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Abstract

Interurban road networks are key components of transportation systems and play a vital role in modern economies. Given their importance, the transformation of these networks must be carefully planned. In this paper, we present a multi-objective approach to long-term interurban road network planning. In addition to the efficiency objectives dealt with in the vast majority of the literature where the subject is addressed, the approach presented in this paper takes into account robustness and equity objectives. The application of the approach is illustrated for a case study involving the main road network of Poland.  
1. Introduction

Modern economies are highly dependent upon transportation systems. As an important component of the transportation system, road networks play a vital role for the sustainability of these economies. While for most developed countries the main concern is the improvement of their already good interurban road networks, this is certainly not the case with countries like China, India, Brazil, and most Eastern European countries. The high economic growth rates that have characterized these countries in recent years will be difficult to sustain without a strong development of their road networks. Given the important social implications and massive financial funds involved in the renovation of interurban road networks, public authorities know that their decisions must be carefully planned because possible errors of judgment will hardly be tolerated.

In this paper, we present a multi-objective approach to long-term interurban road network planning. In addition to the efficiency objectives dealt with in the vast majority of the literature where the subject is addressed, the approach presented in this paper takes into account robustness and equity objectives. Indeed, from road network improvements, public authorities want more than just better accessibility or faster speed in everyday situations. They also require road network improvements to enhance the way abnormal traffic peaks and unexpected disruptive events are coped with. Moreover, public authorities want the accessibility and speed benefits derived from the improvement of road networks to be fairly distributed across the different parts of a country or a region, because uneven welfare gains are not consistent with sustainable development principles.

The paper is organized as follows. In the following section, we provide a brief overview of the literature on optimization-based road network planning. Next, we describe the essential features of the proposed planning approach. Then, we present the model upon which the approach is based and supply information on the algorithm developed to solve it. Afterward, we illustrate the type of results that can be obtained through the approach for a case study involving the main road network of Poland. In the final section, we make some concluding remarks and point out directions for future research.
2. Literature overview

Over the last thirty years, significant research efforts have been devoted to optimization-based road network planning (and design) models.
The vast majority of these efforts were oriented towards a planning approach involving two basic assumptions. First, the planned road network is designed to accommodate given traffic flows at minimum network costs. Second, the planned traffic flows follow a user equilibrium pattern. That is, as Wardrop (1952) first stated it, “traffic arranges itself in such a way that no individual trip maker can reduce his path costs by switching routes”. Influential works based on this approach include Leblanc (1975), Abdulaal and LeBlanc (1979), Boyce and Janson (1980), and Friesz et al. (1993). Recent works include Drezner and Wesolowsky (2003) and Lim et al. (2005). An interesting application of the approach to the main road network of the United States is described in Janson et al. (1991). A detailed survey of this literature is provided in Yang and Bell (1998). 
These assumptions certainly suit many instances of short-term urban road network planning. However, they do not match the needs of long-term interurban road network planning. Indeed, on the one hand, interurban traffic flows are more likely to follow least-cost routes (often indicated by road signs). Moreover, in the long term, traffic flows will predictably react to road network changes, increasing along the routes which received the most significant improvements. On the other hand, minimizing network costs is not (or should not be) the only objective public authorities take into account. Other important objectives relate, for instance, to accessibility/connectivity, robustness/reliability, and equity. These objectives have motivated a significant research effort in recent years. For instance, Antunes et al. (2003) develop road network planning solutions aimed at maximizing accessibility for a given planning budget, while Scaparra and Church (2005) look for solutions aimed at maximizing connectivity. Reliability objectives have been addressed by Lo and Tung (2003), Chootinan et al. (2005), and Ukkusuri et al. (2007). Equity objectives have been addressed by Meng and Yang (2002), Antunes et al. (2003), Feng and Wu (2003), and Chen and Yang (2004).
Despite the research efforts already made, it is necessary to acknowledge here that, up to now, their practical implications have been quite low. The main reason for this to happen is probably because existing optimization-based road network planning models do not fit properly into the planning framework adopted in the Highway Capacity Manual (TRB, 2000). This manual, published by the United States Transportation Research Board, is a fundamental reference for highway engineers working in Departments of Transportation all over the World. Planning solutions which are not consistent with the HCM framework are unlikely to be accepted by practitioners and to be adopted in real-world studies.
3. Planning approach
The approach to long-term interurban road network planning proposed in this paper is based on the following main principles:
· Planning decisions regard the construction of new road links of given types or the upgrading of existing road links to a better type.

