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FINDING DISSIMILAR EFFICIENT ROUTES  
FOR HAZMAT SHIPMENTS 

Pasquale CAROTENUTO1, Graziano GALIANO1, Stefano GIORDANI2 

Abstract. We study the problem of finding hazmat road transportation paths 
minimizing both the total risk of hazmat shipments and the total transportation 
cost, meanwhile guaranteeing a certain level of risk equity over the population. 
To ensure the selection of a set of paths that also guarantee an equitable spread of 
the risk over the population, we introduce a new similarity index. The problem is 
mathematically formulated and is heuristically solved, and the proposed model 
and algorithm are evaluated on realistic problem instances. 

1. Introduction 

The transportation of hazardous materials (hazmat) is a growing problem as the production 
and transported volumes of such materials is increased. What differentiates hazmat 
shipments from the transportation of other materials is the risk associated with an 
accidental release of hazardous materials during transportation. To reduce the occurrence of 
dangerous events it is necessary to provide appropriate answers to safety management 
associated to dangerous goods shipments, acting of concert with the principal actors of the 
goods movement and transport process. 

In the literature a lot of work in risk assessment has already been done, by modeling risk 
probability distribution over given areas, for example, taking the risk related to the carried 
substance and the transport modality [1] and the environmental conditions [13] into 
account. In this work we refer to the traditional definition of risk over a link, which is the 
societal risk defined as the product of the population living in the neighborhood of the link 
and the probability of an accident on that link [6]. 
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Besides the risk assessment problem, we have another issue concerning the selection of 
the safest and most economic routes. In general, the goal is to find optimal routes that 
balance two criteria: the minimization of (operational) transportation cost (for the company 
or the organization that wants to ship the hazardous material); the minimization of societal 
cost (the potential risk cost to the society). As a matter of fact, these two factors usually 
conflict with each other.  

Many works have been done for the multi-objective shortest path problem. Only few 
works address the hazmat transportation problem with multi-objective methods: in [4], Cox 
proposes a model that uses different link deterministic attributes and solves it with labeling 
technique to generate non-dominated paths; in [14], the authors present a model that use 
link non-deterministic attributes; in [16] it is proposed a heuristic algorithm for solving the 
bi-objective vehicle routing and scheduling; in [17], the authors present a model that use 
four different link deterministic attributes and solve it with a goal programming approach; 
finally in [5], a two phase approach is proposed, in which in the first phase a subset of the 
Pareto-optimal paths is computed by using a multi-criteria shortest path algorithm, and in 
the second phase a subset of dissimilar paths is chosen using a p-dispersion location 
algorithm in order to equitably spread the risk among the population. 

Besides the aforementioned criteria, risk equity has to be taken into account whenever it 
is necessary to carry out several hazmat shipments from a given origin to a given 
destination. In this situation, the planning effort has to be devoted to distribute the risk 
uniformly among all the zones of the geographical crossed region. This concept is well 
defined by Keeney in [9], where a measure of the collective risk is determined with explicit 
reference to the equity. Two main approaches has been adopted in the past to pursue risk 
equity: constraining the maximum risk in a given area (e.g., see [3, 8]), finding dissimilar 
paths. Different methods have been proposed in the literature, also in different contexts 
from the hazmat shipment, for generating a number of spatially dissimilar paths (e.g., see 
[2, 7, 10, 11]). Nevertheless, from the literature, it seems that the problem of spreading the 
risk equitably among the zones of the geographical region in which the transportation 
network is embedded currently needs further attention. This is originated, for example, by 
the case in which two selected paths with very few common links (and hence highly 
dissimilar) are geographically very close, such that the intersection of the two exposure 
zones around the paths is not negligible. This means that the population inside the 
intersection of the two exposure zones is influenced by the risk of both paths, implying a 
low degree of risk equity. To cope with this problem, in [2] it is introduced a different 
definition of similarity that allows us to consider similar also paths that do not have 
common links but whose exposure (i.e., buffer) zones are not disjoint. 

In this work, besides aiming to minimize both transportation cost and societal risk, we 
try to address risk equity, by taking into account the risk coming from incident effect 
propagation; that is, we take into account the risk induced by a selected path also on 
populated links in the neighborhood of the path. In particular, we introduce a new definition 
of path similarity by searching for paths fulfilling a certain threshold level of dissimilarity. 
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2. Problem formulation 

The problem we consider is determining a set of routes that minimize the transportation 
cost and societal risk simultaneously, while spreading the risk equitably over the 
geographical region in which the transportation network is embedded. 

