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Abstract
In the paper the main issues concern: formalization of the risk problem in a transportation system with an improvement in consolidated quantitative risk analysis models; specification of a system of models for evacuation design and simulation and in the particular case of path design in emergency conditions; application of the model to simulate a real system for exposure reduction. 

The application is developed for an Italian town of about 180000 inhabitants. The application can be extended to large buildings, passing from car to people.
1. INTRODUCTION
This paper proposes an unifying approach for the simulation and design of a transportation system under conditions of incoming safety and/or security. Safety and security are concerned with threats generated by very different factors and which, in turn, generate emergency conditions, such as the 9/11, Madrid and London attacks, the Asian tsunami, and the Katrina hurricane; just considering the last five years.
Methods for planning a transportation system in an urban area when exogenous threats affecting the system occur and/or in emergency conditions, have received little attention from transportation system researchers, institutions and journals. Models and algorithms specified and calibrated in ordinary conditions cannot be directly applied in emergency conditions. 
The process for risk analysis can be divided into two main approaches (Katzman, 2005): 

· risk assessment; this consists in estimating the probability of a hazard and the consequence severity, in relation to possible threats (simulation model);

· risk management; this entails analysing the possible options for risk reduction and designing and applying mitigation measures (design model).
For some threats more than one scenario has to be developed because they involve different levels of planning. For example, the planning of a trip for a truck with dangerous freight in the three levels involves scenarios for:
· the long term: the design of new infrastructures that can be used by trucks;

· the short term: the path that the truck has to follow and the risk for the population;

· the now-casting: the measures to implement if an accident happens.

In these conditions, with different levels of precision, public decision-makers must predict with transportation models (implemented by the system analyst) the effects of implementing their measures upon the system and how these measures may interact (implemented by operational forces) with the individual reactions of the users served by the transport system in question. 
The development of models for emergency conditions in transportation systems has not received much attention in the literature. The main findings in this area are limited to only a few public research centres (Los Alamos National Laboratory, Kindinger, 2004; University of Maryland, 2005; Mediterranea University of Reggio Calabria, Russo, 2004) and private companies (KLD, Goldblatt, 2004).
In other papers only specific aspects are treated concerning large-scale emergencies when a nuclear threat occurs, in urban systems when general hazards occur and for evacuating buildings or ships during fires. In general, there is no systematic analysis of the risk theory applied in the transportation system. Very often, in practice, the vulnerability and exposure in the transportation system are considered as similar variables, or in other worse cases the exposure variables are treated as vulnerability variables. Models and algorithms specified and calibrated in ordinary conditions (Ben Akiva and Lerman, 1985; Sheffi, 1985; Train, 2003; Cascetta, 2001) cannot be directly applied in emergency conditions under the usual hypothesis considered. 

In this paper, transportation risk assessment is proposed with quantitative models where real conditions are reproducible on a computer simulation. After the risk assessment, possible mitigation measures are proposed within for risk management by means of network design. 
This paper is developed with the following main objectives: 

(a) to formalize the risk problem with clear diversification (for the consequences) in the definition of the vulnerability and exposure in a transportation system; thus the paper offers improvements over consolidated quantitative risk analysis models, especially transportation risk analysis models (risk assessment);

(b) to formalize a system of models for evacuation design and simulation;

(c) to specify a model for system design in emergency conditions (risk management);

(d) to apply the model for system design in a real system for exposure reduction. 

In relation to the proposed objectives in this paper:

(a) in section 2 a general framework is reported, with specific methods and models to analyze urban transportation system performances in emergency conditions when exogenous phenomena occur and for the specification of the risk function;

(b) in section 3 a formulation of the general evacuation problem in the standard simulation context of a "what to" approach and "what if" approach is reported;

(c) in section 4 a specific formulation is reported of the “what if” approach and “what to” approach, specified for the path design problem, inside the general evacuation problem is reported;

(d) in section 5 experimentation of a "what if" approach is reported; the models are applied to simulate real transportation systems. 

Some conclusions and indications for research developments are reported in section 6.

