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ABSTRACT

The main purpose of this study is to compare the
effect of tire models on estimating unknown model
parameters in reconstructing traffic accidents. The models
including a two dimensional car-to-car impact model,
Sakai’s tire model, modified Sakai’s tire model and Gim’s
tire model by using Box’s complex method were used.
Box’s method was performed for estimating the model
parameters. In this method, the parameters were estimated
so as to minimize the difference between the calculated
and observed rest positions of vehicles. In order to examine
the effects of the tire models, an artificial traffic accident
data and an actually observed traffic accident data were
analyzed. The errors caused by the models were compared.
1t was concluded that the impact model combined with
Gim’s tire model was much accurate in reconstructing
traffic accidents.

1. INTRODUCTION

Traffic accident reconstruction is a method that
clarifies how an accident occurred or what happened
during the accident. So far, the various programs have
been proposed for reconstructing traffic accidents; CRASH,
SMAC, IMPAC, and so on [1,2]. These programs are
classified into two groups; energy loss models and
restitution models. The reconstruction method adopted
here is based on the latter one. The accident reconstruction
is divided into three phases; pre-impact, impact and post-
impact. For driving simulation of the pre-impact and the
post-impact phases, Sakai’s tire models (the old and
modified models), Gim’s tire model and two-wheel
equivalence model were used [3,4,5,6]. The impact model
is based on the two dimensional impact model which was
proposed by Ishikawa [7,8]. This model was applied to
determine the unknown velocities which were the two
linear velocities and the one angular velocity for each
vehicle..

In this work , we developed the method and
compared the driving simulation models including the
Sakai’s tire models and Gim’s tire model combined with
the two-dimensional car-to-car impact model. Box’s
complex algorithm method was applied to estimate
unknown parameters; the normal and the tangential
restitution coefficients in the impact phase, as well as the
friction coefficient, steering angle, slip ratio of the front
tires and slip ratio of the rear tires in the post-impact
phase.[9]. To compare the effect of the tire models in
estimating the parameters by box’s method, an artificial
accident data was introduced. And then, the errors in
estimating rest positions of vehicles in an actually
observed traffic accidents were analyzed.
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2. THEORETICAL MODELS

The impact model and the driving simulation
models; Sakai’s tire model, Gim’s tire model and the two-
wheel equivalence model, are explained briefly in the
following.

2.1. Impact Modet™®

In this model, there are three degrees of freedom for
each vehicle; two translations and one rotation. The model
is analyzed in a coordinate system in which the lateral and
longitudinal axis’s are normal and tangential to the impact
center, respectively. In order to apply the impact model,
six equations are mecessary: Four equations can be
obtained from the law of conservation of linear and
angular momentum. The last two equations are obtained
from the constraint conditions at the impact center, in
which the normal and the tangential restitution
coefficients are defined. These coefficients can be
calculated from the equations (1) and (2), as shown in the
following ;

€,=-RDS /RDS, )

€ = -RSS/RSS, )
where

RDS : Relative deformation speed after collision.

RSS : relative sliding speed after collision.

0 : Subscript for relative speed of Vehicles before
collision.
2.2, Driving Simulation Models®**¢

Sakai’s tire model, modified Sakai’s tire model and
Gim’s tire model were employed to obtain the friction
forces between the tire and the surface of road [3,4,5].
Then, the two-wheel equivalence model was applied to
calculate the integrated forces of the tires at the center of
vehicles [6].

2.2.1, Skai’s tire model® ( when slip angle is small)

Sakai’s tire model is shown in Fig. 1. In this model,
there are two main forces; the force acting in the lateral
direction of the tire as the side force (SF) , and the force
acting in the longitudinal direction of the tire as the
braking force or traction force (DF). In Fig, 1, the steering
angle and the slip angle of the tire are denoted by H and B,
the velocity of the vehicle in the driving direction and the
one in the direction perpendicular to the driving direction
by Vx and Vy, the angular velocity and the distance
between the tire and the gravity center of the vehicle
by @ and , respectively.
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Fig.1 Sakai’s tire model

According to Sakai’s tire model, the braking
force/traction force and the side force are obtained with the
slip ratio (s) by the following equations.