The transportation network of the regional area under consideration is represented as a 
direct graph G = (N, A), with N and A being the set of n nodes and the set of m direct links 
of the network, respectively. Each link h ∈ A, according to a given level of data aggregation 
of the transportation network, corresponds to a road segment of the transportation network, 
and each node i ∈ N corresponds to a road crossing. 

In the following, w.l.o.g., we assume the population being located in the neighborhood 
of the links of the network, and, hence, we consider a (populated) zone for each link (i.e., 
populated links). 

We consider the possible consequence of an incident happening on a link not only being 
restricted over the population living around that link, but also affecting population of a 
larger impacted zone that may include some other links. That is, an incident on a link may 
impact not only the population residing nearby that link, but also inhabitants living in the 
proximity of other links. In other words, the extension of the impacted zone may interest 
also populated links that are close to the link where the incident occurs. Clearly, the entity 
of the effect of the incident decreases with the distance from the point where the incident 
happens. As a consequence, the risk on the population living around another close link 
decreases with the distance between this link and the link that suffers the incident. 

We consider that a hazmat vehicle traveling along a link h ∈ A induces a certain 
(societal) risk shl over the populated link l ∈ A, whose magnitude is 

( )[ ]2,e lhd
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where probhinc is the probability of an incident occurring to a hazmat vehicle on link h, popl 
is the population living around (populated) link l, and d(h, l) is the physical distance 
between the center points of the links. The last factor in the expression for shl weights the 
consequence of the incident as a function of the distance, where α is the impact factor 
depending on the shipped hazardous material under consideration.  

Accordingly, let 
 ∑ ∈
= Al hlh sr   

be the (total) risk induced by a hazmat vehicle traveling on link h over the population of the 
regional area where the transportation network is embedded. 

In the following we consider only shipments between a given origin-destination pair. 
Therefore, on the given network G, let be given an origin o ∈ N and a destination d ∈ N, 
and let P be the set of simple paths in G from origin o to destination d. For each path j ∈ P, 
let Rj be the risk incurred by the population due to a hazmat shipment on path j, and Cj be 
the (transportation) cost of path j. Denoting with Aj ⊆ A the set of links of the path j∈P, let  

∑ ∈=
jAh hj rR , and  ∑ ∈
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where ch is the (hazmat) transportation cost for traveling on link h. 
To ensure the selection of a set of paths that also guarantee an equitable spread of the 

risk over the population, we introduce a new similarity index that generalizes the one given 
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in [6], and require that the selected paths mutually satisfy a given dissimilarity threshold 
constraint. The spatial similarity index SI, we consider, is based on the following definition 
of similarity index between two paths pq and pr, allowing to consider in some sense similar 
also paths that are very close. The similarity index S(pq, pr) of two paths pq and pr is defined 
as follows, and it depends on the physical distance between the paths: 
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Therefore, in our definition of S(pq, pr), we do not consider the similarity of two paths 
only taking the length of common links into account, but we consider quasi-similar also 
paths that are not too far from each other, even if they have no link in common. The impact 
factor α allows to weight the similarity with respect to the distance between two links, 
according to the hazardous material under consideration. Note that for α that tends to 
infinity, in S(pq, pr) only the lengths of the common links are considered, and, hence, we 
have the same definition given in [6]. 

The optimization problem we consider is therefore finding a set P* of k distinct simple 
paths on the network G = (N, A), from an origin o ∈ N to a destination d ∈ N, so as to 
minimize the total risk and transportation cost of the paths, meanwhile satisfying the spatial 
dissimilarity constraints. Let us introduce a binary variable xj, such that xj is equal to 1 if 
and only if path j ∈ P*, and 0 otherwise. Then, the problem can be formulated as follows: 
 min        z1 = ∑j∈P Rj xj  
              z2 = ∑j∈P Cj x (1)  

subject to 
         1 – S(pq, pr) ≥ ρ            ∀ pq, pr ∈ P* (2) 
                                                     ∑j∈P xj = k  (3) 
                                                     xj ∈ {0, 1}            ∀ j ∈ P (4) 
with ρ∈ [0, 1] being a given minimum allowed (threshold) level of the spatial dissimilarity. 
Constraints (2) impose that, for each pair of path pq, pr ∈ P*, the spatial dissimilarity is not 
less than ρ. Constraint (3) imposes that the number of paths in the solution has to be equal 
to k. 

