach 

is not used, as it is clear (from Table 7) that there is no feasible solution to the problem when there 

are annual budget constraints. For instance, the budget available in 2006 is not sufficient for the 

mandatory replacement. Therefore, we solved the problem using the Single-stage 3-dimensional 

PBM with two budget levels: first a total budget same as the total amount spent by the two-stage 
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LP model, termed as larger budget (i.e. $65.05  million) and then, the total amount available for 

two stage LP model, termed as smaller budget (i.e. $ 52.0 million). The results are presented 

below.  

 

8.2.1. Case 1: Larger Budget 

Resource allocation by the Single-stage 3-dimensional PBM model (solved using both GA and 

BBA) is shown in Table 8. As explained in the formulation, the model attempts to maximize 

TSWARL with flexibility in the budget to vary within the planning period, keeping the allocated 

amount within the available budget ($65.054 million). Note that the annual budget has no 

significance for the PBM as the total seven year budget of $65,054,053 serves as the only 

constraint. Solution by GA from Table 8 shows that the 2002 allocation of 109 REPL buses, 61 

REHAB1 buses, 30 REHAB2 buses, and 35 REMANF buses, resulted in a TWARL of 465.01 

years at an expense of $11.769 million. Similar data for each succeeding year up to 2009 is 

presented in Table 8. For the planning period considered, a total of 1144 buses are treated by the 

REBUILD strategies compared to 1153 buses in the two stage LP model. TSWARL is increased 

from 2874.51 to 2902.07 years (an increase of 27.56 years), where the amount committed is less 

than that of the two stage LP model (Table 7 versus Table 8). Solution by BBA from Table 8 shows 

that in 2002, the need for 235 buses with zero years of RL are met by 150 REPL buses and 85 

REHAB1 buses.  Similar allocations for various years are presented in the Table 8.  A total of 

969 buses are addressed, resulting in a TSWARL value of 2996.94 years.  Comparing Tables 7 

and 8, we find that the BBA approach results in an increase of TSWARL of 122.43 years with a 

marginally smaller investment.  The BBA model compared to the GA approach yielded a slightly 

higher TSWARL value at the expense of marginally higher spending.  

 

8.2.2. Case 2: Smaller Budget 

Solutions by GA and BBA with the available smaller budget of $52.689 million are presented in 

Tables 9.  The GA model results in a TSWARL value of 2730.6 years over the seven year period, 

while exceeding the budget of $52.89 million by $2.1 million. Clearly this is not a feasible 

solution as the budgetary constraint over the seven year planning horizon has been violated. Note 
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that the present study uses generic constraint handling using penalty method which may not be 

sufficient to handle such large problems having especially equality constraints which may 

require sophisticated techniques such as modified selection and controlled mutation (Deb 2001). 

Table 9 also shows that the BBA model attains a TSWARL value of 2822.6 years, within the 

allowable (seven-year) budget of $52.8 million. Comparing Table 7 with Table 9, one can 

conclude that the Single-stage 3-dimensional BBA model clearly yields a better solution than the 

two-stage LP model. Even though the TSWARL is improved marginally (from 2874 to 2822), the 

capital savings of over $12 million ($65.05 million versus 52.88 million) is significant and 

clearly demonstrates the superiority of the 3-dimensional approach. Lastly, when comparing the 

GA versus BBA approach, the later provides a better solution under the constrained budget 

scenario by yielding a higher TSWARL value (2822 yrs. versus 2730 yrs.) at a lower budget 

($53.8 million versus 55.03 million), as evident from Tables 9. Agency-wide distribution of fleet 

and resources for the planning period is presented for a few sample agencies in Table 10 for the 

Larger Budget BBA approach. Year by year allocation of funds (among four improvement 

programs) among each of the constituent agencies, along with corresponding costs for a total of 

$64,853,214 is shown in Table 10.  

