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Abstract
Pedestrians are mainly exposed to the risk of traffic accident when crossing a street in urban areas. Theoretically, we could define an indicator of exposure based on motorised vehicle concentration by lane, which takes into account traffic speed and time spent to cross in two specific micro-environments: mid-blocks and junctions. Subsequently, the theoretical relationship between accident risk and traffic flow volume, density or speed  can be set up. Such relationships can be validated against empirical accident risk models for pedestrians which relate the number of accident involving pedestrian to characteristics of the traffic flow and the density of pedestrian at junctions and mid-blocks. The objective of this research is to develop a virtual laboratory based on a cellular automata model to simulate the interactions between cars and pedestrians in an urban network from a set of rules, including accident. By running simulations and controlling general traffic conditions for cars and pedestrians, it is possible to count the number of accidents on cells of the network or on the aggregate network for an ecological analysis of the risk. The feasibility of this approach is demonstrated on an artificial network and a first set of results about the validation of the risk model from simulation data is provided. 
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1. Introduction
To really assess the risk of a pedestrian, one has to collect all the information about the trips made in the city during a certain period of time, either direct or connecting trip between two modes. This number of trips is the primary measure of exposure. The second measure of exposure is the number of the crossings made during the trip and the conditions related to them.  In exposure science and environmental epidemiology, it is a common practise to collect precise data by means of instruments about the quality of the micro-environments in which an individual stays or works (Guerin et al., 2003). This type of approach is used to define a methodology for assessing the exposure to the risk of accident for a pedestrian in an urban network (Lassarre et. al., 2007).

1.1 The basic indicator of exposure
We start from a measure of accident risk indicator proposed by Routledge and al. (1974a, b, 1976):
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with l equal to the average length of the vehicle, v the average speed of the flow, tc the average crossing time for a pedestrian, d the average gap between vehicles in the flow, as shown in Figure 1.
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Figure 1: Indicator by Routledge, Repetto-Wright and Howarth (following Howarth)

This indicator is said to give the proportion of space not available for a free and safe crossing, that is to say occupied by a virtual flow of vehicles with a length equal to the size of the vehicle plus a distance run by the vehicle during the time spent by the pedestrian to cross the street. It is also a measure of accessibility to the other side of the road. If the vehicle is long, their speed high and their flow important, one cannot access the other side of the street because he or she faces a kind of moving wall. And if one chooses to cross, s/he has a great chance to be hit by a vehicle.

From the traffic theory, there exists a monotonic decreasing function between the speed of the flow v and the concentration of vehicle k . For a linear function
, we have:
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with vf the free speed when the flow tends to zero, kJ the jam concentration when all vehicles are blocked. We have the relations
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This risk indicator is proportional to the concentration of vehicle and to the speed of the flow. If the traffic is blocked, v = 0 and P = 1. If there is no traffic, v = vf , P = 0. There is a maximum greater than one at 
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 (Figure 2).
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Figure 2. Routledge indicator function of speed (m/s) with vf= 20 m/s, l = 5 m., tc = 2 s. 
 with a linear function speed/concentration.

P is not a proportion as mentioned wrongly by Routledge et al. (1974a, b), because the virtual lengths can overlap each other and in this case P is greater than 1. We can interpret P as the average number of virtual vehicles of one unit length, which one can meet when crossing the street. On one patch of a unit long, you could find {0, 1, 2 …} virtual vehicles. In the formula, there is a static and a dynamic part. The first is expressed by the ratio of two concentrations and the second expressed by the number of vehicles passing during the time of crossing:
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We have to consider that above 1, the flow of vehicle is a wall which a pedestrian cannot cross. But as the traffic is nearly blocked and the speed is low, there are opportunities to cross between vehicles because of space left. Due to the curvature of the function, we are able to introduce some variations in the risk indicator above 1 which has to be considered. With other speed/concentration relationship like a two pieces linear curves, we get high values of the indicator.

