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Introduction

Today's living standards and living comfort would not be possible without the use of HAZMAT in industry. For instance, medicine, paints, cleaning agents, and fuels require the use of HAZMAT for their production. Furthermore, the production of such goods creates hazardous waste. Consequently, there is an increasing need for methods to handle ever more complex HAZMAT transportation problems.

Graph-based algorithms are typically used for planning HAZMAT transportation routes. The problem, however, is shown to be NP-hard, whereby one can only hope for good enough solutions. Moreover, route planning involves risk assessment which is based on estimates at best because of the underlying complexities as well as ethical and political considerations.

Because of this evolving nature of the route planning, there is a need to compute alternative settings with varying valuations and factors. This, however, is not well supported by graph-based algorithms that typically require full computations if some of the factors change. To overcome this problem, and as the main contribution, we propose here a GIS-based route planning method. It supports integration of partial valuations, and thereby it also supports computations of alternative scenarios with varying valuations.

We shall start by discussing HAZMAT transportation and risks in Section 2. In Section 3, we introduce the route planning problem. In Section 4, we present the proposed GIS-based route planning method. In Section 5, we illustrate the use of the method with a simple case study. And finally, in Section 6, follows the conclusion.

About HAZMAT Transportation and Risks

The research on HAZMAT transportation began already in the 1990's. A more recent overview about HAZMAT transportation can be found, for instance, in [START_REF] Erkut | Hazardous Materials Transportation[END_REF]. The need for HAZMAT transportation is a direct consequence of our modern society, where the amount goods produced by using hazardous materials has increased. Consequently, HAZMAT transportations have increased especially in urban areas. Partially because of this, the HAZMAT Transportation process is planned and carried out by considering certain national and international standard procedures, like the "UN Recommendations on the Transport of Dangerous Goods" [START_REF]United Nations: Recommendations on the Transport of Dangerous Goods[END_REF].

In HAZMAT transportation, there is always a risk involved. According to [START_REF] Erkut | Special issue: Hazardous materials transportation -Introduction[END_REF], risk in the context of HAZMAT transportation is a measure of the probability and severity of harm to an exposed receptor due to potential undesired events. In this sense, risk can be assessed either qualitatively or quantitatively. In a qualitative assessment, the goal is to identify possible scenarios. In a quantitative assessment, consequences are modeled and made explicit, so that the exposed receptors can be identified. All of this information is then used to calculate numerical risk evaluations.

An alternative approach to HAZMAT transportation risk assessment is given by Current and Ratick [START_REF] Current | A Model to assess Risk, Equity and Efficiency in Facility Location and Transportation of Hazardous Materials[END_REF]. They consider the location of facilities coping with HAZMAT in the assessment of risks and costs. Consequently, their definition for risk is based on the amount of transported waste, and not on the losses when an incident exposes transported HAZMAT to the environment. The analysis by Current and Ratick proves that minimizing a risk is highly sensitive to its definition. In particular, minimizing one part of the risk can degenerate the other parts. It could even turn out that there is no stable solution for minimizing a risk for a given objective. As an example, Current and Ratick define "minimizing the risk per population density" as the objective 1, and "minimizing the total transportation risk" as the objective 2. When focusing on the objective 1, one can easily find solutions that increase transportation costs disproportionally. In contrast, when focusing on the objective 2, one can find a stable solution. Still, minimizing the costs for the objective 2 does increase the costs for the objective 1. All in all, the analysis by Current and Ratick suggests that the costs are relatively strongly correlated with the risk.

In the planning of HAZMAT transportation routes, both local authorities and carriers need to interact. In effect, this means that the route planning problem is a two player game, as understood in game theory. In such a game, the local authority is interested in minimizing the risk of transportation, whereas the carrier is oriented, as pointed out by [START_REF] Erkut | Hazardous Materials Transportation[END_REF] and [START_REF] Gumus | Evaluation of hazardous waste transportation firms by using a two step fuzzy-AHP and TOPSIS methodology[END_REF], to minimize the costs. In this process, diffuse information increases the difficulty for the local authority to determine a fix route. To date, the usual approach taken by the local authority is to design the whole transportation network and to allocate it to the carrier. In this way, the maximal transportation risk is to be kept below a certain threshold, while giving the carrier a choice to select the actual route within the network.

