Modeling the in-lane collision risk induced by variability in skid resistance performance
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The context of this study pertains to in-lane collisions: rear-end collisions or chain collisions constitute over 1/8 of all bodily-injury accidents in France and amount to 28% of motorway accidents (according to the ONISR Agency*, 2003).

Factors of highly-variable origins influence this type of accident: meteorology, driver behavior, vehicle type and characteristics, etc. It has been shown, for example, that the presence of rainfall causes vehicles to bunch into clusters [START_REF] Seddiki | Impact de la pluie sur le trafic autoroutier[END_REF], even while skid resistance and visibility conditions become deteriorated. The "human factor" often gets emphasized, although when considering the temporal dynamic of the driving task [START_REF]L'homme, agent d'infiabilité et de fiabilité du processus industriel[END_REF], the human's role may also be seen as an agent of reliability. The level of risk accepted, as a function of driver objectives and motivations (theory of homeostasis [START_REF] Wilde | Risk homeostasis theory and traffic accidents[END_REF]), is nonetheless high during in-lane driving: 24.5% of the inter-vehicle times recorded in 2003 (ONISR) were less than the regulation-mandated two seconds, and 5.7% were actually below one second. Moreover, the current automobile fleet on the road is quite diverse from a technical standpoint: vehicles may either contain or be completely devoid of safety equipment such as antilock systems (ABS: Anti-lock Braking System), braking-assistance systems (EBA: Emergency Braking Assistance) or trajectory-stabilizing systems (ESP®: Electronic Stability Program).

For the present study, attention has primarily been focused on this last factor for the purpose of both determining the individual performances of vehicles representative of the current fleet on French roads and evaluating the "added" accident-causing risk contributed by the disparity in vehicle

INTRODUCTION

performance in terms of braking capacities, with vehicles traveling in clusters; this objective will be achieved by means of distinguishing those vehicles equipped with ABS systems from more conventional vehicles.

It should be kept in mind that even though this study is applied to the specific context of in-lane driving, the database on vehicle characteristics could be used for more general situations, e.g. involving accident analyses on the secondary road network (responsible for 53.6% of all road deaths according to Houchard [START_REF] Houchard | Pour en finir avec l'hécatombe routière[END_REF]; SARI research topic*, programmed during [2005][2006].

A braking test campaign was conducted with an unprepared fleet composed of 24 vehicles, derived from a broad panel of vehicles (buses, utility trucks, sedans, compact cars, both with and without ABS) and from different generations of construction (model years: 1978 to 2002). This campaign was carried out on a rectilinear test track at the LCPC-Nantes facility made of semi-coarse asphalt concrete and displaying a surface state of medium wear, wet but without any runoff. For each vehicle, several emergency braking tests were performed, from an initial speed of 70 km/hr until reaching full stop. 70 km/hr was set as the maximum speed for conducting tests safely under the most unfavorable conditions (locked wheels due to hard braking maneuvers, wet pavement, unprepared vehicles capable of exhibiting asymmetric characteristics).

An optical system for measuring the chassis/ground speed was employed (Correvit© Datron). Angular encoders, placed on each wheel, then enabled verifying operations of the ABS systems (when applicable) as well as the periods of stabilized braking state (see Fig. 1).

The distance/speed experimental profiles for the entire series of test vehicles show strong dispersion in the resulting stopping distances (with a ratio of 1 to 2; see Fig. 2). The two extreme cases were expected: truck vs. recent sedan. These results however do not allow establishing an intrinsic safety ranking. A safety index cannot be associated with a particular vehicle without taking into consideration the nature of the surrounding vehicles and the infrastructure on which it is traveling. In the following discussion, this environment will be determined in order to simulate and estimate the added risk induced for in-lane driving situations on a single lane (context of vehicle clusters).

The makes and models of the test vehicles are only given to offer an illustration of the size range, since their age and level of wear (tires, shock absorbers, brake linings) vary considerably. It should merely be recalled (Fig. 2) that compact cars, sedans, utility trucks and a bus were all evaluated.

