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ABSTRACT:
This article proposes a bi-level optimization model for planning supply transport to large infrastructure public works located in congested urban areas, in order to minimize their impact on the environment and on users of the local road network.

To reach this goal, a problem is proposed and solved for minimizing the total system cost, that of the operational costs of the diverse transport types used and the costs for the road user caused by increased congestion due to the circulation of heavy vehicles transporting material to site.

This optimization problem is proposed a bi-level mathematical programming model. The upper level defines the function of the total cost of the system which has to be minimized subject to environmental restrictions on atmospheric and sound pollution. The lower level defines the optimization problem that defines road user behaviour, assuming they choose the route that reduces their total individual journey costs to a minimum.

Given the difficulties associated with solving this problem due to the uniqueness of the solution, a heuristic algorythm is proposed for generating acceptable solutions.

Both the developed model and the specific solution algorithm are applied to the real case of a new leisure and fishing port at Laredo (Northern Spain), obtaining a series of conclusions from the corresponding sensitivity analysis.

INTRODUCTION

As is well known, increasing road traffic volumes from private cars and goods vehicles are causing greater pressures on the environment. The measures currently being taken to counter this trend are only decelerating the rate of growth. On a positive note it is worth pointing out that technological advances are, in spite of increased traffic volumes, managing to reduce overall atmospheric pollution from road traffic. However, more effort is needed to solve the problems of increased atmospheric and noise pollution in urban areas, both made worse by the steady increase in urban congestion. 
Differentiating between private cars and goods vehicles, the first are where more effort and more ingenuity are being used to improve the quality of life in urban areas. Measures such as promoting the use of transport alternatives to the private car which are more respectful to the environment (road tolls, better public transport, etc.). These measures show that it is possible to reduce and compensate the use of the private car as well as reduce environmental impacts. 

Within the overall problem of goods transport in urban areas, as well as the daily problems they bring, there is a particular case of enormous impact - the supply transport to very large public works being built in urban areas. 

In spite of their temporary nature, these events have an enormous environmental impact: increasing congestion for private traffic, increasing associated problems such as atmospheric and noise pollution, increased costs for the private transport users due to longer daily journey times. 

This type of environmental problem generated by heavy goods transport in congested urban areas is the main focus of this article. The objective is obtained a model to optimize the supply transport to large public works in urban areas, based around minimizing the overall costs of the system, obtaining a sustainable rate of activity from a social, economic and environmental point of view.

In section 1, the basic hypotheses of the system transport are defined. In section 2 a brief introduction to bi-level optimization problem is presented. In section 3 the optimization-simulation model is formulated. Section 4 specifies the case study and, finally the main conclusions are presented in section 5.
basic hypotheses.

As already mentioned, the objective is to optimize the supply transport to a large works site located in congested urban areas, from a social, economic and environmental point of view, where several types or alternatives of transport can be used.
In this problem, we define some transport alternatives which are characterized by the mode of transport and route used. Each alternative has a range of vehicles type available with different characteristics. 
Another fundamental hypothesis of the model is the perfect knowledge of the materials which have to be taken to and from works site. The works time table is known, where besides information on the location of temporary storage points the required quantities of each type of material are also known. It is assumed that materials have to arrive on site when they are to be used and therefore, storage of materials on site is not allowed.

The proposed model minimizes the total cost: the sum of the transport operation costs for each transport alternative and the private transport user costs, for the total time taken to complete the work. 
This optimization problem is proposed as a bi-level mathematical programming model. The upper level defines the function of the total cost of the system which has to be minimized subject to environmental restrictions on atmospheric and sound pollution. The lower level defines the optimization problem that defines private transport user behavior, assuming they choose the route that reduces their total individual journey costs to a minimum.
Given that the duration of a large infrastructural work like the one considered lasts at least a year and normally longer, all types of traffic situations are found in the town. There are seasonal variations between winter and summer; within a seasonal period there are working days and weekends and finally, within a working day there are rush hours and low points.
The modeling time periods are defined as combine the time periods when materials need to be supplied to the works site with the traffic periods considered. This combination will determine the modeling periods which will be considered in the model along with the different quantities of material and/or different traffic conditions in the network.
bilevel programming PROBLEMS
The bilevel programming constitutes one of the most important areas in the global optimization. The programs of bilevel optimization (or programming of two levels) present specific properties, some related with their high grade of no-convexity and non differentiation. This motivates that resolution is particularly difficult and a challenged of considerable interest. They are countless problems of practical application that take advantage of their own structure hierarchical to outline and solve formulations through bilevel programming.