There are many route planning algorithms for the HAZMAT transportation. In particular, they involve explicitly risk assessment for the transportation, thus considering one or both of the following [START_REF] Kara | Accurate calculation of hazardous materials transport risks[END_REF]: an incident probability during the transport and the scale of the impact on the population.

Route planning algorithms are typically based on graph theory. For instance, Dijkstra's Shortest Path algorithm [START_REF] Dijkstra | A Note on Two Problems in Connexion with Graphs[END_REF] is one of the most famous algorithms that is used. In graph-based algorithms a directed graph models the transportation network. The usual coding is that the nodes represent crossroads or connection points, while the arcs represent streets or links in the transportation network. The weights for the arcs represent the "cost" for passing that link. The cost is an evaluation of, for instance, money, time, and risk factors.

As another example of a graph-based algorithm, Erkut and Alp formulate in [START_REF] Erkut | Designing a road network for hazardous materials shipments[END_REF] a method for designing a HAZMAT transportation network based on minimizing the total transportation risk. In the algorithm, heuristics are used for the cost optimization. The optimization is performed in two phases. Firstly, the optimization is done by the local authority to minimize the risks. Secondly, the carrier optimizes transportation costs by selecting the most convenient route. This process minimizes the probability that the route selected by the carrier increases the risk more than what is expected by the local authority. As in [START_REF] Current | A Model to assess Risk, Equity and Efficiency in Facility Location and Transportation of Hazardous Materials[END_REF], Erkut and Alp distinguish between minimizing the total risk on the route and minimizing the selective risk on a certain road.

In later works [START_REF] Erkut | Solving the HAZMAT transport network design problem[END_REF], Erkut and Gzara propose a method for the HAZMAT transportation network design problem (HTNDP). The method yields stable solutions which are close to the optimal solutions. Their proposal is a bi-level model with an heuristic solution method, because the HTNDP may be ill-posed. In the center of their analysis is the trade-off between costs and risks.

Amaldi et al. [START_REF] Amaldi | On the Hazmat Transport Network Design Problem[END_REF] developed an improved mixed integer linear program with a bi-level inter-program based on the results of [START_REF] Erkut | Solving the HAZMAT transport network design problem[END_REF] and [START_REF] Erkut | Designing a road network for hazardous materials shipments[END_REF] for solving the HT-NDP, and to guarantee the stability of the solution. Although Amaldi et al. deal with the HTNDP, the article concentrates on computational complexity. The conclusion is that the HTNDP with the option to forbid the use of certain arcs is NP-hard even when only a single commodity should be transported. Amaldi et al., however, point out that the HTNDP is often reduced to the shortest path problem extended with a heuristic. The heuristic consists of an iterative elimination of allowed roads until the carrier is no longer able to use a different route than the one with the minimal risk as expected by the local authority. As emphasized in [START_REF] Current | A Model to assess Risk, Equity and Efficiency in Facility Location and Transportation of Hazardous Materials[END_REF], this elimination method may not only increase the costs, but also the lower bound of the minimal risk.

GIS-based Route Planning Method

There are many sources of information that needs to be considered for route planning. The data is either readily available as GIS data, or it can be converted into GIS data. Also, all the information is typically available for the local authority doing the route planning. For instance, information about buildings, occupants, and potential risk groups are typically maintained by city officials for a given city. Depending on the city, such city records may also indicate increased probability of accidents for specific crossroads and junctions. City records also maintain information about the central infrastructure, including water supplies, electricity, and maintenance resources. As for the actual roads, there are many services maintaining digital road data.

In practice, the local authority needs to consider several alternatives and variant scenarios. These "what if" cases provide a valuable insight into the robustness and vulnerability of the transportation network, which is critical when defining a valuation of risks for individual cases. This kind of analysis is not well supported by graph-based approaches, as changing some parameters leads to re-computation of the entire network. As discussed earlier, such a task may be computationally expensive and time consuming. To support the exploration, we shall now present an alternative GIS-based route planning method.