1) When braking or free rolling (s20)
DF =-K,s(1- f)* cos B— Fm, f*(3-2/)ks
, , 3)
SF = K, (1-s)1-£) sinp +F,u,f h(3-2f)tanp

2) when accelerating ( s<0)
DF = -K s(1-f)* - F,u,f*(3-2f)hs
\ , @
SF={K,(1-sX1-f) sinf +Ep,f h(3-2f)}tanf

where

h--l/\/tzmzﬂ+sz
£ K,\/tzmzﬂ-bsz/(SF,um)

s =(V cosp-V,, )/VR cosp
s = (Vi cosB — Viou )/ Vi
Kx : Braking stiffness.
F; : Tire normal load
bm © Maximum friction coefficient.
i : Slip friction coefficient.
Vr : Tire velocity.
V .o ¢ tire rolling velocity.
S : Slip ratio
The eq.(3) and (4) are valid only in the following region:
tan?B + % < (3p.sz/Kx)2 &)
Tire forces are obtained by the equations (7) for both
braking and accelerating conditions, when

tan B+s > (3unFp/K,)" ©)

(s20)
(s<0)

DF = ~F,pg4sh

SF = /(F,1,)? - DF ?

The slip angle of the front and rear tires (B¢, B;) can
be obtained from the following equations;

Y]

-1
= yy), el _ 8
Bf = Tan (Vx)+ v, H
-1
- Yy)_el ®
p.=Tan (Vx) v,

where
V, : Velacity of vehicle in the driving direction.

V,: Velocity of vehicle in the direction perpendicular
direction to the driving direction.

o : Angular velocity.

¢ - Distance between C.G. of vehicle and front tire.

; : Distance between C.G. of vehicle and rear tire.

H : The steering angle.

Although the forgoing equations are complicated,
they state that the slip ratio, friction coefficient and slip
angle are very important parameters for calculating the
forces of the tire; DF and SF. When the tire is locked (S=1),
the coefficient of lock braking force b is used instead of

M

- —

2.2.2. Modified Skai’s tire model'¥
In the modified Sakai’s tire model, we can treat the
problems in which slip ratio and slip angle are relatively
large. Furthermore , the friction coefficient depends on the
velocity. In this model, the order of contact pressure is
assumed to be equal to 4.
Longitudinal force(Df) and lateral force(Sy) are
obtained as follows:
D, =Cywlls/2+(n+1)2"Fyu,)m cos8/nl™"
(10)
Sp ={[(C,whis tm @)/ 2]+[(n +1X2" Fyps,Im; sin 6/ nl™ ]}/ my
ay
where
I, . adhesion length of contact patch is obtained by the
following equation:

I, = (1 —~(C,wh 120" a + 5" | 3u,F, )l

C,: Lateral spring constant of tread.

I: Contact length. W: Contact width.
a: Slip angle. S: Slip ratio.

Hs: Max. friction coefficient.

F7: Vertical load.

mj, m; : Parameters which are found as

m=(/ 2" -1)-1/ (n+ DA/ )™ -, -1/ 2™"]

m, =1 +Cyw1,fsz(5/Cy +4I? /3r’G;)(05 -s,0, 13071
Cx: Longitudinal spring constant of tread.

m Order of contact press which is equal to 4.

r: Tire radius.

1. Friction coefficient which is equal to - aV/,.

Ho: Dynamic friction constant.

a: Friction decreasing constant which is assumed 0.005.
V... Average slip velocity . If adhesion contact length and
contact length are equal (/=/;), V,, is equal to zero,
otherwise : V, =Vl +(s* =Dcos*a /(I-1,)

0: Directional angle of the slip velocity with respect to the
tire longitudinal axis which is found as:

In the case of braking @ = tan~'(tan a / 5),

In the case of traction = 7+ tan™'[(1+ s)tana / 5]

S;.: S, : parameters which are obtained as

In the case of braking >0, Si=1, SFl-s,

In the case of traction s<0, S;=s+1, S~1

G, : lateral rigidity of tire.

5=CRF/(%k) Inwhich R=(k/M4E)",

K,: spring constant of carcase,
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E; : Bending rigidity.

Since, there is not enough space for much
explanation here, it is recommended to refer reference
about self-aligning torque calculation and other
information.