Figure 1

Determination of emergency braking performance on a test track using an instrumented vehicle

EMERGENCY BRAKING PERFORMANCE OF A PANEL OF TEST VEHICLES

As a complement to the set of vehicle characteristics, determined on the test track, actual cluster configurations were recorded on a road site. The criteria for defining a vehicle cluster are as follows:

group of at least five successive vehicles; and inter-vehicle times of less than three seconds (continuity criterion).

It should be pointed out that if the inter-vehicle time increases to above three seconds, the interactions between vehicles will no longer be considered as critical for this risk study, given that the regulatory inter-vehicle time has been set at two seconds minimum (French decree of 2001). The selected vehicle group is thus a bit larger than the group considered by current legislation to be "at risk". Paradoxically, low inter-vehicle times (IVT) are in favour of a high vehicle flow rate: this relationship has been studied as part of research focused on flow rate performance, in opting for an automated driving system so as not to hinder safety (the San Diego experiment; see Fig. 3).

A database of 15,000 vehicle clusters was built by reliance upon the SIREDO measurement stations* (Figs. 4a and4b). These recordings were conducted on diverse infrastructure (from 3 × 3 lanes to 

RECORDINGS OF VEHICLE CLUSTERS ON A ROAD SITE

simple two-directional traffic flow), under varied meteorological conditions and during periods of varied traffic flow (nighttime driving, rush hour, weekends, weekdays, etc.). The types of vehicles are indicated in the database: light passenger cars, medium-sized cars, trucks/buses. Individual speeds and inter-vehicle times serve to complete the cluster description.

To provide input for the numerical model of in-lane collision risks, those clusters corresponding to the conditions of tests conducted on the test track (98 in all) were selected: an average speed of clustered vehicles near 70 km/hr, and wet pavement.

Choice of model parameters

A spatio-temporal trend model of in-lane vehicles has been developed. This model, limited to a straight lane of traffic, is aimed at studying the influence of vehicle braking capacities on the risk of accident occurrence (see the boundary factor on Figure 5).

Figure 4

The "SIREDO" traffic data recording station the meteorological conditions are those commonly-encountered statistically at the time of in-lane collisions (wet pavement); the reaction time has been estimated as per the bibliography; and uniform driving strategy: maximum and continual braking until the vehicle stops (or enters into collision), once the need to brake has been perceived; and braking of the lead vehicle as of simulation initiation.

Arrangement of vehicles into clusters: Integration of the experimental databases

As input data, a database composed of the recordings for 98 vehicle clusters specifies the category of each vehicle (heavy, medium or light), its position with respect to the lead vehicle and its traveling speed. The simulated clusters are created by incorporating the vehicle types catalogued in this database, through associating the characteristics of the 24 track-tested vehicles.

In the following discussion, these vehicles will be identified by their index number i, i.e.: index numbers 1 to 5: compact cars in the "B" segment (Renault Clio, Peugeot 106, 205); numbers 6 to 14: light road vehicles in the "M1" and "M2" segments (e.g. Peugeot 406, Renault Laguna and Mégane); numbers 15 to 18: medium-sized vehicles ("M2"), yet with an older design (1992 model year for indices 15 to 17) or the utility truck (for index 18); numbers 19 to 22: medium-sized utility vehicles (Peugeot J5, Citroën C15, Renault Master); and numbers 23 and 24: truck and bus (Renault and Mercedes).

The emergency braking tests showed relatively-constant decelerations during the braking periods, in compliance with the fundamental dynamics principle:

(

Maximum braking consists of a constant force Ci directly proportional to both the deceleration Γi and the vehicle mass M i , in neglecting the decrease in efficiency via the Joule effect (various levels of improvement were proposed by Laganier [START_REF] Laganier R | Mesures et analyses des distances d'arrêt sur routes[END_REF]). The variations in external forces other than braking have also been neglected: aerodynamic resistance (on the order of V 2 ), transmission frictions (on the order of V).

In order to simplify the model, each vehicle located in position k within a cluster is considered as an object to which an average constant deceleration Γ k , mass M k and length l k are associated (the initial speeds and positions of the vehicles are derived from the cluster data).