· Efficiency, robustness, and equity objectives are simultaneously taken into account.

· Environmental concerns may limit the set of road types that can be assigned to links included (or to be built) in environmentally-sensitive areas.

· Total expenditure involved in the planning decisions must not exceed the available budget.

· Travel demand is elastic with road network changes.

· Planning decisions are consistent with the road planning methodology adopted in the Highway Capacity Manual.

The implementation of these principles can be made through an iterative process consisting of six steps in each iteration.
First, we generate a set of solutions for the improvement of the road network consistent with environmental concerns and budgetary constraints. Each solution specifies the links to build or upgrade, and the road types to assign to these links. For generating solutions, one may resort either to local or population (including evolutionary) search procedures, or to a combination of both.
Second, we estimate the expected origin-destination matrix corresponding to the improved network. The expected origin-destination matrix is computed through the application of an unconstrained gravity model calibrated for the 30th highest hourly traffic volume (TRB, 2000). For a long-range approach as the one proposed in this paper, forecasting driver paths choices through extrapolation from present route choices can lead to misleading results. Thus, we decided to calculate the impedance function with the generalized travel cost corresponding to the least-cost path between the origin and the destination, even though drivers do not always exhibit rational choices when choosing their routes. In this manner, trips are estimated by quantifying the propensity of a driver to travel, assuming that this propensity depends on the travel cost for the average driver and solutions are evaluated according to the network driving conditions offered for an ideal scenario in which all drivers follow the paths which minimize their travel costs. The (generalized) travel cost is computed through a function combining travel distance and travel time, assuming drivers can travel at the maximum service speed (MSS) defined for the road types of the links included in their routes. The MSS of a road type is the maximum speed consistent with the level of service (LOS) to be guaranteed for a road of that type. LOS is a quality measure of the operational conditions of a traffic facility (TRB, 2000).
Third, we assign the O/D matrix to the improved road network, estimate the traffic flows for all links, and verify whether these flows are consistent or not with the LOS required for the links. Among other alternatives, LOS can be assessed through the ratio between the estimated traffic flow and the maximum service flow for each link. Solutions with links where estimated traffic flows exceed maximum service flows are unfeasible, and are penalized with a penalty proportional to their “distance” to feasibility.

Fourth, we assess the solutions with regard to efficiency, robustness, and equity objectives. Examples of alternative (or complementary) ways of formulation these objectives are:

· Efficiency: maximization of the accessibility of urban centers (as defined by Keeble et al., 1982); maximization of the average speed for the road network; and minimization of a weighted distance to national, state, and regional capitals.

· Robustness: maximization of the reserve capacity of the network; maximization of the evacuation capacity of cities; and minimization of the vulnerability of the network to the failure of isolated links (D'Este and Taylor, 2003).

· Equity: maximization of accessibility (or other efficiency measure) for the urban centers with the lowest accessibility; minimization of Theil Inequality Index  of the accessibility to urban centers (Theil, 1979); and maximization of the Gini Index of accessibility (Marsh and Schilling, 1994).
Fifth, we perform a multi-objective evaluation of the solutions using the well-know weighting method (Cohon, 2004). According to this method, the overall value of a solution is calculated applying weights representing the relative importance of the objectives to the normalized values of the solutions for each objective. Solution values need to be normalized because the degree of achievement of the objectives is assessed in different units and/or different scales of measure.
Sixth, we compare the solutions assessed in this iteration with the best solution obtained in previous iterations – the incumbent solution. If any one of the new solutions is better than the previous best, it becomes the incumbent solution and a new iteration is performed. If not, after a given number of non-improving iterations, the iteration process is stopped.