2. RISK ASSESSMENT FUNCTION
Risk has to be assessed in all its components (probability, vulnerability and exposure) and a numerical value has to be obtained. This value can be considered a cardinal measure of the safety and security level. An increase in the risk level is equivalent to a reduction in safety and security. 
Following the chemical research approach, two types of risks can be defined: individual risk and societal risk. Individual risk is associated with a particular person or at a particular location; societal risk is associated with an activity to a defined population.

Risk assessment by means of quantitative analysis can be defined:
· for individual risk

A) the individual risk level that gives the risk level for a person at a particular location;

B) the average individual risk that gives the average risk to all the population;

C) the maximum individual risk that illustrates the highest risk to any one individual of a population;

· for societal risk

D) the societal risk level that gives the total risk level associated with an activity to a particular population.

Moreover, in CCPS (1995) risk assessment is proposed by means of geographic (map) analysis:

· for individual risk

E) the individual risk curve that illustrates the geographical distribution of individual risk;

· for societal risk

F) the societal risk curve that illustrates the societal risk associated with an activity or to a particular population in relation to the level of magnitude.

Risk above a certain level (in one or more indicators) is considered intolerable and unjustified, and some measures have to be introduced to prevent the risk exceeding the pre-defined risk level, termed intolerable risk. The risk limit is not defined by scientific calculation but by observation of what society at present tolerates (Health and Safety Commission, 1991). The change in intolerable risk over the years combined with recent threats shows how the risk limit for society changes in time. 
Individual intolerable risk is defined as a maximum level that the individual accepts for the individual risk level indexes. In order to define a threshold for some classes of threats, other research sectors are developed where a subjective risk is defined within the social and psychological sciences (Lopes, 1987; Mannarini, 2003).

2.1. Definitions and reference formulation to evaluate societal risk
Starting from the definition of risk by which it depends on the probability (or the frequency) that the threat occurs and on the magnitude of the loss, injury, or damage, in a simplified version societal risk R can be defined as (Lowrance, 1976):

R = P M
(1)

where P is the probability that an emergency threat occurs;

Eq. (1) can be also written in the form:

R = P V N
(2)

where

· M is the magnitude and it is defined as M = V N

· V is vulnerability;

· N is exposure.

The probability of an emergency occurring is a measure in the interval [0, 1]. The emergency can be natural or man-made. It is natural (such as a hurricane) if it happens without any human activities; it is man-made (such as the discharge of hazardous goods from a truck) if it is not natural. 
The vulnerability of the system can be defined as the resistance of the infrastructures (material and immaterial) when the emergency occurs. Vulnerability can be considered as an indicator in the interval [0, 1]. 

The exposure of the system can be defined as the equivalent homogeneous weighted value of people, goods and infrastructures affected during and after the dangerous event. Exposure is a demand and demand/supply interaction characteristic. 

Considering eq. (1) two types of measure for risk reduction may be defined (Fig. 1):

· prevention, which consists in reducing the level of P; 

· protection, which consists in reducing the level of M.

Currently, the reduction of P is possible only for some kinds of threats which occur in relation to human activities (power failure, radiation leak, hazardous freight, etc.) and is the main objective of safety planners; for other kinds of threats (bomb attack, etc.) it is the main objective of security planners (military, agency, etc.).

The magnitude (M = V N) can be reduced with two classes of measure (Fig. 1):

· resistance, which consists in reducing the level of V;

· evacuation, which consists in reducing the level of N.

Figure 1 
Possible measures for societal risk reduction

In line with previous definitions, resistance means the increase in the ability of the infrastructure (transport and otherwise) to withstand threats. 
Evacuation consists in reducing the number of users and goods that can experience adverse effects when dangerous emergencies occur. Reduction in exposure is discussed in this paper.
2.2. Generalized formulation for risk 

In this paper a generalized formulation is proposed for societal risk assessment that goes beyond the traditional formulation where vulnerability and exposure are considered constant throughout the area studied. 
Risk can be divided into the three components defined in the previous section: probability, vulnerability and exposure. Each component can be characterized by one or more of the following variables: 
· an intensity level x,

· a point in space y,

· a time t.
Having defined an emergency threat E (for example a radiation leakage in a nuclear power station) in an area Y (land around the power station), threat E may occur in Y with an intensity level in the range LE (for example the intensity of radiation emissions between two prefixed values), in the time slice ( (for example in the subsequent 2 years). 