 

8.2.3. Comparison of GA and BBA 

A summarized version of the results of the Two-stage LP model, and the proposed Single- stage 

3-dimensional GA and BBA models are presented in Table 11. Clearly Single-stage models 

provided a better solution than its Two-stage counterpart, both in terms of the TSWRL values 

(objective function), and the amounts committed (budget constraint). When comparing the GA 

versus BBA approach, under the general framework of Single-stage 3-dimensional models, the 

BBA approach appears to provide a better solution under the constrained budget scenario by 

yielding a higher TSWARL value at a lower budget for both larger and smaller budget. However, 

a careful examination of the results shows that BBA arrived at this by adopting large REPL 

option in the initial years requiring large investment in the first few years. On the other hand, the 

GA results that tend to use all the available options at somewhat of a constant spending rate over 

the years, may be the preferred alternative for a planner.  Overall, the Single-stage 

3-dimensional approach provides a much better planning model that the earlier multi-stage 

formulations 
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9. Conclusion 

 

An integrated approach termed as the Single-stage 3-dimensional model for equitable allocation 

of governmental resources among competing transit agencies is presented in this paper. The three 

entities, namely, program, agency and time frame constitute the three dimensions embedded in 

the model. This model is the result of continuing research on this topic by the authors and 

represents an improvement of the earlier two generations of models: the Two-stage LP model and 

the Single-stage 2-dimensional model. The two stage LP model has two optimization routines for 

each year, to be applied sequentially. The Single-stage 2-dimensional model integrates the above 

two; however the model, like its predecessor, has to be applied for each year. In addition, certain 

policy constraints had to be incorporated manually in the earlier two applications. 

 

The proposed Single-stage 3-dimensional model has three dimensions of decision making, 

namely the choice of fleet improvement program, allocation of funds among the constituent 

transit agencies, and annual allocation of funds over the planning period. In addition, all the 

policy constraints are incorporated in the model alleviating the need for manual intervention. The 

model is formulated as a mathematical program that maximizes the total weighted average of 

remaining life of the fleet, subject to budget, demand, rebuild and non-negativity constraints. 

Two variants of the model are formulated: an Annual Budget Model (ABM) and a Planning 

Budget Model (PBM). The budget for each year is fixed in the former case, while in the later 

case; the planner has flexibility in spending the money across years, within the confines of a total 

multi-year budget. Two solution approaches are proposed, a Genetic Algorithm (GA) and a 

Branch and Bound algorithm (BBA). An example problem for three agencies for a planning 

period of eight years is solved to demonstrate the model. The Single-stage 3-dimensional model 

performed much better than its predecessors in terms of optimizing the objective function within 

the confines of the constraints specified. The GA and BBA models produced very similar results.  

 

Finally, a case study is conducted using the real data from Michigan DOT of the USA. The 

solution highlighted the efficiency of the 3-dimensional model for solving transit fund allocation. 

The proposed model is compact and gives flexibility for a both short-term and long-term 

planning. This study clearly demonstrates the benefit of the new model in providing a better 

solution. Further, this model is expected to be a rational tool in deciding the governmental fund 

allocation to competing transit agencies. The model could be extended to heterogeneous fleet, 

(small, medium and large) even though the case study deals with medium sized buses, and can 
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serve as an asset management tool at the state level, encompassing transit fleet of various sizes 

and operating characteristics. 
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Table 1. Notations Used in the Formulation 
Variables Explanation 

ij

mx  number of buses which received remaining life of j years for an agency i on mth 

planning year due to the improvement program 

m
ijr  number of existing buses with remaining life of j years for an agency i on mth planning 

year  

kl  additional year added to the life of the bus due to improvement program 

k,  kl 2,3,4,7  

ik

my  number of buses chosen for the improvement program k adopted for an agency i on mth 

planning year 

m
kc  cost of implementation of the improvement program k on mth year 

B  total budget available for the project for all planning years 

A  total number of agencies 

Y  minimum service life of buses 

N  number of years in the planning period 

P number of improvement programs 

mb  budget available for mth planning year 

i 1, 2, …,A, the subscript for a transit agency 

j 1, 2, …,Y, the subscript for remaining life  

m 1, 2, …,N, the subscript used planning year 

k 1,2,…., P the subscript used for improvement program  

,( )
m
i   number of buses already improved by ,  due to rehabilitation in the mth planning 

year for agency i, (,  €{2,3}) 

,( )
m
i   number of buses already improved by  due to remanufacture in the mth planning year 

for agency i, ( €{4}) 

REHAB1 the first improvement program- rehabilitation of bus yielding  (=2) additional years 

REHAB2 the second improvement program- rehabilitation of bus yielding  (=3) additional 

years 

REMANF the third improvement program- rehabilitation of bus yielding  (=4)additional years 