Is possible to define the bilevel programming like "a mathematical program that contains a problem of optimization in the restrictions". For the perfect understanding, is necessary to focus simultaneously from two points of view: on one hand, as logical extension of the mathematical programming, and for other, as generalization of a problem peculiar of the theory of games, Game of Stackelberg (Stackelberg, 1952).
In the Stackelberg’s equilibrium a player special denominated leader, that can know the reactions from the rest of players to his strategy, exists. The rest of players are denominated followers. The leader can choose his strategy inside a certain group, independently of the strategies of his followers, while each follower can choose a strategy inside a group of them parametrically for the election made by the leader. The strategy of a follower depends on the leader's strategy, and his utility also depends so much of the strategies of the other followers, like of the leader.
Many problems of transport planning and urban transport networks design are formulated through a problem of Stackelberg’s equilibrium, because their hierarchical structure is adapted to reflect the process of takings of decisions. The system operators (leader) plan or design the transport system keeping in mind the behavior of the users (followers) before their decisions about administration policy or investment. In the superior level the costs (social, economic, environmental, etc.), derived of the operators policy  are minimized , while in the inferior level the behavior of the users is described in the transport system intervened.
The mathematical formulation of Stackelberg's equilibrium games is known as mathematical programs with equilibrium restrictions, MPEC (Codina et al, 2003). A mathematical program with restrictions of equilibrium is a optimization model in which certain group of restrictions is defined by means of an inequality variation.
In definitive, the general structure of a MPEC in a transport planning problem is:    

· Superior level. It defines the objective of the transport system planner.   

· Inferior level. It represents the behavior of the users in the transport network by means of an equilibrium assignment problem.

Are several the applications described in the literature that have been modeled through the bi-level programming. Among the applications more frequently, can be studied

· Application to networks design, where this type of models is characterized to use in the inferior level the traffic assignment model formulated by means of the TAP (Ben-Ayed et al, 1992) and (dell’Olio et al, 2006), applications of networks design keeping in mind congestion effects on the network (Marcotte, 1986), diverse algorithms and heuristic implementations (Marcotte and Marquis, 1992) and no-lineal bi-level programming (Suh and Kim, 1992).
· Another type of habitual application is the problem of estimate the demand  with a bi-level programming for estimate matrix O-D with traffic counts in some links (Florian and Chen, 1991) and (Kim et al, 2001). These models use data of traffic volumes, conforming more economic information, in opposition of the expensive domicile survey. In freight transport exist some applications (Crainic et al, 2001).
· The problem of space localization is another frequent application of the bi-level programming. Heuristic algorithms are presented for localization problems (Miller et al, 1992).

The optimization-simulation model.

The method used to solve the planning of the described transport system is based on minimizing the total costs of the system, composed by the costs of the different transport alternatives (modes and routes) and the costs suffered by private transport users due to increased congestion caused by the movement of heavy goods trucks. The optimum modal split and distribution will be that which minimizes the total costs of the system.
This method allows the solution of the problem to be found by using bi-level mathematical programming. The upper level defines a total cost for the system from the relevant agents: n transport alternatives and the private transport users cost. The private transport users are relevant in this case because their costs increase due to the congestion caused by the vehicles taking material to and from site. If there was not any congestion then the analysis would be made directly from the costs of the alternatives n, as the private transport users would not be affected. 

On the other hand, there are a series of restrictions at the upper level which at any point of the network the flow of vehicles, both private transport and heavy goods, from reaching permitted levels of atmospheric (PM10, CO, NOx y SOx) and noise pollution.

At the lower level, an optimization problem is considered to assignment of private cars in agreement with Wardrop's first principle. However, the flow of heavy goods vehicles will affect Wardrop's equilibrium for the private transport users due to the congestion.

The definition of the objective function of the upper level is obtained through the definition of analytical expressions which determine the costs of all the agents involved: transport alternatives and private transport users. 

Cost function.

The total cost of the system is defined as the sum of the costs of the different transport alternatives and the expression which represents the costs of private transport users due to increased traffic levels caused by the incorporation of the heavy goods vehicles onto the network roads:
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(1)
The expression of cost of the different transport alternatives are defined in the following way:
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(2)
where:
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: operating cost of a type c vehicle, transporting material m, of alternative i (€/hour-vehicles).
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: flow of type c heavy goods vehicle, transporting material m, of alternative i during modelling period t (vehicles/hour).
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: time of cycle (going and return) by a type c vehicle, transporting material m, of alternative i during modelling period t. This time includes loading and unloading times (hours).
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 : weight factor representing the duration of each modelling period t in the total time taken to complete the work.