The time slice ( is the period over which the analysis is developed. It varies according to the scenario several years for long term, some months or days for short term, some days or hours or minutes for now-casting. Inside the time slice (, 3 main intervals have to be defined ((1 ( (; (2 ( (, (3 ( ():

· (1 = (t1, t2]  between the times 

· t1, the instant of time when the time when the dangerous event will happen is known or supposed forecasted;

· t2, the instant of time when the threat occurs and becomes a dangerous event and starts its effects;

· (2 = (t2, t3]  between times t2 and 

· t3, the instant of time when the final effect occurs and people cannot be rescued;
· (3 = (t3, t4]  between times t3 and 

· t4, the instant of time when the dangerous event ceases its effect on the population.

The plan is developed inside the time slice ( but before time t1 (interval (0). Risk assessment consists in evaluating the possible threats and their relative evolution in the possible interval (1, (2 and (3 inside (. In most cases the interval ( is larger than the other intervals; for some threats some of the intervals (1, (2 and (3 are with zero extension. For example, if we have to evaluate the risk for seismic threats, the interval (0 is evaluated in the order of 100 years. The dimension of the intervals (1 is zero and (2 and (3 are similar to zero. If we have to evaluate the risk for tsunami threats, the interval ( is evaluated in the order of decade. The dimension of the intervals (1 is of order of one hour and the dimensions of (2 and (3 are zero, depending on the distance of the source.

For each threat a probability function p((x,y) can be defined where x and y are respectively the variables for the intensity level in the range LE, the area Y and the time slice (. The function p( is a probability density function and the value p((x,y) dy dx is the probability that threat E occurs with intensity level between x and x + dx in the surface area dy around point y in the time slice (. In a classical approach a probability level P is defined as the probability of at least one threat E occurring in Y, with an intensity level in the range LE, in the time slice (. In relation to the probability function p defined, P can be interpreted as the average value of the function p with respect to x and y in the time slice (. With this interpretation, the following relation can be defined:

P = (x(LE (y(Y p((x,y) dy dx / ((x(LE (y(Y dy dx)
(3)

For natural threats, the historical data relative to the threats allow a frequency function to be calculated for each land unit, for each time period related to the return period of the threat, and for a set class of intensity level. The frequency function can be used as the experimental data to compare with a theoretical probability function. A statistical test has to be used to verify whether the theoretical function is statistically equal to the experimental data. For industrial threats a predictive model can be considered in order to generate an estimated probabilistic function. A predictive model has to be used for two reasons: the historical data are very poor; industrial threats can be forecasted with quantitative models.

The level of magnitude that produces a threat E with intensity level x at point y of Y is M(x, y, z) given by the product of:

M(x, y, z) = V(x, y, z) Nt3(y)
(4)

where

· vulnerability V(x, y, z) is the capacity of infrastructures (building, road, bridge, ….) at point y of Y not to withstand threat E with intensity level x, during the time intervals z belonging to (1, (2 and (3; in terms of measurement units the vulnerability is in the range [0, 1] and 

· it is 0 if the infrastructures at point y of Y suffer no damage from threat E with intensity level x;

· it is 1 if the infrastructures at point y of Y are completely destroyed by threat E with intensity level x;

· exposure Nt3(y) is the equivalent homogeneous weighted value of people, goods and infrastructures at point y of Y affected in time t3; in terms of measurement units, exposure is an equivalent value of damage for people, goods and infrastructures; the time is fixed and it is considered as a subscript index.
With the given definitions and notations (3) and (4), assessments can be made with a set of indexes:

· for individual risk

A) the individual risk level, RiLE,Y,((y), for threat E, at point y of area Y, with intensity level in the range LE, in a time slice (, can be defined as:

RiLE,Y,((y) = (x(LE (z((1((2((3 M(x,y,z) p((x,y) dz dx / [(z((1((2((3dz (x(LE dx)]  

B) the average individual risk level, RaLE,Y,((y), for threat E, in area Y, with intensity level in the range LE, in a time slice (, can be defined as:

RaLE,Y,(=(y(Y RiLE,Y,((y) dy / ((y(Y dy)
C) the maximum individual risk level RmLE,Y,((y), for threat E, in area Y, with intensity level in the range LE, in a time slice (, can be defined as:

RmLE,Y,( = maxy(Y RiLE,Y,((y) 

· for societal risk

D) the general cardinal measure of societal risk for threat E in Y, with intensity level in the range LE, in a time slice (, can be defined as:

RLE,Y,( = (y(Y RiLE,Y,((y) dy / (y(Y dy = 

=(y(Y(x(LE(z((1((2((3M(x,y,z) p((x,y) dz dx dy / [(z((1((2((3dz (x(LEdx (y(Ydy)] 
The general measure for the societal risk is equal to the average individual risk level.

Considering eq. (4) societal risk can be expressed as:

RLE,Y,(=(y(Y(x(LE(z((1((2((3V(x,y,z)Nt3(y)p((x,y) dz dt dx dy/[(z((1((2((3dz(x(LEdx(y(Ydy)]  (5)
Eq. (2), considered for risk assessment, is a particular case of eq. (5) under several restrictive hypotheses. 

In the hypothesis of

· vulnerability V(x, y, z), constant with respect to Y, in the time interval (1((2((3 and in the range LE, and equal to V;

· exposure Nt3(y), constant in Y and equal to N;

societal risk assumes the simple form:

RLE,Y,( = V N (x(LE (y(Y p((x,y) dy dx / ((x(LE (y(Y dy dx)
(6)

Considering eq. (3), the risk reported in eq. (6) is equal to:

RLE,Y,( = P V N
(7)

Eq. (7) is equal to eq. (2) but they are equivalent only in the particular hypothesis described.

3. METHODOLOGY FOR RISK ASSESMENT AND MANAGEMENT 
The drawing-up of an evacuation plan for an urban area requires a study of issues concerning land use and risk reduction. The complete procedure for developing an evacuation plan can be subdivided into the following variously connected phases: 

1) study of the infrastructures and land use and definition of objectives and constraints;

2) generation of 

· scenario for supply
· scenario for demand;

3) probability and vulnerability evaluation for the exogenous risk scenario;

4) model for

· supply;

· demand;

· supply/demand interaction;

5) evaluation of 
· exposure;

· risk acceptance.

In Fig. 2 a system of models and relative functional connections are represented which may be proposed for testing evacuation plans by means of quantitative methods.

Figure 2 
The procedure for the evacuation plan and relevant links

1)

The first phase consists in studying the area as follows: the area is delimited, defined as that area comprising the transport system in question where all the effects of the planned interventions (evacuation) are believed to take place; homogeneous areas are identified; zoning and a minimal road network plan are developed. The objectives for users and the community, the general technical and financial constraints are defined.

2)

The second phase consists in generating the demand and supply scenario in relation to land use, the infrastructural network and available services in relation to the objective and constraints of the general problem. 

3)

The third phase involves definition of the exogenous risk scenario and evaluation of probability and vulnerability in relation to the considered threat that generates a risk. These aspects are studied in other fields than transportation and in our contexts are considered as external input. 

4)

The fourth phase involves supply, demand and supply/demand interaction analysis. In relation to the scenario for supplying the network topology, link capacity, available services for users and breakdown services are defined. The supply model analysis is carried out as follows:

· definition of the network topology in terms of connection between the different links and services;

· verification of the exogenous and endogenous disturbances on the transport network in order to evaluate network reliability;

· definition of link capacity relative to the different category of users;

· definition of link cost (for the static or pseudo-dynamic approach) or (for the within-day dynamic approach) functions relative to the different category of users.