REPL the last improvement program-replacement of bus yielding 7 additional years 
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WARLi Weighted Average Remaining Life for agency i = 1
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PBM Planning budget model 

ABM Annual budget model 

GA Genetic algorithm 

BBA Branch and bound algorithm 
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Table 2: The Base Year Fleet Data for the Example Problem 

Year 
Agency 

Distribution of Remaining Life (years) Fleet  

Size 

WARLi 

(years) 0 1 2 3 4 5 6 7 
20

0
2-

B
ef

or
e

 1 5 10 4 1 3 9 7 8 47 3.74 

2 10 4 2 6 5 1 3 5 36 2.89 

3 3 6 3 4 1 3 5 3 28 3.36 

Total 18 20 9 11 9 13 15 16 111 9.99* 

Note: *: TWARL 
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Table 3: Annual Budget, Improvement Options and Unit Costs for the Example Problem  

Year Budget 

Improvement Options and Unit Cost ($) 

REPL 

(7 Years)  

REHAB1 

(2 Years) 

REHAB2 

(3 Years) 

REMANF 

(4 Years) 

2002 1,200,000 81,540 17,800 24,500 30,320 

2003 1,445,000 81,540 17,800 24,500 30,320 

2004 785,000 88,063 19,220 26,400 32,750 

2005 970,000 88,063 19,220 26,400 32,750 

2006 750,000 95,108 20,740 28,500 35,370 

2007 651,000 95,108 20,740 28,500 35,370 

2008 595,000 102,720 22,400 30,780 38,200 

2009 990,000 102,720 22,400 30,780 38,200 

Total 7,386,000 
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Table 4:  Resource Allocation for Multiple Years for The Example Problem: Single-stage 

2-dimensional BBA Model 

Year 

Assigned 

Fleet by 

REPL    

Assigned 

Fleet by 

REHAB1  

Assigned 

Fleet by 

REHAB2  

Assigned 

Fleet by 

REMANF  

Total 

Assigned 

Fleet 

TWARL* 

(years) 

 

Available 

Budget 

($) 

Amount 

Committed 

($) 

Surplus($) 

2002 13 1 0 4 18 13.07 1,200,000 1,199,100 900 

2003 16 0 0 4 20 13.58 1,445,000 1,425,920 19,080 

2004 8 0 0 2 10 12.34 785,000 770,004 14,996 

2005 11 0 0 0 11 11.65 970,000 968,693 1,307 

2006 5 0 2 6 13 10.25 750,000 744,760 5,240 

2007 4 13 0 0 17 8.50 651,000 650,052 948 

2008 2 10 4 1 17 6.83 595,000 590,760 4,240 

2009 0 44 0 0 44 6.20 990,000 985,600 4,400 

Total 59 68 6 17 150 82.43** 7,386,000 7,334,889 51,111 

Note: *: TSWARL=82.43 years. **: TWARL= Object of optimization each year 

Note: **: TWARL= Object of optimization each year **: TSWARL=82.43 years.  
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Table 5: Resource Allocation for Multiple Years for the Example Problem: 2-dimensional versus 

3-dimensional Models Single-stage  

 

Model 

Assigned 

Fleet by 

REPL    

Assigned 

Fleet by 

REHAB1  

Assigned 

Fleet by 

REHAB2  

Assigned 

Fleet by 

REMANF  

Total 

Assigned 

Fleet 

TSWARL 

(years)*** 

 

Available 

Budget 

($) 

 

Amount 

Committed 

($) 

Surplus 

($) 

BBA*  59 68 6 17 150 82.43* 7,386,000 7,334,889 51,111 

ABM – 

GA** 60 23 22 29 134 84.56 7,386,000 7,371,923 14,077 

ABM – 

BBA** 47 17 8 70 142 83.66 7,386,000 7,075,044 310,956 

PBM – 

GA** 65 34 1 29 129 86.97 7,386,000 7,383,509 2,491 

PBM – 

BBA** 67 43 1 18 129 86.75 7,386,000 7,360,542 25,458 

Note *: Single-stage 2-dimensional Model, **: Single-stage 3-dimensional ***: Object of 

Optimization 
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Table 6: Base year distribution of remaining life (RL), fleet size, and weighted average of 

remaining life of sample agencies before allocation of resources for the case study 

 

Agency 

Distribution of Remaining Life Total 

Fleet 

Size 

WARLi 

(years) 
0 1 2 3 4 5 6 7 

1 1 0 0 0 0 0 0 2 3 4.67 

2 1 0 0 0 0 0 0 0 1 0 

3 1 0 0 0 0 0 0 0 1 0 

. . . . . . . . . . . 