The expression for private transport users costs is defined as
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where:
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: circulation cost in link a in modeling period t (€/hour).
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: flow of private vehicles in link a during modeling period t (vehicles/hour).
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: flow of heavy goods vehicles of alternative i, transporting material m with vehicle type c, in link a during modeling period t (vehicles/hour). 
The circulation cost in link a, in modeling period t, is a function of the flow of the private vehicles in the link and of the flow of the heavy goods vehicles of alternative i, transporting material m with a vehicle type c.
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where:
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: circulation time in link a , with any given flow (hours).
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: parameters for the link cost function.
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: dummy variable that takes the value 1 if the vehicle of alternative i, type c and transporting material m, circulates in the link a. If not then it takes no value.

VT: as a value of circulation time (Euros/hour).

We are now in a position to define the total cost of the system.
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Production Restrictions.

As stated in the basic hypothesis, the ongoing work on site will require the delivery of materials as defined by the existing works timetable.

The different modeling periods are defined by the quantity of materials to supply (
[image: image19.wmf]t
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) and belong to an analyzed time period. Whenever the amount of material transported to works site or the time period changes, then another modeling period is automatically generated.

For any modeling period t a material flow 
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 must be supplied to works site expressed as units of material/hour. 
This load, given that a separate analysis is presented for each type of material transported,  
[image: image21.wmf]t

m

Q

 may be transported by the different alternatives, such that:
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The relation between 
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 transport units of material m and the frequency of heavy goods vehicles 
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, is a restriction for the optimization problem: in modeling period t the sum of the material amount that transports each alternative i is equally to the total amount that requires the work in that same period.
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Where
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 transport units of material m during modelling period t.
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 dummy variable that takes the value 1 if the vehicle of type c transporting material m. If not then it takes no value.
Environmental Restrictions.

The number of permitted heavy goods vehicles of each alternative using the urban road network in each modeling period not only depends on the repercussions of this heavy traffic on the overall traffic flow (lower service levels, congestion, delays…), it is also conditioned by associated environmental repercussions.

Therefore, the degree of environmental impact becomes another restriction to the optimization model at the upper level, an important condition which will determine a new feasible region of solutions.
The analysis performed concentrates on two fundamental aspects to take into account: the concentrations of pollutants from traffic flows, composed of private vehicles and heavy goods vehicles, to and from works site and their corresponding levels of noise pollution.

The study of traffic pollution means two clearly differentiated phases need to be analyzed: the emission of pollutants by vehicle type (diesel cars, gasoline cars, slight trucks, heavy trucks, etc.) and its dispersion in the atmosphere. The first aspect clearly depends on the characteristics of the vehicle, whilst the second is a function of the environment.

To determine the total emission of pollutants use is made of the formula employed in the model of vehicular emissions MODEM (Osses and Henriquez, 1990):
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where:

[image: image31.wmf]iak

E

: total emission of pollutant i, in link a, for vehicle type k (diesel cars, gasoline cars, slight trucks, heavy trucks, etc.)
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 : emission factor of pollutant i, for vehicle type k.
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FT

: Vehicle flow in link a.
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 : Composition or fraction of total flow of vehicle type k, in link a.
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 : Length of link a.

Once the total emission of pollutant i is known, in link a, for vehicle type k (diesel cars, gasoline cars, slight trucks, heavy trucks, etc.), the next step is to obtain the concentration of this type of pollutant that is present in the air at a determined distance from the source (the vehicle). 
This calculation is obtained by using the following Gaussian dispersion formula (Gallardo, 1997):
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(9)
Since we are interested in the effect the pollutant has on the pedestrian, therefore, concentrations are studied at a few meters distance from the road (y,z).

So, the final value for the concentration of pollutant i, in link a, for vehicle type k is
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To quantify noise pollution, a model of the type Leq (1h) = A + B  like the following, is used (Cascetta, 1998):
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with:
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For each atmospheric pollutant i and emission of noise from heavy goods vehicles and private cars another restriction is added to the upper level of the optimization model. 

Sub-model of private transport user behaviour

The selected private transport assignment model is base in the Wardrop's first principal to explain journey allocation in the network. 

Wardrop's first principal, also know as DUE (deterministic user equilibrium), assume that private transport users try to minimize their costs when making journeys. If it were possible, each user would choose the shortest route (in journey time, for example) to get to their destination. But, given that traffic congestion exists, the shortest route stops being the shortest when many users try to use the same links of the network. Then, the private transport users consider alternative routes until they find one with the minimum possible cost, given traffic conditions at the time. When all users have found the shortest possible route the private transport network is said to be in equilibrium.