In relation to the scenario for demand the departure time, distribution, modal split and route choice are defined. The demand model analysis is subdivided into the following sub-models (to apply in relation to the time interval (1((2 because in this interval the mitigation action can be possible and people could be evacuated): 

· generation, with emergency or pre-arranged approach, in relation to the time gap available between the time when the threat is perceived by the public decision-maker and the time when the threat occurs; 

· departure time, with free (with or without user information on the system configuration) or constrained departure;

· distribution towards assembly centre free (with or without user information on the system configuration) or constrained;

· modal split with different choice sets in relation to the alternatives: pedestrians towards nearby assembly centre, cars towards assembly centre further away, using a special safety transport mode for particular categories of disadvantaged users such as the sick, the elderly, security transport mode, prisoners, etc.;

· route choice free (with or without user information on the system configuration) or constrained.

The supply/demand interaction model is studied in terms of an assignment model that simulates how the transportation system works, where supply and demand models are defined. In relation to the hypothesis on traffic flow the interaction models can be

· static or pseudo-dynamic with the hypothesis of stationary flow;

· within-day dynamic with the hypothesis of non-stationary flow.

5)

The fifth phase involves evaluation of exposure and risk acceptance level. Exposure evaluation derives from the costs and flows on the network carried out from the supply/demand interaction model and an exposure evaluation model. Exposure, together with the probability and vulnerability, allows us to evaluate the risk level and verify that it is acceptable or if a new scenario has to be evaluated. The risk level is evaluated with eq. (5) or (7).

4. MODELS FOR RISK MANAGEMENT
The model for evacuation can be applied in the context of the “what if” (or simulation) or “what to” (or optimization) approach. 

The What if (or simulation) approach consists in defining some scenarios and finding the system configurations consistent with the supply/demand interaction models. With evacuation simulation, a defined configuration for the transportation system is simulated. In a simulation approach the configurations of the different scenarios are defined with the experience of the analyst, and the quality of the configurations is evaluated with some indicators. The supply/demand interaction models need: the definition of a supply scenario and supply models; the definition of a demand scenario and some demand models; and supply/demand interaction analysis. 

The What to (or design) approach consists in defining some objectives and finding the system configurations as the optimum of an objective function. Indeed, only for a subset of transportation design problems it is possible:

· to formulate a model for which solution existence and uniqueness are guaranteed;

· to develop an exact solution algorithm that converges in the unique solution in an acceptable computation time. 

The what to approach is more general but it can be applied in the exact form just in a subset of problems. 
4.1 A general model for risk management
The design methodology is developed to seek an optimal configuration of the transportation system with respect to some objectives and considering user behaviour (Transportation Research, 2001). From a general view, it consists in determining the optimal configuration of the urban network elements (topology and capacity, etc) and demand characteristics (time departure, distribution, etc.) with respect to a set of criteria. 

This paper makes reference to the design formulation proposed in Magnanti and Wong (1984). The problem is defined as a minimisation of an objective function ((w, f) subject to supply, demand, supply/demand interactions and budget constraints:

[image: image2.bmp](w, f)* = arg min ((w, f)

w, f 
(8)

subject to a set of constraints.

where:

· f is the vector of link flow;

· w is the vector of control variables.

Common elements can be found in the method proposed for transportation system design for analyst categories for each group of stakeholders (decision makers), control variables, constraints and solution generations.

The use of demand models in simulating an evacuation plan involves various problems connected with most cases that may lead to a state of emergency. Below are considered two decisional units: on the one hand the citizen user who has to decide in some cases how to act, and on the other the public decision-maker and operational forces (Prefect, Mayor, Disaster Manager, Security and Safety Operational Forces, etc.) who may impose or advise some user choices. The public decision-maker must predict the effects that implementation of his/her measures has on the system and how these measures may interact with the individual reactions of the users served by the transport system in question. 

Average demand, with its main characteristics in a certain reference period, may be obtained with a system of demand models, that allow us to associate to a given system of activities and transportation supply the average number of trips with certain characteristics and in a reference period. 
Two categories of analyst can be considered:

· (1) System analysts seek to implement a decision support system in order to evaluate rapidly the effect of the strategy that has to be implemented in the system;

· (2) Public decision-makers and operational forces seek to reduce system management costs, maximise the system utility (safety, security) and reduce traffic incidents;

The control variables concern the supply and demand configuration.