The overall workflow of the method is depicted in Figure 1. In the method, the local authority encodes all individual risk influence factors as separate map layers. Consequently, road maps and residential areas are captured as separate layers. There are also disjoint layers for each neuralgic points, such as hospitals, schools, super markets, and bridges. The layers may also contain some strategic factors, such as temporal traffic congestion. External and diffuse knowledge are encoded as fuzzy rules. Such rules consider, for instance, the risk of an explosion or a chemical dispersion with respect to the location of the incident. Fuzzy rules are then used reproduce a map representation of the diffuse knowledge. All the maps are then summed together cell-wise, to produce a cumulative risk map. The cumulative risk map is then analyzed for transportation routes having the minimal cumulated risk with respect to a transport list.

The heart of the method is the algorithm that takes as an input a map, where each cell indicates the summed risk of all the factors at that location, and produces as an output a list of transportation routes with minimal cumulated risk. For such routes, the total risk is the sum of the risk values of all the individual cells in the route.

The algorithm was implemented as an application of the Distance Transform Path Planning algorithm suggested by Zelinsky et al. [START_REF] Zelinsky | Planning paths of complete coverage of an un structured environment by a mobile robot[END_REF] for robotics. In short, the algorithm initializes the map with obstacle comfort weights (here summed risk values). It then computes a distance transform on the map with respect to a fixed starting and ending location. The distance transform is practically a function that returns the cumulated comfort weights (here summed risk values) along a chosen path. The algorithm then minimizes the transform function, yielding a set of paths that have the minimal cumulated comfort weights (here summed risk values).

Our implementation of the algorithm by Zelenski et al. [START_REF] Zelinsky | Planning paths of complete coverage of an un structured environment by a mobile robot[END_REF] has two phases. In the first phase, the risk value cumulation is propagated from the fixed starting location throughout the entire map. The propagation of risk values was implemented as an iterative update, where each cell is updated as the sum of its value and the minimal risk value of its neighboring cells. For the iteration to work, the cumulated risk map was initialized with large values except for the starting point which is initialized with value 0. The propagation algorithm is presented in Figure 2, and the iteration is illustrated in Figure 3. In the second phase, the routes with minimal cumulated risks are computed for a fixed ending point by using the steepest path of decent as in [START_REF] Zelinsky | Planning paths of complete coverage of an un structured environment by a mobile robot[END_REF]. 

Case Study

The purpose of this case study is to illustrate how the GIS-based route planning method works. Therefore, we consider here only a simple street map, as shown in Figure 4. In the street map, the risk level of each street cell is initialized to zero.

As the first test, we consider only one layer, which is the population layer. It is created and initialized with a random population density. Thus, the risk cumulation is computed only with respect to the population layer. The starting point is set to be the street cell at the bottom left corner and the ending point is set to be the street cell at the top right corner. The risk cumulation for the population layer is shown in Figure 5. Note that, as the map shows the cumulated risk, the highest risk value is actually found at the ending point from where it decreases towards the starting point. After running the route planning algorithm, the route with the minimal cumulated risk is found, as plotted in Figure 5. The found route goes from the starting point to the ending point as straight as possible. The found route avoids the bottom right corner which has higher risk values.

In the second test, we create a layer with two neuralgic points having diffuse risk values. The layer is associated with transportation of class-1 HAZMAT (explosives), and the neuralgic points represent buildings that could be severely damaged by such materials. The associated risk values, however, do not localized just to these buildings, but also to their surroundings. Therefore, the actual risk value varies depending on the distance between the incident location and the buildings. Because of this, fuzzy logic is used to construct a risk layer that captures the described diffuse knowledge. In the construction, the membership functions for the input variable "distances", as depicted in Figure 6, are used. For instance, if the distance between the incident location and a building is about 400 meters, it is mostly considered to be "intolerable"; however, as indicated in Figure 6, such a distance could also fall into classes "close" and "tolerable" depending on the case. Similarly to the variable "distances", the membership functions for the variable "risk values" are constructed, as shown in Figure 6. By applying these membership functions, we can compute how the risk values spread on the map. The result of such a computation is shown in Figure 7 for a neuralgic point located at coordinates (5,7) having the maximal risk value of 10.