The Routledge indicator, as it is, has some drawbacks. The value P= 1, meaning the total impossibility to cross, is attained rather quickly as the traffic becomes dense. Furthermore when the traffic is nearly blocked and the speed very low, the value is still 1 because of the impossibility of crossing, but we know that the risk also is low and the indicator should be less than 1. It is useful as an index of accessibility of the other side of the street linked directly (proportional) to the risk, that is to say the chance of being hit by a vehicle when crossing, even if we have to introduce some free space between vehicle when stopped. The lack of accessibility may be high in dense traffic conditions, but the risk of being hit by a vehicle is rather low.

To avoid this drawback, we propose to suppress the constant term related to the jam concentration in the equation, which becomes a symmetric parabola with speed or density, as shown in Figure 3:
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Figure 3. Original and modified Routledge indicators function of speed (m/s) with vf= 20 m/s, l = 5 m., tc = 2 s. with a linear function speed/concentration.

The amplitude of the modified indicator is less, which is not looked for. At 5 and 15 m/s on a central street, the "concentration" is equal at both speed, for the initial asymmetric indicator it is higher at 5 than 15 because of the density of the vehicles. The symmetry could be tested by means of observation and/or experiment on the street or by an experiment on a traffic simulator or on a computer.

1.2 Empirical risk models
For instance, Sommersgill and Layfield (1996) gave equations estimated on a sample of 970 link sections in UK. Let us examine the TRL “ecological” model for the total number of accidents involving a pedestrian on a street section
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with SL, section length (km), QT, total vehicle flow ( thousand vehicles per 24 hours), PTSL, pedestrian density across the link section (thousands of pedestrians per kilometre and per 12 hour period). It is easy to get a pedestrian accident involvement per crossing because of the introduction of the length and the pedestrian density in the formula
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The relative risk is increasing with the traffic flow and decreasing with the pedestrian density
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This is not exactly in accordance with the prediction of the theoretical model. The risk is related to the traffic volume but to a power function less than one of the traffic volume.
The models for junction sections are more complicated because of the different kinds of conflicts between the movements of vehicles, bicyclists, and pedestrians at junction (turning or crossing). Two kinds of models are available : junction as a whole and by arm. For T junctions and major/minor priority crossroads, the approach is only as a whole on urban single carriageway roads (Sumersgill and al., 1996), and urban priority crossroads and staggered junctions (Layfield and al., 1996). For T junctions, models are for junction as a whole with the traffic flows of major and minor roads
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It is the same form as the road section with a higher elasticity on the main flow (QMA) relatively to the minor flow (QMI). The elasticity to the pedestrian density is of the same order of magnitude for T-junction and road section.
2. Simulation of Car/Pedestrian interaction Using SAMU
2.1 The Basic Principle

The prototype SAMU
 directly relies to that specific field, its originality being defined by its focus on interactions between pedestrian and traffic flows (Banos and al., 2007). Developed in NETLOGO
, SAMU is an hybrid model, combining characteristics of both cellular automata and agent-based models. Cars and pedestrians are indeed defined as agents, situated on an active grid (Figure 4), with which they interact.
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Figure 4 : the basic principle of SAMU

Then, agents have to perform specific tasks, interacting locally with other agents and with their environment. Figure 5 shows the prototype developed in order to observe and test these interactions, as well as emerging parameters, such as speed of cars or proportion of cars/pedestrians collisions.
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Figure 5 : The SAMU prototype
2.1.1 Model Formulation 

We have developed a new CA model of cars by appropriately modifying earlier NaSch (Nagel, 1992) rules to take into account pedestrians. As pedestrians on road have a significant impact on cars speed and traffic jams (we will show this with simulations in the next section) in urban systems, so any model is incomplete until we introduce their effect. Following the prescription of the NaSch model, we allow the speed V of each vehicle to take one of the Vmax + 1 integer values V = 0, 1, 2….Vmax. At each discrete time step t → t+1, the arrangement of N vehicles is updated in parallel according to the following driving rules:

 Step 1: Acceleration. 