2.2.3. Gim’s tire model™

In this model, there are three forces and three
moments acting between a pneumatic tire and road surface.
The forces are normal, longitudinal and lateral. The
moments are self-aligning torque, overturning and rolling
resistance (shown in Figure 2). The interacting forces and
moments are non-linear function of combined slip ratio,
slip angle and camber angle.

z

Self-Aligning Torque (Mz)

Rolling Resulance

Longitudinal Moment (Mx)

Force (DF

Shp Angle
Directional of
Wheel Travel

Lateral Force
(SF)

Normal Force -

(Fz) Overturning

Moment (Mx)

Directional of
Wheel Heading

Fig. 2 Six components of forces and moments applied to
a tire from the road surface

The longitudinal, lateral forces and self-aligning
torque due to the both slip ratio (s) and slip angle() as
well as camber angle (y) during braking /traction and
steering are obtained in the three possible combination.

(@) The lateral elastic displacements have the same

direction (ay>0) . For this case two possibilities are

considered:

1. §<8., Ss<Ss¢ and Sg <Sgeat 0<!, <1/
The Longitudinal and lateral forces and self-

aligning torque are available from following equations:

DF =CS,1I2 + y™F,(1-302 +2I2) (12)
SF=C,S, 2+ A°F,(-3I +2L)+C,S,  (13)
M, = Mzg +m(Mz5q +Mzsy) (14
where

DF : Longitudinal force.

SF : Lateral force.

M _ : Self-aligning torque

M4 : The component which is generated by lateral
force :

120, 3
Mzg =[Casa (_5+T")+§yy1~;s§ ]11,3 (15)

Mzsa, M55y ¢ The components are produced by
longitudinal force which has an offset due to slip angle

and camber angle, respectively, between the wheel center

plane and the tire tread base

”3 37“: l‘sz

¢ 1-1083 + 158 —613)

Mzsq = _Cssssa

16)
M, =|71DF an
|7]: an offset of longitudinal force produced by camber
angle. |7]= S, (p-1*12)"
p1: Undeflected radius of tire.
m, : The parameter which is equal to 1 and -1 during
braking and traction, respectively.
Cs : Longitudinal stiffness.  C,: Lateral stiffness.
Cs : Camber stiffness.
1« : Longitudinal friction coefficient.
1y : Lateral friction coefficient.
w™: Modified longitudinal friction coefficient.
1,™: Modified lateral friction coefficient.
Ss: Longitudinal slip ratio.( Ss = [s])
S,: Lateral slip ratio due to camber angle. (S,=|sin})
s+ Lateral slip ratio due to slip angle. (s, =[tana )
S : Lateral slip ratio due to the critical camber angle
which is obtained as S, = 1, F, /C,
Ssc: Critical longitudinal slip ratio. (Ss = 34F; / Cs)
I: contact patch length.
1,: Length of adhesion region of contact patch.
I, , Sa: two non-dimensional parameter which are found
as ,=1-5., S, =[B,+(B;] - B,B,)"*]/ B, 1®)
B, = (3uF;)* - (3C,S,) » B,=3C,8.,C,S,
B, = -[(CsSs) +(C,S,)%]
S, : Lateral slip ratio of the critical slip angle which is
obtainedas g - CL[@#F;)z -(C,SJ)Z]M - 3¢,8,/C,

2.8,28,. 8,28, 0r§,28, a L=
In this case there is only a sliding region without an
adhesion region. The Longitudinal and lateral forces are
obtained as follows:
DF = p{™F, (19)
SF = u F, (20)
The self-aligning torque can be obtained by eq.(14)
in which :
Mzq=0 @n
M 5o =3mpi™u Fl/5C, (22)
Meanwhile, M, is also obtained by eq.(17).

(b) The lateral elastic displacements have opposite

direction (xy<0) with the condition of C,S, 2 C, S, .
In this case S, is also calculated by eq (18), but in

which :

B, =-3C,S,C,S,. And the Lateral slip ratio of the

e“rr

critical slip angle is equal to:
Sgc = CL[(s,,F,)I _(c,s,)Z]”’+3c,S, /c,

Again , two possibilities can be considered:
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1. Ss < Ssc and Sp <Sge at 0<l,<!. The
longitudinal force can be obtained by eq.(12) and the
lateral force and self_ aligning torque are found as follows.
SF=C,S, 12+ 15"F,(-3L +2I0)~C,S, @3)
Furthermore, self_ aligning torque is calculated by eq.(14),
but, in which M, =-|7DF 24
2. 8,28, 0r S, 28, at l,=0:TheLongitudinal
and lateral forces and  self-aligning  torque
(Mzg, M50, M55y, ) can be obtained by equations
(19), (20), (21), (22) and (24).
(©) The lateral elastic displacements have opposite
direction (0y<0) with the condition of C,S, <C, S, .
The critical values of slip ratio and camber angle is as
follows:
S, =@u,F,+C,8,)/3C,
S,. =[(3uF,)* - (C,S, -3C,8,)1"*/C,