4. Optimization model
In order to accomplish the planning approach described in the previous section, it is necessary to solve an optimization model in each iteration. The essential ingredients of this optimization model are:
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where (in order of appearance): V is the normalized value of a solution; wZ , wR, and wE are the weights attached to efficiency, robustness, and equity objectives; Z, R, and E are the values of a solution in terms of each objective; ZB, RB, and EB are the best values obtained for each objective in previous iterations; Z0, R0, and E0 are the worst values obtained for each objective in previous iterations; Ml is the set of possible road types for link l; y = {ylm} is a matrix of binary variables equal to one if link l is set at road type m and equal to zero otherwise; L is the set of links; Tl is the estimated traffic flow in link l; Tmax m is the maximum service flow for a link of road type m; elm is the expenditure required to set link l at road type m; and b is the budget.
The objective-function (1) of this combinatorial non-linear optimization model represents the maximization of the normalized value of the road network planning solution. This solution is obtained through the application of weights (also called “priorities”) to the normalized values of the solutions for the three objectives under consideration. In this case, normalization is made considering the range of variation of solutions, but other normalization procedures could be used. The values of the solutions for the three objectives, as well as the normalized values, depend on the decisions made with regard to road types (which are represented with variables y). Constraints (2) are used to guarantee that each link will be set at one, and only one, road type. For some links, it may be undesirable to choose some road types because of environmental reasons. This is the reason why the set of road types (Ml) is indexed in the link. Constraints (3) are included to ensure that the traffic flow estimated for each link, which depends on the decisions made with regard to road types for all links, will not exceed the maximum service flow consistent with the road type chosen for the link. Traffic flows on links are determined by assigning O/D traffic flows calculated with an unconstrained gravity model to the network assuming trips to be made through least-cost routes. Constraints (4) are used to guarantee that the budget available for improving the road network will not be exceeded. Expression (5) defines the domain for the decision variables.
5. Model solving
The optimization model described in the previous section is extremely difficult to solve to exact optimality. Except for small-size instances, it must be handled through heuristic methods. If carefully developed, modern heuristics can be very efficient at finding optimum or near-optimum solutions to difficult optimization models. A class of modern heuristics methods that has been especially successful when dealing with engineering models – including several transportation engineering models – is genetic algorithms (Michalewicz, 1996). For solving our model, we developed a hybrid genetic algorithm combining the standard selection, crossover, and mutation procedures of a standard genetic algorithm with various types of local improvement procedures performed throughout the search process. Upon careful calibration the algorithm was able to provide good quality solutions to a representative sample of partly-random problems within acceptable computing time (e.g., problems with 15, 55, and 110 links were respectively solved in 4, 255, and 2,810 seconds, on average, on an Intel Dual Core T2500 microprocessor running at 2.0 GHz). Details on the algorithm design, the calibration procedure, and the algorithm performance can be found in Santos et al. (2005). 
6. Case study

The results that may be obtained through the application of the approach presented in this paper are illustrated in this section for the main road network of Poland. In the year 2000, this network had a total length of 11,358 km (5,894 km of slow two-lane roads, 4,992 km of fast two-lane roads, and 472 km of two-lane freeways). The network is currently undergoing a significant transformation following the integration of Poland in the European Union. 

For the application of the approach, the network was represented with 86 nodes (49 Polish traffic generation centers, 30 intersections, and 7 foreign traffic generation centers representing the neighboring countries) and 164 links (147 internal and 17 external). A scheme of the network is depicted in Figure 1. In this  figure, links in grey represent slow two-lane highways, links in magenta represent fast two-lane highways, and links in red represent four-lane freeways. The traffic generation centers are represented with circles with diameter proportional to their population.

The application consisted in determining the best assignment of 8,712 monetary units (which represent 25% of the budget required to upgrade all links to a six-lane freeway) to the upgrading of the existing road network. The design characteristics of road types are presented in Table 1. The relative unit costs for road upgrading are presented in Table 2. These costs apply to roads built in flat land. For roads built in hilly and mountainous ground, unit costs were increased by 30 and 60 percent, respectively.