. . . . . . . . . . . 

. . . . . . . . . . . 

91 0 1 0 0 0 0 1 0 2 3.5 

92 2 1 0 0 1 1 0 3 8 3.88 

93 2 0 0 0 1 3 1 0 7 3.57 

Total 235 122 44 23 63 77 78 78 720 225.23 
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Table 7: Resource Allocation for Case Study: Two Stage LP Model (Source: Khasnabis et al. 2004) 

Year 
Assigned Fleet 

by REPL     

Assigned Fleet 

by REHAB1    

Assigned Fleet 

by REHAB2    

Assigned Fleet 

by REMANF    

Total Assigned 

Fleet 

TWARL (years) 

 

Available Budget 

($) 

 

Amount 

Committed ($) 

2002 0.0 106.7 0.0 128.3 235 376.72a 5,789,000 5,789,000 

2003 106.1 0.0 0.0 16.0 122 358.53 9,130,000 9,130,000 

2004 31.5 0.0 0.0 119.5 151 307.83 6,690,000 6,690,000 

2005 23.0 0.0 0.0 0.0 23 230.71 5,200,000 2,025,449 

2006 128.0 0.0 63.0 0.0 191 435.58b 6,750,000 13,969,324 

2007 55.5 0.0 0.0 37.6 93 403.66 6,600,000 6,600,000 

2008 119.0 78.0 0.0 0.0 197 392.84b 5,850,000 13,970,880 

2009 23.2 0.0 0.0 117.8 141 368.64 6,880,000 6,880,000 

Total 486.1 184.7 63.0 419.1 1153 2874.51c 52,889,000 65,054,653 

Note: (a) TWARL=376.72 years is the final maximized objective function value for year 2002 and similarly TWARL’s for succeeding years. (b): 

Manual solution; (c) TSWARL is 2874.51 years 
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Table 8: Resource Allocation for Case Study: Single-stage 3-dimensional PBM (Larger Budget) 

Case 
Year 

 

Assigned Fleet 

by REPL     

Assigned Fleet 

by REHAB1    

Assigned Fleet 

by REHAB2    

Assigned Fleet 

by REMANF    

Total Assigned 

Fleet 

TWARL 

(years) 

Amount Committed 

($) 

GA 

2002 109 61 30 35 235 465.01 11,769,860 

2003 61 24 16 21 122 435.03 6,429,860 

2004 54 27 19 5 105 385.82 5,940,832 

2005 40 28 4 5 77 331.08 4,330,270 

2006 65 23 6 47 141 321.67 8,492,430 

2007 65 11 25 44 145 297.48 8,695,660 

2008 40 34 22 14 110 262.56 6,082,360 

2009 83 75 31 20 209 403.42 11,923,940 

Total 517 283 153 191 1144 2902.07a 63,665,212b 

 

BBA 

2002 150 85 0 0 235 466.19 13,744,000 

2003 110 12 0 0 122 444.36 9,183,000 

2004 127 2 0 0 129 431.58 11,222,441 

2005 35 0 0 0 35 360.37 3,082,205 

2006 61 0 0 4 65 328.99 5,943,068 

2007 60 0 7 10 77 297.10 6,259,680 

2008 29 12 3 34 78 258.24 4,638,820 

2009 57 82 42 47 228 410.11 10,780,000 

Total 629 193 52 95 969 2996.94 a 64,853,214 b 

 

Note: (a) Total TWARL = TSWARL is the final maximized object function value. (b) Original Available Budget from DOT is $65,054,653.  
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Table 9: Resource Allocation for Case Study: Single-stage 3-dimensional PBM (Smaller Budget) 

 

Case 
Year 

 

Assigned Fleet 

by REPL     

Assigned Fleet 

by REHAB1    

Assigned Fleet 

by REHAB2    

Assigned Fleet 

by REMANF    

Total Assigned 

Fleet 

TWARL 

(years) 

Amount Committed 

($) 