Three main classes of constraints are considered, representing:

· (a) user behaviour in path choice;

· (b) system capacity;

· (c) demand configuration.

Users seek to reduce their travel time, stress, congestion and pedestrian paths, and seek to maximise their utility and safety (trying to reach the safe point or assembly centres in a minimum time). User behaviour is simulated with traffic assignment. Traffic assignment can be carried out with deterministic or stochastic user behaviour.

In relation to the “what to” approach, only topological and capacity design models have been proposed in the literature. 
For roads, design of the link directions and link capacities has been treated separately (Magnanti and Wong, 1984; Billheimer and Gray, 1973; Boyce et alii, 1988; Chen and Alfa, 1991; Foulds, 1981; Poorzahedy and Turnquist, 1982) from that of traffic-light regulation at intersections (Cantarella and Sforza, 1991). Some years ago a special issue (Transportation Research, 2001) was devoted to the Network Design Problem while recent contributions have covered the joint design of system topology and capacity (Cantarella et al. 2006; Russo and Vitetta, 2006).
For transit it is possible to distinguish the design of lines (Ceder and Wilson, 1986) from that of optimal frequencies (Florian and Costantin, 1993; Russo, 1998). 
The main objective to consider for designing a transportation system in emergency conditions concerns the user since all actions have to be implemented to save lives. The aim is to minimize the societal risk RLE,Y,(.

The decision variables of the problem are all those relative to the transportation system configuration (demand and supply) and the public decision-maker. The control variables can involve supply (network design problem) and/or demand (demand management problem). 

For supply, the control variables that can be considered are:

· wtc(u) links topology and capacity vector for users; it defines the direction of each link and the junction strategy for users dividing the vector into two parts (topology and capacity);

· wtc(b) links topology and capacity vector for breakdown services; it defines the direction of each link and the junction strategy for breakdown services;

· wb breakdown services vehicle vector that defines the category and number of vehicles that have to be used for each service;

For demand, the control variables that can be considered are:

· (hvector of departure time duration; each element reports the duration of the corresponding time slice;

· dTIME(h),D demand vector relative to the distribution level with the constraint on the departure time; each element is relative to a specific O/D pair (r,s) and reports total trips between r and s for each departure time slice h;
· DTIME,D = {dTIME(1),D;….;dTIME(h),D;….; dTIME(nh),D} distribution matrix in the different departure time slice; if only one time slice is considered, the matrix DTIME,D coincides with the vector dD; the demand management problem of dD is a particular case of the DTIME,D demand management problem;

· dD demand vector relative to the distribution level without the constraint on the departure time; each element is relative to a specific O/D pair (r,s) and reports total trips between r and s.
In formal terms, the evacuation design problem, specifying eq. (8), can be formulated as:

(wtc(u), wtc(b), wb, (hDTIME,D, dD, f)* = arg min RLE,Y,(
(9)

 (hDTIME,D, dD, wtc(u), wtc(b), wb, f


The constraints are relative to the decision variables that have to belong to their choice set definition. Another set of constraints regards traffic flow that has to be obtained with supply/demand interaction models that consider user behaviour. 

4.2 The objective function specification
In this section we consider that the risk has to be evaluated and reduced when a threat occurs and becomes an event. The risk is formulated taking the following hypotheses into account:

· a dangerous event happens with a predefined intensity level and in a homogeneous area with respect to the dangerous event;

· vulnerability V(x, y, z) is constant;

· mitigation action can be possible only in the time slices (1 ( (2.

Starting from the hypotheses given, a general formulation for designing transportation systems can be developed. The aim is to solve eq. (9) minimizing the risk function R as defined in eq. (5). 