The solution approach that has been used for the bi-objective problem is the weighting 
method. The weighting method specifies a set of non-dominated solutions by solving the 
integer-programming model which is defined by the constraint set of the original problem 
and an objective function defined by 
 min z = {w1 ∑j∈P Rj xj   +  w2 ∑j∈P Cj xj}, (5) 
with the weights w1 and w2 being two scalars in the range [0, 1] and with their sum being 
equal to 1.  
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The transformation of the bi-objective problem into a set of single objective problem 
through the weighting method, justifies the use of a fast and efficient heuristic algorithms 
for approximating the efficient frontier of the problem solution space. 

3. Solution approaches and preliminary results 
We propose two heuristic algorithms all based on the Yen’s algorithm for the k-shortest 
path problem [12, 15]. The first one, called GA, is a greedy heuristic algorithm, and the 
second one, called GRA is a randomized version of the former. They are, in practice, 
constrained k-shortest path algorithms, in order to take in due consideration risk 
propagation coming from nearby paths and to equitably spread the risk among zones of the 
geographical region in which the transportation network is embedded. 

GA implements Yen’s algorithm, and greedily constructs a feasible solution adding 
paths one at a time to a partial (feasible) solution S' made up by a subset of k' < k feasible 
paths, that is, fulfilling the dissimilarity threshold constraints (2). At each iteration h, GA 
selects the minimum weighted cost path jh in the candidate set Ch, and adds this path to the 
partial solution S' only if the new partial solution S' ∪ {jh} is feasible. The algorithm stops 
whenever the partial solution contains exactly k feasible paths. 

GRA also implements Yen’s algorithm, and slightly differs from GA in the way of 
selecting a path from the candidate set in order to augment the feasible partial solution S'. 
Indeed, at each iteration h, GRA selects randomly a path j from a restricted candidate set 
RCh ⊆ Ch of paths of minimum weighted cost. GRA is run several times and the best 
solution found is taken.  

We tested our approaches on a subset of the road network of Lazio (a regional area of 
Italy). The resulting network has 311 nodes and 441 links. We considered two test cases 
with k = 4 and 8 paths, respectively, and experimented with impact factor α = 0.5 and 1.0 
(corresponding to a hazmat incident impact area of radius equal to about 1.0 km and 3.0 
km, respectively), and dissimilarity threshold ρ = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5.  

The developed model and algorithms allow us to assess the trade-off between the total 
transportation cost (or length) and the total risk of the generated paths, and to analyze how 
this changes according to the dissimilarity threshold. From the preliminary results it can be 
noted that both total risk and total cost increase by increasing ρ. In particular, total risk 
increases substantially for ρ values greater than 0.1: for k = 4, α = 0.5 and w1 = 1 (w2 = 0) 
total risk increases by 5.4% and 17.7% with ρ = 0.2 and 0.4, respectively; for k = 8 α = 0.5 
and w1 = 1 (w2 = 0) total risk increases by 7.7% and 30.1% with ρ = 0.2 and 0.4, 
respectively. For k = 4 and α = 0.5 the maximum total risk increment among all the tests is 
equal to 126.8% (for w1 = 0, ρ = 0.5), and for k = 8 and α = 0.5 it is 151.3% (for w1 = 0, ρ = 
0.5). As for total cost we have that: for k = 4, α = 0.5 and w1 = 0 (w2 = 1) total cost 
increases by 0.4% and 2.1% with ρ = 0.2 and 0.4, respectively; for k = 8 α = 0.5 and w1 = 0 
(w2 = 1) total cost increases by 1.2% and 5.1% with ρ = 0.2 and 0.4, respectively. For k = 4 
and α = 0.5 the maximum total cost increment among all the tests is equal to 48.9% (for w1 
= 1, ρ = 0.5), and for k = 8 and α = 0.5 it is 42.6% (for w1 = 1, ρ = 0.5). 

Finally, we experimentally noted that GRA, on average, outperforms GA in terms of 
solution quality; nevertheless, GRA spends more time because is run several times. 
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