Computation parameters

An iterative computation has been selected to enable subsequent improvements such as the inclusion of variations in driver behavior (temporary interruption of braking, followed by resumption, "ARCAM"-type models* [START_REF] Brown | Attention-based model of driver performance in rear-end collisions[END_REF]). Time steps are calculated so as to limit the displacement of each vehicle to 0.5 m per time step.

The lead vehicle applies brakes in an emergency maneuver at time t = 0. For all other vehicles of rank k within the cluster of size n, the necessity of braking is perceived by: direct perception of the brake lights of the preceding vehicle k-1; perception of the brake lights of vehicle k-2 through vehicle k-1 if vehicle k-1 is a light passenger car (index 1 to 17; notion of lack of visual obstruction; in this case, a fixed pre-perception time of 0.4 sec is assigned).

Effective braking occurs following this perception at a time equal to reaction time, randomly set at between 0.7 and 0.9 sec (according to diverse sources [START_REF]Temps intervéhiculaires et vitesses[END_REF][START_REF] Malaterre | Temps de réponse et manoeuvres d'urgence[END_REF][START_REF] Green | How long does it take to stop ? methodological analysis of driver perception-brake times[END_REF]). The simulation termination criterion is: either the safe stop of all vehicles ( );

or the occurrence of a collision ( ).

* Attention-based Rear-end Collision Avoidance Model.

This latter case also concerns those situations capable of leading to multiple collisions, which have not been simulated herein beyond the initial contact due to the complexity of the associated energy computations.

In the absence of any further precision, the term "collision" used below will designate the first -and only -simulated collision occurrence.

Presentation of a typical case

Each simulation pertains to a given physical cluster, associated with a random vehicle arrangement.

Results have been presented in the form of spatio-temporal profiles, one of which is given as an example in Figure 6 (physical cluster no. 12). The types i associated randomly with each vehicle k of the cluster are specified. Vehicle "0" is the lead vehicle and represented by the upper curve (the lightest). Its position is initially x = 0 m and the other vehicles are localized with respect to this origin. Should interruption of the simulation be due to the occurrence of a collision, the two vehicles involved are indicated in the title on the particular profile (with the difference in speed at the time of impact also presented as an estimator of accident seriousness). The moments of perception -when drivers feel the need to brake, whether directly or indirectly -are symbolized by (green) crosses on the figure.

For the current application, the anticipation of braking thanks to non-obstruction justifies the perception of vehicle "vh.0" by vehicle "vh.2" once t = 0.4 sec and the braking of "vh.2" just a short time interval after its predecessor "vh.1". The times when braking is first triggered have been diagrammed by means of red dashed segments that intercept the vehicle profiles.

Special cases

Though the comparison of test vehicle stopping distances has already indicated sizable diversity, an examination of certain cluster configurations also reveals some special cases. Figure 7 illustrates the trend of Cluster no. 95, for which the vehicles of ranks 4 and 5 are initially very close to one another and enter into collision, after the braking of Vehicle 4, even before Vehicle 5 has the time to apply its brakes (despite favorable pre-perception of the braking of Vehicle 3). Note should be made of the gradual separation of Vehicles 5 and 6, of same type yet at different initial speeds, as well as the closing of distance prior to braking of Vehicles 4 and 5 (thereby eliminating all hope of collision avoidance from a statistical perspective, regardless of the vehicle type assignment for both 4 and 5).

Given the potential for determining whether the very short inter-vehicle time at fault here has been caused by a situation of transgressing or not respecting safety distances, this type of cluster cannot, as an a priori move, be excluded from the experimental database.

Conversely, in Figure 8, the initial configuration of Cluster 45 seems little prone to induce collisions: few and well-spaced vehicles (≈ 40 m between two successive vehicles, i.e. an IVT of approximately two seconds); similar vehicle categories: predominance of medium and heavy types, except for one light vehicle, which remains favorably positioned however to avoid collision (at the tail end of the cluster). The overall question the model needs to answer then is: "Given a set of physical clusters monitored on the road, what accident rate may be attributed to the application of various vehicle distributions with known physical characteristics?" In order to proceed, some one thousand pseudo-random vehicle combinations were associated with each recorded physical cluster. Of the 98,000 resulting simulations, 66,114 (i.e. a full 2/3) ended in a collision (or, more precisely, in at least one collision).