By using the technique described above, we can construct a risk layer for transportation of class-1 HAZMAT with two neuralgic points located at the coordinates [START_REF] Erkut | Special issue: Hazardous materials transportation -Introduction[END_REF][START_REF] Gumus | Evaluation of hazardous waste transportation firms by using a two step fuzzy-AHP and TOPSIS methodology[END_REF] and [START_REF] Amaldi | On the Hazmat Transport Network Design Problem[END_REF][START_REF] Erkut | Solving the HAZMAT transport network design problem[END_REF] with highest risk values 50 and 40, respectively, As in the first test, we consider in this second only one layer, which is the layer for class-1 HAZMAT. The starting and ending points are kept as in the first test. After computing the risk cumulation for the starting and ending points, a cumulated risk map is obtained. It is shown in Figure 8. Note that, as the map shows the cumulated risk, the risk value is at highest at the ending point and not around the neuralgic points. For the map, the route planning algorithm yields now a different route than in the first case. The route is plotted in Figure 8. As expected, the route goes along the neuralgic point having the smallest risk value.

As the last test, we combine the two previously introduced layers by summing them up. Thus, there is no need for recomputations, as the new map reuses the earlier computation results. The resulting combined map is shown in Figure 9. This time, when the route with the minimal cumulated risk is computed, it takes the same route as for the first test. The randomly generated risk layer for the population density, although having much smaller values than the layer for the neuralgic points, is sufficient to redirect the route away from the neuralgic point with the smallest risk value.

Conclusion

In this article we discussed route planning for HAZMAT transportation. It is an NP hard problem, and as the main contribution, we presented here a GIS-based route planning method that is complementary to graph-based route planning methods. At the heart of the method is the route planning algorithm that we implemented as an application of the Distance Transform Path Planning algorithm suggested by Zelinsky et al. [START_REF] Zelinsky | Planning paths of complete coverage of an un structured environment by a mobile robot[END_REF] for robotics

The proposed method exhibits several advantages that are critical for the decision maker. Firstly, each risk factor is encoded as a separate layer, whereby each risk factor and its evaluation can be considered in isolation. Secondly, the decision maker can provide several alternative valuations for the same risk factor, to analyze the overall effect of that specific risk. Thirdly, the method merges for consideration any subset of the risk layers that the decision maker is interested in. This supports the "what if" analysis that is of utmost importance for the decision maker. Fourthly, the risk assessment computation is split into a preprocessing phase and into a path analysis phase, whereby the computational results for an individual risk assessment can be reused. This, in turn, lowers the overall computational costs. Lastly, as the computation is performed on maps, it fully supports the distribution of the computation among parallel processes. Thus, the computational complexity can be tackled simply by introducing more parallel processes working on disjoint portions of the same maps.

The research presented in this article is at early stages. The method is currently implemented by using MATLAB. For repeated use in varying scenarios, it has to be wrapped as a computational service. This requires some consideration, as such a service also requires dataset management along with sufficient data security measures.

As for the future research, we also plan to study the use of the presented method for analyzing not only HAZMAT transportation, but also correlation between traffic infrastructure and occurrences of traffic accidents.
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 3 Fig. 3. Illustration of risk cumulation propagation; the two top tables show the initial matrices and the rightmost table on last row shows the obtained route with the minimal cumulated risk.
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 5 Fig. 5. A population layer showing the cumulated risk and the plotted route with the minimal risk cumulation.
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 7 Fig. 7. Risk values computed using a fuzzy realization of the diffuse knowledge.
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 8 Fig. 8. The risk cumulation map for two neuralgic points and the plotted route with the minimal risk cumulation. The neuralgic points are indicated with stars.
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 9 Fig. 9. Risk cumulation with combined layers and the plotted route with the minimal risk cumulation. The neuralgic points are indicated with stars.
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