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Abstract— Due to the lack of information, current vehicle
control systems generally assume that the road friction
conditions ahead of a vehicle are unchanged relative to those at
the vehicle's current position. This can result in dangerous
situations if the friction is suddenly decreasing from the current
situation, or overly conservative driving styles if the friction of
the current situation is worse than the roadway ahead. However,
with connectivity either to other vehicles, infrastructure, or
cloud services, future vehicles may have access to upcoming
roadway information; this is particularly valuable for planning
velocity trajectories that consider the friction and geometry in
the road path ahead. This paper introduces a method for
planning longitudinal speed profiles for Connected and
Autonomous Vehicles (CAVs) that have previewed information
about path geometry and friction conditions. The novelty of this
approach is to explicitly include consideration of the friction
ellipse available along the intended path. The paper derives an
analytical solution for certain preview cases that upper-bounds
the allowable vehicle velocity profile while preventing departure
from the friction ellipse. The results further define the
relationship between a lower bound on friction, the path
geometry, and minimum friction preview distance. This
relationship is used to ensure the vehicle has sufficient time to
take action for upcoming hazardous situations. The efficacy of
the algorithm is demonstrated through an application case
where a vehicle navigates a curving road with changing friction
conditions, with results showing that, with sufficient preview, the
vehicle could anticipate allowable and stable path keeping speed.

I. INTRODUCTION

Unforeseen hazardous road conditions such as snow, ice,
rain, etc. can have a significant negative impact on vehicle
safety and mobility. The Federal Highway Administration
reports that approximately 20% of all crashes occur in adverse
road conditions; light rain or snow can reduce average traffic
flow volume by 5% to 10% on the highway [1]. But assuming
worst-case conditions and driving very slowly is not an ideal
solution; to maximize the throughput of the highway, vehicles
should travel as expediently as possible. Further, even if road
conditions are known, another question arises: how far ahead
of a vehicle must data be known in order to make appropriate
speed-keeping decisions now, in anticipation of the conditions
of the road ahead?

Much research has been conducted to address the vehicle
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mobility issue in hazardous conditions. For example,
Advanced Driver Assistance Systems (ADASs) such as EBS,
LKA, and ESC, etc. can assist a driver to follow the desired
path stably in hazardous situations [2]. These assistance
control systems generally operate using information only from
the vehicle’s measurements and can be categorized into lateral
control, longitudinal control, and hybrid control. For example,
after a vehicle encounters poor friction conditions and
experiences instability, a controller can output a proper
steering angle and/or driving/braking torque command to
stabilize the motion. An example of this is the work by Yu, et
al. which designed a feedback-feedforward steering controller
to improve the vehicle stability when employing hard-braking
maneuvers on road with split friction [3]. Similarly, Li, et al.
presented a torque control strategy for the situation of abrupt
changing of road friction [4]. However, most of these
controllers are activated after vehicle states have a significant
deviation from the nominal value, e.g. in feedback response to
situations encountered. With significant and rapid changes in
operating conditions such as a curve ahead with reduced
friction, the vehicle may be at such a speed that even these
advanced control systems are insufficient.

In contrast with these control strategies that react to certain
measured vehicle instabilities, researchers have also
developed preview-based envelope controllers which can be
combined with real-time road friction estimation to keep the
vehicle within a stable region bounded by road-tire friction
limits. Similar to the feedback methods mentioned earlier,
these systems seek to maintain vehicle stability from the
perspective of body-fixed state [5]-[7]. However, abrupt
changes in road conditions can still require significant preview
to anticipate necessary velocity reductions and the necessary
preview can be unclear.

Another method of proactively maintaining vehicle
stability is to utilize longitudinal velocity planning, e.g. to slow
down prior to dangerous situations. This allows a vehicle to
maintain stability when following a path with tight curvature
change [2]. This mitigates the need for the vehicle to react as
aggressively during the onset of instability because, when
operating with lower velocities, vehicles generally have a
larger stable operating region and can reserve tire forces to
follow the desired path [4][5].