Figure 7

Initial cluster configuration "favorable" to the occurrence of an in-lane collision

Representativeness of the "cluster-vehicle" combinations

A bar chart can now be built (see Fig. 9) to depict, for the entire sorted set of 98 physical clusters, the number of simulations per thousand that led to a collision.

This graph, organized in increasing steps on Figure 10 (and thus out of sequential order), indicates that the vehicle/cluster combinations form homogeneous groups from the perspective of accident likelihood: the curve showing increases from 0 to 1,000 for 1,000 cases is regular, without any pronounced discontinuity. As introduced above during the assessment of "special cases", those clusters that systematically led to at least one collision may be distinguished from those that came to a safe stop. Due to their small numbers and plausible representativeness of actual situations, these cluster data were retained within the model input database.

Figure 9

Number of simulations leading to a collision, out of the entire ordered group of clusters 

Individual involvement rates of vehicles

The propensity for a vehicle to be involved in the initial and (according to our model) unique collision has been chosen as the pertinent risk analysis criterion, in distinguishing the roles of the "struck vehicle" and the "striking vehicle".

Let's note that by virtue of excluding eventual secondary impacts in the simulations and by concentrating on the initial collision, priority is being directed towards the triggering process of in-lane collisions. The struck/striking vehicle distinction is not intended to assign individual blame, but rather to facilitate highlighting those factors tied to the technological level of vehicle equipment.

Figure 11 presents the involvement rates of the 24 vehicles, in percentage terms (in the 66,114 total collisions).

Compact cars, index numbers 1 through 5 (except for no. 2) show weak deceleration capacities (≈ 4.5 m/sec 2 ) and are often involved as "striking vehicles". Their frequency as "struck vehicles" remains limited, given that an eventual tailing vehicle would display statistically equal or better braking capacities. Vehicle no. 2 is also a compact car, yet of a more recent design (and equipped with ABS, ESP, a low tire H/L ratio and a deceleration rate Γ ave ≈ 7.3 m/sec 2 ).

Along with vehicle 2, vehicles 6 through 13 (from the "M1" and "M2" segments) constitute the set of vehicles quite frequently being "struck" and only seldom involved as "striking" vehicles. Their high performance in terms of emergency braking (7 ≤ Γ ≤ 8.7 m/sec 2 ) actually penalizes them when traveling as part of a fleet containing less technologically-advanced vehicles, and in this context with an unfavorable maximum braking model for all vehicles, although one based on the hypotheses and representation of an emergency (or even panic) situation. Vehicle 14 is identical to no. 13, equipped however with an "ABS" clutch-engaged antilock system (LCPC-test Peugeot 406). This vehicle is thus "struck" less than no. 13, but acts more as a striking vehicle. An insurer might surmise that Vehicle 14 is more often "responsible" for accidents (as a striking vehicle), but it integrates better into the current fleet of automobiles, i.e. the sum of struck/striking vehicle incidents remains less than that of no. 13 (global minimization of accidents within this model's restrictive context).

Vehicles 15 to 17 are of medium size ("M2" segment), yet of an older design (1992 model year). Their average performances would tend to position them more as "striking vehicles".

Vehicles 18 to 24 are visually obstructive; for this reason, they behave as "struck vehicles" nearly to the same extent as "striking vehicles", and this despite rather poor braking performance (3.7 to 5.6 m/ sec 2 ). Their less frequent representation within the clusters justifies the relatively low levels of total collisions involving these vehicles, even though their representations stem from actual measured clusters. The truck and bus (nos. 23 and 24) exhibit the highest rates of involvement in this final group, which is to be correlated with their poor braking performance and visual obstruction.