 If Vn < Vmax, the speed of the nth vehicle is increased by one, i.e., Vn→ Vn+1.

Step 2: Deceleration (due to other vehicles/pedestrians).  

Suppose Dn is the gap in between the nth vehicle and the vehicle in front of it, and Dpn is the minimum gap between the car under consideration and the pedestrian in front of it on the road (if any). 

Now, if min(Dn,Dpn) <= Vn

 and if Dn < Dpn,

                    then Vn → (Dn – 1)

       else Vn → [ √(Vn2 – (2*g*Dpn*e)) ]



            ….. (v2 – u2 = 2*a*s)

where, [ ] denotes the integer part and √ denotes the square root.  

e is a parameter which includes driver’s reaction time and braking efficiency of the car. 

The motivation for this choice comes from the fact that we want to have "physical braking phenomenon" in our model for accidents i.e. if the gap Dpn and braking efficiency is not sufficient for the car to come to a complete stop from its speed before the pedestrian then it will result in an accident (which actually happens in real world scenario).

Step 3: Randomisation. 
If Vn > 0, the speed of the car under consideration is decreased randomly by unity (i.e., Vn→Vn – 1) with probability p (0 ≤ p ≤ 1); p the random deceleration probability is identical for all the vehicles, and does not change during updating.

Step 4: Movement.

Each vehicle moves forward with the given speed i.e. Xn→Xn + Vn. Where Xn denotes the position of the nth vehicle at any time t.

Model for Pedestrians at Crossing

In our model pedestrians arrive at their destination, by path finding or by behaving in an intelligent manner. The path-finding of a pedestrian is influenced by the two new concepts which we introduced in GOALSim; 1) Attraction field 2) Punctuated equilibrium effect in our pedestrian model. 

Step 1: Decision-making

In this step pedestrian will decide to Yield or No-Yield. This will depend on the value of a random Bernoulli’s variable (< 1). If the value of this variable is less than ε (Noise in the system) then Y = 0 else Y = 1.    

If Y = 1 then,

     ( 

       If Ptl > .33 , pedestrian will Yield
       If Ptl = .33 , pedestrian will continue to do whatever he was doing earlier i.e. Yield or No-Yield.

       If Ptl < .33 , pedestrian will not Yield (No-Yield).   

      )  

     Else pedestrian will choose randomly from the option Yield/No-Yield.

Step 2: Yield/No-Yield

If a pedestrian has yielded, then he will stop and check for any moving cars on the street in his/her radius of vision and if the pedestrian detects any moving cars; s/he will stop and allow the cars to pass. 

Else (No-Yield), the pedestrian will just cross without taking care of cars i.e. blindly.

Step 3: Movement

Pedestrian will move forward with his/her walking speed. 

     While being a work in progress, SAMU already provides an ergonomic platform useful to test the behaviour of the system under different configurations of parameters. Anyway, reaching such a modelling level, without being flooded with microscopic details, requires an ad-hoc procedure. Crucial principles like reductionism and parsimony (Batty and Torrens, 2001) may therefore constitute main guidelines, in our quest for the identification of the micro-specifications sufficient to generate macrostructures of interest (Epstein, 1999).
2.2 Process of Accident generation

The game is played between different species of agents like cars and pedestrians, which evolve as follows. 