All computations were made using OptRoad, a user-friendly program developed by the authors (Santos et al., 2006).
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Fig. 1. Main road network of Poland in the year 2000
Table 1
Design characteristics for the different road types (TRB, 2000)
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Table 2
Relative unit costs for road upgrading
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6.1. Results for a single efficiency objective

We first considered only an efficiency objective. Specifically, the objective was to maximize the weighted average accessibility of the Polish traffic generation centers. The accessibility of a center was defined as (proportional) to the spatial interaction between the center and all other centers (Keeble et al., 1982). The expression used to calculate weighted average accessibility was:
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where: N is the set of traffic generation centers; NP is the set of Polish traffic generation centers; Pj is the population of center j; P is the total population; Aj is the accessibility of center j; Cjk is the (generalized) cost of traveling between centers j and k; and ( is a calibration parameter.
The best solution obtained for this objective is depicted in Figure 2. In comparison to the network of 2000, the total length of four-lane freeways would increase from 472 kilometers to 3,067 kilometers, whereas the total length of fast two-lane highways would decrease from 4,992 to 4,528 kilometers. Three links of six-lane freeways, with a total length of 213 kilometers, would be included in the network, along the least-cost path between Warszawa and Katowice, the largest traffic generation centers. 
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Fig. 2. Best solution for the maximization of network efficiency

6.2. Impact of adding a robustness objective

We then added a robustness objective to the efficiency objective, giving equal weights (50/100) to both objectives. The robustness objective was to maximize the weighted reserve capacity of the network. The reserve capacity of a link was defined as the traffic flow that the link can still accommodate within the LOS required for its road type. The expression used to calculate the (weighted) reserve capacity of the network was:
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where: Tmaxl is the maximum service flow for link l; ( is a weighting parameter; and Ll is the length of link l. Parameter ( is introduced to reflect the importance attached to the reserve capacity in each link. Values of ( higher than one lead to solutions where the reserve capacity is concentrated in a small number of links, whereas values of (  lower than one lead to solutions where the reserve capacity for each link is relatively small but more evenly distributed across the network. In this study, a value of ( equal to 0.5 was used.

The best solution obtained for the two objectives is depicted in Figure 3. The freeway network would now be composed of 345 kilometers of six-lane freeways and 2,814 of four-lane freeways. The six six-lane freeway roads would be the roads with higher estimated traffic volume. For all these roads, the initial estimated traffic volume is higher than 2,300 passenger-cars units per hour and an increase of the reserve capacity would only be possible with roads of this type.
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Fig. 3. Best solution for the maximization of network efficiency and robustness

6.3. Impact of adding an equity objective

We next replaced the robustness objective with an equity objective. The equity objective was contemplated through limiting the computation of accessibility to the 20-percent Polish traffic generation centers with the lower accessibilities (note that the less centers are considered, the more emphasis is given to equity). The expression used to calculate equity was
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where: NP50 is the set of 20-percent Polish traffic generation centers with the lower accessibility.
The best solution obtained for the efficiency and equity objectives is depicted in Figure 4. The freeway network would now be composed by a 2,727 kilometer of four-lane freeways and 290 kilometers of six-lane freeways. This solution is achieved by improving the links serving smaller traffic generation centers, such as Bydgoszcz, Gdansk, and Olsztyn, which were not improved in the previous solutions. In addition, some roads next to the Polish border would be improved to four-lane freeways creating a freeway connection between Poznan and Kiev. Also, in the south of Poland, there would be a freeway connection between Berlin and Kiev via Katowice. In opposition to the previous solutions, in this case the length of the fast two-lane highways would be larger than in the network of 2000 (more 96 kilometers).
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Fig. 4. Best solution for the maximization of efficiency and equity