It is supposed that for each dangerous event E, with intensity level in the range LE, in an area Y:

· the probability function p cannot be modified and is given and equal to the constant value p0 in LE, Y and (;

· the vulnerability function V cannot be modified and is given equal to V (constant values in LE, Y and (1 ( (2);

· the mitigation action it is possible in the time slices (1 ( (2, and the value of the objective function is constant in the time interval (3 because mitigation actions can not be applied (the time interval (3 can be deleted from the objective function);
· the function Nt3(y) allows the triple integral to be separated into three single integrals.
Considering these hypotheses, the objective function relative to the societal risk R minimization reported in eq. (5) can be specified as:

RLE,Y,( = V p0 ((x(LE (z((1((2 dz dx) (y(Y Nt3(y) dy / [(z((1((2dz (x(LEdx (y(Ydy)] = 

           = V p0 (y(Y N t3(y) dy / (y(Ydy
(10)

For Nt3(y), in relation to the optimization problem considered, different specific indicators for exposure functions can be defined in the objective functions, to identify evacuation measures in transportation systems. 

The area system and the transportation supply relative to the area Y can be discretized in a finite number of homogeneous areas with respect to exposure, represented by:

· links representing sections of road and relative area activities and buildings giving onto them (if a road is not homogeneous in terms of exposure the sections are represented with different links in series);

· nodes representing

· the junctions between links;

· the fictitious points (r) where the origin of the user trip towards the assembly centres is assumed to be concentrated;

· the assembly centres (s) (safe points).

The subscript r should be used in particular to indicate generic trip origin and s assembly centre, drs being the number of users travelling between the origin and assembly centre pair (r,s). Some O/D (Origin/Destination) pairs are relative to the demand of users who have to continue working even in emergency conditions. The demand vector d (whose generic element is drs) may assume values belonging to its feasibility set denoted by Sd. 

Exposure can be evaluated with the use of different models. In this paper we use an update of standard sequence of submodels. Considering a time interval (1 ( (2, the following submodels are considered: 

· dr, a generations model that gives the number of trips originating from a certain zone r in the study area; 

· p((/y), a departure time model that gives the probability of a user leaving the origin y in each time slice (((1 ( (2; 

· p(s, (2/y, (), a distribution time model that gives the probability of a user reaching a safe zone s, in time (2((1 ( (2, leaving from zone y in time (((1 ( (2;

· a modal split model that gives the number of users using a given transport mode from a certain origin to a certain assembly centre; 

· a route choice model that gives the percentage of users who use a certain route between a fixed origin and assembly centre with a transport mode. 

In Tab. 1 an example of attribute specification of the different models is reported. 

Table 1 
Example of attribute specification for choice models

Considering an interval of analysis (1 ( (2, the societal risk can be reformulated. Considering the definition of exposure, the number of users dt3(y) that are in a zone y in time t3, at the end of the interval (1 ( (2, can be evaluated as:

dt3(y) = dt1(y)- ((((1((2 (s dt1(y) p((/y) p(s, (2/y, () d(
where 

· dt1(y) are the users that are in zone y in time t1;

· (t(( (s dt1(y) p((/y) p(s, (2/y, () d( are the users that depart from origin y in time interval (1 ( (2 and reach zone s (a safe zone) in (1 ( (2, before the time t3.
In the general formulation of the risk, exposure can be obtained by means of the following equation:

Nt3(y) = ((y) + ( dt3(y)
(11)
where

· ((y) is the equivalent homogeneous weighted value of goods and infrastructures at point y of Y;

· ( is the equivalent homogeneous weighted value of people.
Exposure can be relative also only to population, Nt3(y) = ( dt3(y), or only to the environment (goods and infrastructures), N t3(y) = ((y).

As we mentioned above, if the land Y is divided into homogeneous zones, then the integral (y(Y dt3(y) dy reported in eq. (11) can be evaluated separately for each homogeneous zone r (where the function dt3(y) can be considered constant against y) as the sum for all users to reach safe points s, departing from r:

(y(Y dt3(y) dy = (r dt3(r) 
(12)
Summarizing, considering the risk function (objective function) reported in (10), two cases will happen in the time interval (t1, t3):

· the exposure Nt3(y) has the same value of the exposure in the instant t1 because people are not evacuated;

· the exposure Nt3(y) has value lower than the value in the instant t1 due to the designed people evacuation.