	Decision/

Agents
	Yield
	No-Yield

	Pedestrians
	Yes
	No

	Cars
	No
	Speed reduction→Yield


The game is simple but leads some complex consequences where one species dominates over the other. The thing one can interpret form this is that unless pedestrians are yielding to the moving cars there is not much risk faced by them but once this is converted to No-Yield option (due to various local/global influences) the risk increases many folds and chances of an accident occurrence also increases. So the process Speed reduction→Yield is the most hazardous in terms of accident, which we have implemented in our model.  We have "physical braking phenomenon" in our model for accidents i.e. if the gap Dpn and braking efficiency is not sufficient for the car to come to a complete stop from its speed before the pedestrian then it will result in an accident (which actually happens in real world scenario).
3 Risk Analysis

The accident risk has two dimensions: its frequency and its severity. The frequency is measured as a rate of accident involvement per crossing. The severity by a probability to be killed, seriously or lightly injured in a collision. The severity is strongly linked to the impact speed which depends on the traveling speed of the hitting car. By using the duration or the distance of the crossing, one can find the usual accident rate per unit of time or distance of exposure.
3.1 Exposure indicators and accident risk
The risk is related to the characteristics of the micro-environments during a crossing by a pedestrian. These characteristics are more or less protective such a pedestrian crossing or aggressive such as the speed of the flow of vehicles. The analysis of the risk can be carried out at the pedestrian level, that is to say following a sample of pedestrians during their trip recording the conditions of the crossings and the occurrence of an accident. It can be carried out at the network level by means of an ecological analysis collecting information about accidents and traffic conditions at three levels: the complete network, an element of the network such as a mid-block or a junction, or a cell of the network. By means of the cellular automata simulation, the cell level can be observed. We give the definition of the exposure indicators and risk foe the two levels: complete network (global) and cell (local).
1) Vehicular Density 

	Global K (System)
	Local k (Cell)

	It is ratio of total number of cars to the total number of street cells in the system e.g. there are 500 street cells in the system so 50 cars in the system corresponds to a value of 0.1 vehicular density.
	It is the ratio of number of times a cell is occupied by a vehicle to the total time steps in a given period e.g. 50 cars staying on the cell in a time period of 500 units corresponds to a vehicular density of 0.1.


2) Average Speed

	Global (System)
	Local (Cell)

	It is simply the average of the speed of all cars in the system during a simulation.


	For each simulation, the  number of cars is calculated along with their speed on the cell, this gives cumulative speed which in turn is divided by the total number of cars on the cell to get the average speed. This also sometimes lead to ambiguities because during jams a car can be counted more than once, even when the traffic is not moving thus leading to an increase in flow .


3) Vehicular Flow (Q)

	Global (System)
	Local (Cell)

	It is the product of global vehicular density and instantaneous average vehicular speed in the system.

Q = K*V
	It is the product of local vehicular density and average vehicular speed on the cell during the simulation.

q = k*v


4) Pedestrian density

	Global (System)
	Local (Cell)

	It is ratio of total number of pedestrians to the total number of street cells in the system e.g. there are 500 street cells in te system so 50 pedestrians in the system corresponds to a value of 0.1 pedestrian density.
	It is the ratio of number of times a cell is occupied by a pedestrian to the total time units in a given period e.g. 50 pedestrians passing through the cell in a time period of 500 units corresponds to a pedestrian density of 0.1.


5) Crossings Flow

	Global (System)
	Local (Cell)

	It is the total number of street crossings made in the system per hour.
	It is proportional to the number of pedestrians crossing the patch per hour. The proportionality factor can be determined using the walking speed of pedestrian e.g. for a walking speed of .2 patch a total of 5 pedestrians will be calculated, so to get the exact number of crossings the pedestrian number has to be divided by the factor 5. This sometimes can be misleading because every pedestrian has different walking speed and a pedestrian might not travel a whole cell.




5) Accident counts
	Global (System)
	Local (Cell)

	It is a measure of the total number of accidents in the whole system in a given period.
	It is a measure of total number of accidents on the cell in a given period.


6) Risk  as frequency
	Global (System)
	Local (Cell)

	It is ratio of total number of accidents to the total number of crossings in the system.
	It is the ratio of number of accident to the pedestrian flow on a cell.