And depending on the values of Ss and B; , 8; is
determined as
Sn =[B, + (B} - B,B;)"?]/ B, for S5 #0and B 0
S, =B,/2B, for Sg#0and B =0
S, =0for S5=0

This case two possibilities are also considered:
1. $,<S, and Ss < Ssc at 0<!, <!: The eq.(12)
provides an expression for the longitudinal force. The
lateral force is found by the following equation:
SF=C,8, (4 +28)-C, S +p F(-3, +21) 25)

For obtaining the self-aligning torque, M5, and
M are found by equations (16) and (24). And M z, is

zs
availa’{)le by following equation.
M, =CyS,ll, /6 (26)
2.8, 28,0r S;28, at I;= 0 : The Longitudinal
and lateral forces and self-aligning torque
(Mzq ,Mzsq, Mzsy ) can be obtained by equations

(19), (20), (21), (22) and (17).

2.3. Two-whee! Equivalence Model™

The two-wheel equivalence model was applied for
calculating the resultant forces at the gravity center of each
vehicle. In this model, It is assumed that the rolling and
pitching movements are negligible. The forces at the
gravity center of the vehicle can be calculated by the
resultant tire forces in the X-axis (Fx) and the y-axis (Fy);

Fx = DFfcosH + DF; ~ SFysinH 27

Fy = DFgsin H + SFp cosH + SF; (28)
The rotation torque is resulted by eq.(12).

M = (DFgsinH + SFgcosH)lg ~ SF,l, 29

These forces are a function of the forces of the tires
and the steering angle. Consequently, the vehicle
acceleration in both x and y directions and the angular
acceleration can be obtained from the resulting forces .

3. MODEL PARAMETERS AND ESTIMATION
METHOD

To recomstruct traffic accidents, we estimated the
unknown parameters using above-mentioned models. We
performed a driving simulation of the pre-impact phase
based on the data collected from the accident site. This
means that we can presume preliminary model parameters
in the pre-impact phase. On the other hand the parameters
were unknown in both the impact and the post-impact
phases.

3.1. Model Parameters
Unknown parameters from the impact model are
¢, : Normal restitution coefficient.
¢, : Tangential restitution coefficient.
The unknown parameters from the driving
simulation models are
u;: Friction coefficient.
H; = Steering angle.
S.F; = slip ratio of front tire.
S.R; = slip ratio of rear tire.
i = ID number of vehicle.
We applied Box’s complex algorithm to estimate the
above-mentioned ten unknown parameters based on the
rest position of the vehicles.

3.2. Box’s Complex Algorithm"
we estimated the unknown parameters using Box’s
algorithm. In this method, we estimated the parameters so
as to minimize the difference between the calculated rest
positions of the vehicles and the observed omes. Box’s
method is a kind of sequential search technique for finding
a minimum objective function while avoiding entrapment
into the local minimum.
The objective function is subjected to constraints as
follows:
Minimize  Fu(P),
where
P: (€, €, I, H],..., S.Fz, SRz)
g, h : Constraint vector.
k : Complex point.
The objective function is given below,

a3 (g s g

Subject to g<p<h

where
X,¥,,8 ;¢ Calculated distance and yaw angle.
X,,Ys, 0,1 Observed distance and yaw angle.
XY, 0 . Ranges of distance and yaw angle.

We assume that the unknown model parameters are
subject to the following constraints;

e =1 1 =g =1
0<uy<1 , -THSHE=Z /4
0SSFF<1 , O0=SRZ=1

3.3. Comparison of Tire models in Estimating Model
Parameters by Box’s Complex Algorithm

Data from an artificial traffic accident was
introduced to compare the effect of tire models in
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estimating the model parameters by Box’s method for
reconstructing traffic accidents. We assumed that an
accident, as shown in Fig. 3, occurred on a street. We
specified the model parameters in advance. Giving the
initial positions, we calculated the trajectory of each
vehicle using Sakai’s tire model, modified Sakai’s tire
model and Gim’s tire model. The locations of the vehicles
were calculated every 0.01 seconds consecutively. Fig. 3
shows the position of the striking and the struck cars based
on the artificial model parameters. The initial, impact and
rest positions are demoted by points 1, 2 and 3,
respectively.