In the second case the exposure (and the risk) is lower than in the first case and the design of the evacuation is the main porpoise of this paper. All the intermediate cases cold be possible (for example, natural evacuation in the first case and designed evacuation in the second case).
Considering the objective function reported in (10) and the relative constant terms V, p0, (y(Ydy, the exposure reported in (11) and the relative constant term ((y), (, the hypothesis reported in (12), the optimization problem formulated in (8) and (9) can be finally stated as:

[image: image3.bmp](w, f)* = arg min (r dt3(r)
w, f 
(13)

subject to a set of constraints
The function dt3(y) depends on the vector of flows and design variables. It can be evaluated with supply/demand interaction analysis. 
Inside the “what to” approach the function dt3(y) has to be evaluated with the supply/demand interaction models that simulates user behaviour in path choice. For the evacuation within-day dynamic models (Ben Akiva and De Palma, 1987; Cantarella and Cascetta, 1995; Cascetta and Cantarella, 1990; Cascetta and Cantarella, 1993; Di Gangi, 1996; Mahmassani, 1997) can be used. Some system of models and software based on this approach are DynaMIT (Ben-Akiva and Bierlaire, 1998) developed at the MIT of Boston, DYNASMART (Mahmassani and Hawas, 1997) developed at the University of Texas at Austin and University of Maryland, VISSIM (VISSIM user manual, 2001) developed by PTV.

5. EXPERIMENTATIONS
Different models and procedures can be applied to solve the problem (8). Exact methods can be applied for solving the system optimum to find the optimal paths and in small systems to design the link layout. In real systems heuristic approaches or the simulation approach in different scenarios chosen by the analyst have to be applied.

The proposed method is applied to the town of Reggio Calabria, Italy. The town has about 180,000 inhabitants, although the city centre is estimated to have 80,000 inhabitants with 60,000 cars. The road network considered has:

· 400 nodes (30 origins and 8 assembly centres);

· 1000 road links. 

In this section the “what to” approach is applied to the level of distribution, departure time and supply.

The main results are reported in Fig. 3. The evacuation time without the application of the evacuation design model is about 5.6 hours. The application of different level of design models could reduce the evacuation time from 5.6 hours to 3.5 hours. Same level of magnitude for results are obtained also in other cities.
Figure 3 
Reduction in evacuation time with the application of the design model

6. CONCLUSIONS

In this paper a general model for risk evaluation in transportation systems is proposed and vulnerability and exposure are defined. Methods for evacuation are proposed for simulating and designing evacuation in a road urban network system in emergency conditions. The models are applied in a real systems.

Research for the analysis and modelling of transportation systems in emergency conditions requires further studies in supply, demand, supply/demand interaction and design. In emergency conditions there is the need to develop new methods and rearrange standard procedures such as: network vulnerability analysis defining a safety coefficient of the supply system in relation to threats with different levels of danger and different probabilities of fulfilment; specification and calibration of link cost functions to use in system simulation in over-saturation conditions in the periods analysed; specification and calibration of demand models for the different choice levels for users and for the public decision-maker. In this paper it is evident that the definition of the best scenario emerges only from the simulation of pre-defined scenarios, taking into account supply, demand and their interaction. The management of emergency conditions and evacuation of an urban area must necessarily be supported by quantitative analyses.
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Figure 1 
Possible measures for societal risk reduction


Figure 2 
The procedure for the evacuation plan and relevant links
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Reduction in evacuation time with the application of the design model

Table 1 
Example of attribute specification for choice models

	Choice Dimension
	Utility Attributes Xl
	Disutility Attributes Ym

	Generations
	Resident, vehicle owner, number or people in family, sick
	

	Departure time
	Accessibility, resident


	Congestion (or inclusive utility in lower levels)

	Distribution
	Residents, workers, students
	Distance, travel time (or inclusive utility in lower levels)

	Modal split
	Vehicle owner, available mode 
	Travel time (or inclusive utility in lower levels)

	Route choice
	
	Travel time


Probability 
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