Beckman (Beckman and McGuire, 1956) formulated the following problem to express the condition of equilibrium following Wardrop's first principal known as the traffic assignment problem (TAP). 

The following nomenclature is needed to formulate the problem:
G(N,A): graph with n nodes and a links
N : set of nodes in the network

A : set of links in the network


W: set of all the pairs O/D connected in the graph G(N,A)

w: a pair of nodes (i,j) 

P: set of all the paths perceived in G(N,A)

Pw: set of all the paths that connects the pair w 

Tw:  total number of users traveling in pair w
hp: flow of users on path p
fa:  flow of users on link a
cp:  cost on path p 

ca :  cost on link a 
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Bi-level optimization model.

Finally, the bi-level optimization model designed for planning the supply of materials to large public works located in congested urban areas is:
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Solution Algorithm

In order to solve the bi-level mathematical programming problem, a heuristic algorithm is proposed as described below:

· Step 1: A feasible frequency vector 
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 is generated which satisfy the restrictions of the problem of the upper level.

· Step 2: The lower level problem of optimization is solved; i.e., the private transport origin-destination matrix is assigned obtaining the equilibrium flows 
[image: image73.wmf]t

private

a

f

,


· Step 3: Feasible frequencies 
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 are inserted and the equilibrium flows 
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 in the target function of the upper level and the target function is evaluated.

· Step 4: The Hooke-Jeeves (Hooke-Jeeves, 1961) algorithm is used to assess new frequencies 
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 and a return is made to step 2.

The algorithm is repeated until the optimum combination of frequencies 
[image: image77.wmf]t

c

m

i

f

,

,

 that reduces the costs of the system with regard to the previous iteration is not found.

In practical terms, once an initial feasible frequency solution has been generated, an assignment of journeys is carried out. Once the assignment is obtained, the total cost for private transport users can be calculated. The operation cost for the transport alternatives are determined knowing the frequencies of each alternative in each modeling period.
At this point the target function value can be calculated. Once the value of the target function is known, the Hooke–Jeeves algorithm proposes new frequencies which allow an advance of the target function towards its minimum, allowing the cost minimization target to be achieved. With these new feasible frequency generated by the Hooke-Jeeves algorithm, a new assignment is initiated. The process is repeated until the difference between the target function values, between one iteration and the other, are not less than an established tolerance or until the maximum number of set iterations has been reached.

It is important to notice that we have not considered the time of cycle as variable of the function objective, since the time of circulation on the streets in the city is smaller than the time of circulation on the highways regional network.  If the routes of the trucks are entirely for roads with important traffic volumes that increase substantial the time of circulation, should take as variable.
Finally, in the flow diagram (Figure 1) is described the sequence of procedures and sub-models used.

CASE STUDY

The public work to which the model is applied is the construction of the new port of Laredo (Cantabria-Spain). This large construction (61.267.730,64  €.) takes place at the site currently occupied by the fishing port in the historic old centre of the town. 
Once all the possible transport alternatives were analyzed three final alternatives were chosen for the practical application of the problem (Figure 2). The first, truck route 1, follows the most direct route through the town to the port. The second, truck route 2, a little longer, running near to the beach (is not used during the summer period to avoid problems for beach users). And finally, the alternative barge, from the near port of Colindres.
In order to apply the proposed bi-level programming model it was necessary to study the needs and requirements of construction materials contained in the Project for the New Port of Laredo. 
For the application of the model data was needed on the seasonal nature of traffic flows in Laredo. As there are no previous studies to fall back on a study was performed on the traffic of Laredo. The summer peaks and lows were established from the data obtained. However, in the winter there was only an average time as no peaks and lows could be distinguished due to the seasonal nature of the town.

For this application, an only truck type transporting an only material type was selected, due to the characteristics similar of all the materials to transport. The average selected truck was a truck mixer of 20m3 and 375 hp.  Operating costs were fixed at 45 €/hour.

Taking into account the shallow waters around the site, the barge chosen for the analysis had a capacity of  250 m3 (correct size for working on site) and an operating cost of 220 €/hour.
Supply times for a round trip were determined by using the average distances from the material source to Laredo and to the loading port for barges. The trip times calculated are shown in Table 1.
RESULTS 

From all the collated data, 8 alternatives for study were defined depending on: whether the cement plant is located on or off site, whether the dredged material is reused at 100% or at 25% and if the working day lasts 12 hours or 16 hours. The proposed optimization-simulation model has been applied to each alternative thereby obtaining its optimum solution.