However, previously published longitudinal velocity
planning approaches typically consider only the variation of
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path curvature, and little attention has been paid to the road
surface friction condition changing when conducting
longitudinal velocity planning. Research has proved that prior
estimation of friction and peak tire force before a slick region
is reached allows a vehicle chassis control system to work
more reliably and proactively [2]. As a result, if the vehicle can
preview the path friction reduction and slow down
appropriately before entering the slick region, even a simple
proportional lookahead steering controller [10] can operate the
vehicle to follow the desired path well.

One potential solution to preview the road surface friction
condition is motivated by the increasing development of
Connected and Autonomous Vehicles (CAVs) which can
utilize both network intelligence and individual intelligence,
where road friction information [11], [12] from the individual
vehicles and/or roadside sensor units is shared between vehicle
to vehicle, vehicle to infrastructure, and/or vehicle to database
systems. In this way, each vehicle in the network could query
the aggregated friction information from the shared database.
An illustration of this network framework is shown in Fig. 1.
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Figure 1. A strategy of road friction and geometry preview with a shared
roadway database. The shared database can leverage network
intelligence to substantially improve the operation of each individual in
the population.

In this paper, an idea of road friction preview through
database-informed CAVs is introduced, inspired by the work
of various authors on vehicle dynamics at the limits of handing
[6], [13], [14]. Specifically, this work presents an algorithm to
generate a longitudinal vehicle velocity limit profile for a
given desired path that takes into account local speed limits,
road geometry, and current road friction conditions. Closed-
form analytical formulae are established for certain preview
cases, allowing for the introduction of a straightforward and
efficient algorithm for generating the velocity profile.
Furthermore, relationships are established between a lower
bound on the friction along the path, the path geometry, and
minimum friction preview distance that ensure a human driver
or autonomous vehicle has sufficient time to take action for
upcoming hazardous situations.

The remainder of this paper is organized as follows:
Section II discusses the velocity limit profile planning based
on the road-tire friction limits and road geometry. Section III
analyzes the friction preview distance. Section IV
demonstrates the approach with an application case. Finally,
Section V summarizes the main results of the work.

II. VEHICLE LONGITUDINAL VELOCITY PLANNING GIVEN A
REFERENCE PATH

This section presents the generation of a limit speed profile
that vehicles can achieve without exceeding available tire
friction limits constraints. The section begins by deriving the
constraints of driving on the friction circle by controlling the
vehicle longitudinal dynamics, and then introduces an
approach to describe a driving path by station s, curvature «,
and friction coefficient u. Finally, the section concludes with
the details of the velocity planning method.

A. Vehicle Chassis Model and Tire Friction Limits
The vehicle dynamic equations for the three-state single
track model shown in Fig. 2 are:
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where longitudinal velocity U,, lateral velocity U,, and yaw
rate r are the three states. 4 is the path grade, and g is the
gravitational acceleration. The vehicle parameters include the
vehicle mass m, yaw moment of inertia I, front-wheel
steering angle o, and a and b the distances from the vehicle’s
center of gravity to the front and rear axle respectively. Fy;
F., Fy; F,.are the longitudinal and lateral forces acting on the
front and rear tires.

Figure 2. Planar single-track vehicle chassis model

The maximum available longitudinal force F, and lateral
force F, at each tire is constrained by a circular friction
constraint:

F}+F} <(uF,)s i=fr, @

where p is the road-tire friction coefficient, and F.rand F., are
the vertical force at the front and rear axle respectively.
Ignoring the effects of lateral and longitudinal load transfer,
the vertical forces can be expressed as F., =mgcos(0)b/ (a+b)

and F, =mgcos(@)a/(a+b).

Determining the limit speed profile requires the vehicle to
utilize all the available tire friction to generate forces so that
vehicle can operate at the acceleration limits to achieve the
maximum safe speed [15], [16]. It implies that all tire forces
need to remain on the boundary of the friction circle, i.e.
equality holds in (4).