6.4. Results for efficiency, robustness, and equity objectives

We then included the three objectives together, assigning equal weights (33.3/100) to the objectives. The best solution obtained for the efficiency, robustness, and equity objectives is depicted in Figure 5. The freeway network would now be composed of 230 kilometers of six-lane freeways and 2,783 kilometers of four-lane freeways. This solution is a compromise solution between the previous solutions, with more six-lane freeways than the solution obtained when only the efficiency objective was considered and with some smaller cities, as Gdansk, connected to close nodes by freeway. In this solution, a four-lane freeway connection between Warszawa and the north border is added to the previous freeway border connections.
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Fig. 5. Best solution for the maximization of network efficiency, robustness, and equity

6.5. Results Comparison

The impact of the improvement of the network upon the different assessment measures –accessibility, reserve capacity, and accessibility of the 20 percent centers with the lower accessibilities – for the different combination of objectives is summarized in Table 3. 
Table 3
Impact of the improvement of the road network
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With regard to the initial network, accessibility would improve by 10.1 percent if only the efficiency objective was taken into account. This value would decrease if robustness or equity objectives were added. The inclusion of robustness would involve a slight deterioration of accessibility in 0.06 percent, but the reserve capacity would increase in 4.1 percent. The value for the reserve capacity measure would increase by 110.509 units, from -77.722 (i.e., initially there is a lack of capacity) to 32.787 units. The inclusion of equity would have much more significant implications. Indeed, accessibility would only increase 8.9 percent (instead of 10.1). In compensation, the accessibility of the 20-percent Polish traffic generation centers with the lower accessibilities would increase 12.0 percent, whereas it would increase only 8.0 percent if equity objectives were not considered. For the solution obtained when the three objectives were included, accessibility would increase 9.2 percent, the value for the reserve capacity measure would increase 107.562 units, and the accessibility of the 20-percent Polish traffic generation centers with lower accessibilities would increase 11.9 percent.

The total length of the different types of roads is given in Table 4. A similarity between the solutions obtained considering the equity objective can be found. In fact, although all the four solutions would involve a decrease of highway length and an increase freeway length, for the solutions including the equity objective the length of fast two-lane highways would increase – 1.9 percent for the solution obtained with the efficiency objective and 2.9 percent for the solution with the two other objectives. In the same way, it would be for these same two solutions that the reduction of slow two-lane highways kilometer would be larger than 44 percent while for the other two solutions the decrease of the slow two-lane highways extension would be smaller than 40 percent. For the four solutions, the length of freeways would exceed 3,000 kilometers. Nonetheless, it would be again for the solutions considering equity that we would have the lower freeway length, with a difference of about 260 kilometers for the solution obtained considering only the efficiency objective and 140 for the solution obtained considering also the robustness objective.
Table 4
Extension of the different types of road
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With respect to network costs, all solutions made use of almost the entire budget. Thus, small differences exist between the costs of the four solutions presented. Indeed, the cost varies from the 8,711.5 monetary units involved in the solution obtained with efficiency and robustness objectives to the 8,695.0 monetary units needed for the solution obtained when only the efficiency is considered.
7. Conclusions

In this paper, we presented a multi-objective approach to long-term interurban road network planning. The approach considers robustness and equity objectives in addition to the traditional efficiency objective. Other important features of the approach are: traffic flows are assumed to follow least-cost routes; travel demand is assumed to be elastic, to reflect the fact that traffic flows will predictably react to road network changes; and planning decisions are consistent with the road planning methodology adopted in the Highway Capacity Manual.
The application of the approach is illustrated for a case study involving the main road network of Poland. This case study was included to clarify the type of results that can be expected when the proposed approach is used. It was also included to clarify the implications for road network planning of taking efficiency, robustness, and equity objectives simultaneously into account. 

Although the practical applicability of the approach was demonstrated for a case study, we recognize that improvements are still possible in the future. For example, the inclusion of the rail travel in addition to road travel would introduce a new and important dimension in the planning approach. Furthermore, conscious that the application of a long-term interurban road network planning approach can not be accomplished in less than twenty or more years, it would be useful to determine the best schedule for the improvements to be made.
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