For each alternative, the optimization variables were determined as well as the frequencies of the two truck routes, thus defining the timetable and programming of transport to the completion of the work which manage to minimize total costs (operational and private transport user cost) and comply with environmental restrictions. 
The solution (schedule for the total duration of the works) for the alternative 1 is shown in Figure 3. Details are shown for each modeling period on the frequency of trucks for each route as well as the material to be transported and the percentage over the whole period. 
The results of an analysis of each alternative are summarized in Figure 4. The optimum solution is provided by Alternative 2 with the cement plant on site, re-using dredged material 100% and with a 16 hour working day. This alternative is, therefore, the most recommendable. However, it must be taken into account that some of the variables, for example the percentage of reusable dredged material, used to classify the alternatives may not be fixed.
From the results it can be concluded that, under the worst case where only 25% of dredged material can be re-used, a 16 hour working day and the location of the cement plant on site are always the best options.

A similar analysis may be performed on the location of the cement plant. The results clearly show that it is always a better option to locate the cement plant on site. Under the worst case where the cement plant has to be located off site, the 16 hour working day is always preferable as is the maximum re-use of dredged material.
With the analysis of sensibility we analyzed (Figure 5) the change taken place in the function objective as consequence of diminishing in a unit the frequency of certain modeling period and certain route, maintaining the invariable rest of frequencies.    If the previous analysis is carried out increasing a unit the frequency of the modeling period and route in analysis, the results are show in the Figure 6   

Consequence of this analysis is feasible to carry out some interesting comment in reference to the previous figures:    

· In summery periods, in the pick hours traffic period (5,7,9,20,22 y 24) is more harmful to introduce a truck more than to diminish, while in the  pick-off hours traffic period  (6,8,10,21,23 y 25) is worse to diminish an unit of frequency that  increase it.   

· In reference to the previous point, notice that any modification is harmful, but   we can affirm that if we need to introduce a truck in summer (for example motivated by a previous delays accumulation) should be in the pick-off hours.
· If the previous analysis is centered in the periods of winter, in all the cases, is most interesting introduce more number of trucks (if it was necessary) in the route 1 that in the route 2.

CONSLUSIONS 

The main conclusions are:

1. The model proposed in this article differs from previous works in that it is made from an economic (operator costs), social (private vehicle users costs) and environmental (limitation of noise and air pollution) perspective.

2. The proposed model solves the problem studied using a method mixing optimization and simulation. The model considers the interaction between supply and demand for private motorists (at each iteration of the solution algorithm), thereby arriving at more consistent and coherent results. 
3. The model takes into account the interaction between the user and the different transport alternatives to and from site. In fact the private transport user can choose from various routes which minimize time (average journey cost). Clearly the average journey cost depends on the frequencies of the different types of transport used.
4. The environmental restrictions are analyzed by checking the concentration values at points close to the route. The checks are made for maximum time limits and maximum permitted annual values for 5 pollutants. These restrictions are checked for all links of the network and every modeling period. The analysis of the results shows an acceptable correlation between these values and the periods of traffic studied. 
5. The analysis of sensibility contributes important conclusions for the administration of the transport system, determining in that periods are more interesting to modify the frequencies of each alternative and calculating its associate cost.
6. Finally, the analysis of the 8 suggested alternatives reflects the flexibility and versatility given by the design of the optimization-simulation model in the planning of a transport system like the one studied, allowing the evaluation of a multitude of alternatives derived from the different values in the decision variables of the problem.
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FIGURE 1 Flow diagram describing the sequence of procedures.
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FIGURE 2 Network and truck routes.
FIGURE 2 Network and transport alternatives.
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FIGURE 4 Average hourly cost for alternatives
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FIGURE 5 Change in function objective to diminish a unit the frequency.
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FIGURE 6 Change in function objective to increase a unit the frequency.
	TABLE 1 Round trip times 

	 
	Route 1 for Trucks
	Route 2 for Trucks
	Barge Route

	
	
	
	

	Time from supply point to Laredo
	1 hour
	1 hour
	Time from loading port to Laredo
	1,25 hours

	Time inside Laredo
	0,25 hour
	0,27 hour
	
	

	Loading and Unloading Times
	0,25 hour
	0,25 hour
	Loading and unloading times
	2,33 hours

	TOTAL TRIP
	2,75 hours
	2,79 hours
	TOTAL TRIP
	4,83 hours




















Material unit = m3.











Barge: Always operative





ALTERNATIVES





Truck Route 2: Not operative in summer.





Truck Route 1: Always operative 
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