GA 

2002 48 110 61 16 235 416.99 7,851,540 

2003 108 7 6 1 122 394.12 9,108,240 

2004 43 42 36 33 154 369.56 6,625,099 

2005 49 23 16 3 91 344.48 5,277,797 

2006 42 20 9 56 127 328.65 6,646,556 

2007 37 8 44 48 137 297.97 6,636,676 

2008 28 87 21 11 147 257.40 5,891,540 

2009 42 70 25 9 146 321.45 6,995,540 

Total 397 367 218 177 1159 2730.62a 55,032,988b 

BBA 

2002 138 97 0 0 235 459.81 12,979,120 

2003 82 0 40 0 122 440.43 7,666,280 

2004 138 2 1 0 141 436.44 12,217,534 

2005 23 0 0 0 23 359.42 2,025,449 

2006 23 0 0 82 105 320.12 5,087,824 

2007 8 0 3 67 78 271.98 3,216,154 

2008 10 45 3 20 78 221.08 2,891,540 

2009 14 144 11 47 216 313.32 6,797,660 

Total 436 288 58 216 998 2822.61a 52,881,561b 

Note: (a) Total TWARL = TSWARL is the final maximized object function value. (b) Original Available Budget from DOT is $52,889,000.  
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 Table 10: Planning Horizon Distribution of Remaining Life for A Number of Sample Agencies for Fleet Size Before Allocation of Resources: BBA- 

Single-stage 3-dimensional Model: PBM 

Year 
Agency Distribution of remaining life (years) 

Fleet 

Size 

Before 

WARLi 

After 

WARLi 
Options 

Total Cost 

  0 1 2 3 4 5 6 7       x1=7 x2=2 x3=3 x4=4 

2002 

1 1 0 0 0 0 0 0 2 3 4.66 7.00 1 0 0 0 1 8,1540 

2 1 0 0 0 0 0 0 0 1 0.00 7.00 1 0 0 0 1 81,540 

3 1 0 0 0 0 0 0 0 1 0.00 7.00 1 0 0 0 1 81,540 

4 0 0 0 0 3 3 0 1 7 4.86 4.86 0 0 0 0 0 0 

5 4 0 0 2 4 2 0 1 13 3.00 3.61 0 4 0 0 4 71,200 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 

2009 

1 3 0 0 0 0 0 0 0 3 0.00 7.00 3 0 0 0 3 308,160 

2 1 0 0 0 0 0 0 0 1 0.00 7.00 1 0 0 0 1 102,720 

3 1 0 0 0 0 0 0 0 1 0.00 7.00 1 0 0 0 1 102,720 

4 1 0 0 0 3 3 0 0 7 3.85 4.42 0 0 0 1 1 38,200 

5 1 0 4 2 4 2 0 0 13 3.07 3.30 0 0 1 0 1 30,780 

Total 969 867 774 789 779 776 728 78 5760 2161.07 2996.94 629 193 52 95 969 64,853,214 
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Table 11: Comparison for Three Model Types 

Year 
Available 
Budget 

Amount Committed ($) TWARL 

Two-stage 
LP Model 

Single-stage 
3-dimensional 

Model-GA 

Single-stage 
3-dimensional 
Model -BBA 

Two-stage 
LP Model 

Single-stage 
3-dimensional 

PBM-GA 

Single-stage 
3-dimensional 

PBM -BBA 

2002 5,789,000 5,789,000 11,769,860 12,915,380 376.72 465.01 466.19 

2003 9,130,000 9,130,000 6,429,860 9,947,880 358.53 435.03 444.36 

2004 6,690,000 6,690,000 5,940,832 12,367,260 307.83 385.82 431.58 

2005 5,200,000 2,025,449 4,330,270 2,025,449 230.71 331.08 360.37 

2006 6,750,000 13,969,324 8,492,430 5,644,378 435.58 321.67 328.99 

2007 6,600,000 6,600,000 8,695,660 5,710,390 403.66 297.48 297.1 

2008 5,850,000 13,970,880 6,082,360 4,144,920 392.84 262.56 258.24 

2009 6,680,000 6,680,000 11,923,940 10,264,100 368.64 403.42 410.11 

Total 52,689,000 64,854,653 63,665,212 64,853,214 2874.51* 2902.07* 2996.94* 

Note * : TSWARL 
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Figure 1: The chromosome structure for GA 
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