3.2 SAMU: Uses and Limitations
For statistical accident risk modeling, simulations are run for varying vehicular densities (0.10, 0.15, 0.20,..…, 0.65, 0.70) and rate of accident per crossing in the whole urban network is estimated. Each simulation was run for a duration of 1800 time units. An attempt has been made for a vehicular density equal to 0.2 of a random selection of one hundred sample patches from the whole urban network. The process was repeated for ten simulations of 500 time units each with different sets of hundred sample patches. However, Netlogo is not powerful enough to accurately measure the huge amount of information available on cells at each time step. In order to accurately evaluate cell level accident risk, SAMU has to be transferred on other agent based modeling platform thus enabling us to estimate disaggregate risk models. Hence, in this paper we will only be concentrating on aggregate/system level models.
Values of variables viz. number of pedestrians, cars, crossings, accidents are recorded at both local and global level. Values of other parameters during simulation which were kept same for all cases are given below; 

· Pedestrian Density = .10
· Vehicular Density:  0.10, 0.15, 0.20,…, 0.70. 
· Vision Cars/Pedestrians = 2

· Road sign = OFF (Unsignalized intersections)
· Efficiency-of-Brakes = .11

· Maximum speed of cars = 3

· Noise-in-the-system = 0

· Yield/No-Yield = All pedestrians No-Yielding

3.3 Aggregate Model 
At global level, we ran in total eleven simulations with different values of the global car concentrations from 0.1 to 0.7. At the end of each run we collect the total number of accidents and the total number of crossings. The accident risk is estimated by the ratio of these numbers.
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Figure 6. Risk Exposure Curve: Accident rate (Accidents/Crossings) Vs. Vehicular Density at global level

A simple regression model is estimated of the risk versus the car’s density using a quadratic function.
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Where, K= Vehicular Density and R = Accident Risk.
The form of the curve is clearly parabolic as foreseen theoretically. Two other models relating the number of accidents to the number of pedestrian crossings and the vehicular flow are estimated using a logarithmic function to be in line with a Poisson model as the number of accidents follows a Poisson distribution (figure 7).
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Where, N = Number of Accidents, PT = Number of Pedestrian Crossings, Q = Vehicular Flow. All values are measured at the global level. 
Table 1. Statistics of all Variables

	
	Q
	PT
	N

	Minimum
	0.00
	0.00
	0.00

	Mean
	19.48
	19.86
	0.69

	Maximum
	166.00
	314.00
	18.00

	Std. Error 
	19.02
	33.40
	1.39
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Figure 7 : Distribution of the number of accidents

The risk formulas are similar to the ones found by TRL if we keep the constant with an elasticity of 0.64 for the traffic volume and of 1.17 for the pedestrian crossing. We get an higher effect of the number of pedestrian crossings, which is nearly proportional to the number of accidents.
4. Discussions and Conclusions

SAMU could be used as a virtual laboratory. The rules which are at the core of the interaction models could generate a spatio-temporal process of pedestrian accident which provides the global relationship between the frequency of accident and the traffic conditions on an urban network. A quadratic function of the car’s density is found as predicted by the theory and the Poisson accident risk model gives a power exponent between 1.1 to 0.6 without and with constant in line with the estimations found in empirical accident models on samples on streets or junctions. Our models are estimated at the global level (network level). We hope by means of a transfer on REPAST platform we will be able to estimate risk models at the cell level. As more relationships between accident risk and traffic flow will be validated by simulation on SAMU, it would become possible to assess the impact of traffic management and of the network structure and infrastructure on safety by varying the number of lanes, the coordination of red lights, the priority rules, the place of the zebra crossings … 
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� This is an approximation convenient to explore the pattern of the Routledge indicator. The speed is in fact a monotonic decreasing function of the density.


� These correspond to the crossing of a 3 meters wide at a walking speed of  1,5 m/s.


� Simulation Agents et Modélisation Urbaine, http://www.univ-pau.fr/~banos/sma.html


� http://www.ccl.sesp.northwestern.edu/netlogo
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