B8 Striking car

Struck car

Fig. 3 Front.to rear accident of
two cars based on artificial data.

First, we selected model parameters randomly. Then,
using the tire models combined with impact model, we
calculated the rest position of each vehicle. We compared
the estimated parameters with the assumed ones in the
case of using the three tire models which are shown in Fig.
4. Using Gim’s tire model, the difference between them
was sufficiently small.

Fig. 5 and Fig. 6 show the differences between the
calculated rest positions of vehicles and the assumed ones.
we can see that the differences between calculated rest
positions of vehicles and assumed ones, Using Gim’s tire
model , are less than the others for each vehicle.

Error(%)

PARAMETER

Fig. 4 The differences between assumed and estimated
parameters using Gim’s tire model, modified Sakai’s
tire model and old Sakai’s tire model.

We can conclude that Gim’s tire model can be much
accurate than the two tire models in estimating the model
parameters by Box's complex algorithm for reconstructing
traffic accidents.

Difference in
distance (cm)

R: Resultant

Fig. 5 Distance differences between assumed rest
positions and estimated ones using Gim'’s tire model,
modified Sakai’s tire model and Sakai’s tire model.

Difference in
yaw angle (deg.)

Fig. 6 Yaw angle differences between assumed rest
positions and estimated ones using Gim’s tire model,
modified Sakai’s tire model and Sakai’s tire model.

4. ACTUAL TRAFFIC ACCIDENTS DATA

A side impact accident occurred at an intersection
in Sapporo as shown in Fig. 7. The driving simulation of
the pre-impact phase was performed based on the data
collected from the accident site: The velocity of the
striking vehicle before braking was 30 km/h. It had
presumably decreased to 15 km/h before collision. The
velocity of the struck vehicle was about 30 km/h. The
initial, impact and actual rest positions are points 1, 2
and 3, respectively. Table 1 presents the estimated
parameters.

Table 1 Estimated parameters by Box’s method, using
Gim’s tire model(2th row), modified Sakai’s tire model
(3th row) and Sakai’s tire model(4th row)

€n uy H] S.F] S.R] U Hz S,Fz S.Rz

-0.31-0.9/0.25{-30°|1 0.7 | 0.8 | 0.3 |-35°]| 0.6 | 0.6

-0.2|-0.8]0.45|-25°10.55[0.55]| 0.6 | -32°]| 0.5 | 0.7

-0.55|-0.64|0.48{2.86°|10.56| 0.8 |0.75/-31.5¢|0.25]| 0.8
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Struck car

triking car

I
|
I
Fig. 7 Side impact accident based on observed data,

It is difficult to judge whether the parameters are
reasonable or not. May be the parameyters are much
reasonable when Gim’s tire model and modified Sakai’s
tire model were used. In the case of the old Sakai’s tire
model, we have to examine carefully why the slip ratios of
the 2-nd vehicle are so different between the front and the
rear tires. Also, we have to investigate the validity of the
ranges of constraints for all parameters, in combination
with experimental data. We intend to apply Bex’s method
and driving simulation model including Gim’s tire model
and modified Sakai’s tire model for reconstructing traffic
accidents by combining it with experimental data. This
will help us to confine the ranges of the model parameters
and to improve consequently the precision of estimation.

The differences between the observed and the
estimated rest positions are shown in Fig. 8 and 9. We can
see that the differences in the positions of both vehicles are
very small. Moreover, it should be noted that when the
Gim’s tire model and modified Sakai’s tire model were
used the differences were less than the other.

SRR o

Differenice in distance
(cm.)
e

Fig. 8 Distance differences between observed rest
positions and estimated ones using Gim's tire
model, modified Sakai’s tire model and old Sakai’s
tire model.

Fig. 9 Yaw angle differences between observed rest
positions and estimated ones using Gim’s tire
model, modified Sakai’s tire model and old Sakai’s
tire model.

5. CONCLUSIONS

From this study the following conclusions can be
drawn:
1) The impact model, combined with the driving
simulation model including one of the Sakai’s tire model ,
modified Sakai’s tire model and Gim’s tire model, was
applicable for reconstructing traffic accidents.
2) The driving simulation model including Gim’s tire
model was much effective in estimating model parameters
by Box’s complex algorithm for reconstructing traffic
accidents.
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