Figure 11

Overall rate of vehicle involvement; "striking" vs. "struck" characteristic 

Emphasis on technical typologies

The levels of both "striking vehicle" and "struck vehicle" involvement were then utilized to derive a hierarchy of vehicle involvement (see Fig. 12). It thus becomes more straightforward to define typologies on the basis of the "striking vs. struck" involvement level and the corresponding ratio: latest-generation, high braking performance vehicles: compact car no. 2, but also vehicles 6 to 13, which are recent and of medium size (horizontal grouping, bunched near the x-axis); the other compacts, older vehicles and the truck: nos. 1, 3, 4, 5, 15 to 19 and 23 (vertical grouping near the y-axis). This group, which features poorer-performance vehicles, contains those that most often "strike", but also get "struck" when hindered by the phenomenon of visual obstruction; basically "neutral" vehicles, although featuring highly-variable involvement levels: nos. 20 to 22 (utility vehicles), 24 (the bus) and 14.

Certain singularities may also be remarked: a group of high-"striking"/low-"struck" is composed of three older light passenger vehicles (over 10 years old; Vehicles 1, 3 and 5); Vehicles 15, 16 and 17 are identical, yet run on tires displaying different states of wear: an average tread depth of 2.8 mm, 4 mm and 6 mm, respectively; Vehicles 2, 3 and 4 all feature the same "commercial" make name, yet are from different model years: 2002 (containing ABS), 1991 and 1996, respectively; this would illustrate the major technical evolutions this vehicle has undergone (and the drastic change between the 1991 and 2002 models); Vehicle 14 (identical to 13, yet without ABS) is positioned near the middle of the neutral behavior group, with a sum of "striking"/"struck" collision involvement less than that of vehicle 13; Vehicle 20 is a lightweight utility truck quite popular in France, of model year 1994, without ABS and equipped with narrow yet new tires. Paradoxically, this vehicle is the least involved out of all simulations performed. Statistically speaking, this vehicle proves to be the safest for the type of driving situation studied (i.e. in-lane driving), among the entire panel of test vehicles.

Moreover, the ABS system is indeed determinant in the typological classification: all vehicles fitted with an ABS are positioned below the median; nonetheless, three vehicles below the median do not have the system and wound up here as a result of being penalized by their obstruction and length (nos. 21 and 24), or nonetheless demonstrate high-performance attributes (no. 14, new tires); none of the vehicles lying above the median possess ABS.

Figure 12

Overall rate of vehicle involvement, within the "striking / struck" plane Actual recordings of traffic clusters, representative of inter-vehicle times in practice on the road network and of cluster patterns, have been analyzed herein. Modeled vehicles were characterized by means of tests performed on a common road surfacing. Their skid resistance levels were determined for emergency braking maneuvers. The panel of vehicles chosen was quite broad (ranging from 1978 to 2002 model years, with a bus, compact cars and utility vehicles). It should be underscored that the use of a model has been necessitated by the impossibility of conducting collision experiments at the full scale or in large numbers, even when automated, due to obvious safety reasons. The limitations of this model are multifold: for example, the computation sequence is not pursued beyond the initial collision occurrence, as a result of the complexity of energy calculations, and drivers apply emergency brakes monotonically whereas in reality braking is often performed in several phases; in order to compensate for this shortcoming, a rather high reaction time has been introduced. The impact of performance in terms of vehicle braking has nonetheless been evaluated on a large number of simulations representative of current road traffic conditions. The fleet of vehicles found nowadays on French roads is quite heterogeneous and responsible for the involvement of very highperformance vehicles during in-lane collisions; this has given rise to a situation in which these vehicles do not benefit from any real advantage over other vehicles, as opposed to individual situations such as emergency stopping in the presence of an obstacle.
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 2 Figure 2Deceleration curves during emergency braking: Results of test track measurements
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 3 Figure 3 Automated driving: Optimization of traffic flow with in-lane collision control
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 5 Figure 5Origin of the in-lane collision risk factors (including Infrastructure, Driver, Vehicle: I -D -V)
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 6 Figure 6Standard profile of the simulated evolution of a vehicle cluster (time -distance)
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 84 Figure 8Initial cluster configuration that may be associated with a low risk of occurrence of an in-lane collision
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 10 Figure 10Number of simulations with collision, out of the entire sorted group of clusters
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sponsored action program on the automated monitoring of the state of roadways to inform drivers and infrastructure managers.
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CONCLUSION