Fig. 3 shows the road-tire force when maneuvering through
a left corner of a path at the tire limits. The boundary of the
friction circle depends on the road-tire friction coefficient.
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Figure 3. The maximum performance of vehicle can be achieved by
driving at the boundary of friction circle. This plot shows the left
cornering case.

As this work is interested in the longitudinal dynamics of a
vehicle traveling stably along a path, the lateral and rotational
state derivatives are assumed to be zero with the quasi-steady
value of the rotational velocity dictated by the road geometry.
The lateral velocity is assumed to be approximately zero,
yielding:

U,=0, 7=0, U,=0, r=xU, 5)
where « is the path curvature.

Substituting (4) with equality condition and (5) into (1), (2),
and (3) yields:

U, = i\/(,ug (:05((9))2 —(K'sz )2 + gsin(6), (6)

a basic version of the key equation governing the longitudinal
speed while operating at the friction limits on a path of known
curvature. However, an adjusting parameter A is added into the
equation (6) to allow for compensation of the uncertainty of
friction preview, the assumptions of the derivation, and the fact
that most drivers may not be comfortable with or able to
operate a vehicle at the friction limits as racing drivers or
autonomous driving systems might [5]. Consequently, the
dynamic equation that depicts the maximum available
longitudinal acceleration is expressed as:

U, = i\ll(ﬂ.,ugcos(é’))2 - (I(Uf )2 + gsin(0) 7

where the plus-minus sign (+) corresponds to acceleration and
deceleration respectively. Positive 6 corresponds to upgrades
and negative is for downgrades. The parameters u and « in (6)
depend on the path station position, which is introduced in the
following section.

B. Path Representation

In contrast to many publications that describe the process
of path planning for minimal time or maximal speed within the
boundaries of a road or track, this paper instead focuses on
following a given path. Specifically, the emphasized use is for
following the lane centerline of a given highway with
occasional vehicle-planned lane changes. Therefore, the
desired path is assumed to be known. A clothoid path
description is widely used for highway road design [17] and
vehicle path planning, for example, the racing line [18], [19]

and minimum curvature optimal path [20],[21]. A clothoid
path can generally be described by a succession of turns —
consisting of spirals and constant radius arcs — and straight
lines. The spiral segments are defined to have linearly
increasing or decreasing curvature along the path:

k=(x/L)s, ®)

where s referred to as “station” in this paper, is the distance
measured along a path; L; is the total length of the spiral and
K. is the curvature at the end of the spiral. In this way, the
curvature of the whole path can be described by a sequence of
linear functions.

Without loss of generality, an example oval path similar to
the Larson Institute Test Track [22] is shown in Fig. 4. The
path is given according to the highway road design rule which
decomposes the corner into three phases: an entry clothoid, a
circular arc, and an exit clothoid [19]. The corresponding
curvature, along with the road grade and a hypothetical friction
profile, are shown in Fig. 5. All of these path parameters can
be described as a function of the path station: «(s), u(s), 6(s).
The path segments where the grade is non-zero were chosen to
be similar to the off-ramp and on-ramp parts of a highway.
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Figure 4. A circular oval smaple path.

103 Line - Spiral - A
.

Curvature
N e

L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Station(m)
€ 1
5L T T T T T T T T T ™
o
&
8
Sost g
p — -
S
8
T o I I I . . L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Station (m)
10 T T T T T T T T T T
9
3 0
o
o -—
L L L

. . L L
800 1000 1200 1400 1600 1800 2000
Station(m)

I L L
200 400 600

Figure 5. The curvature, previewed friction coefficient, and previewed
grade for the sample path. The friction is assumed to change abruptly.

C. Velocity Profile Generation

Velocity planning has a significant impact on driving
safety, especially when vehicles drive on a road with changing
friction and geometry. With the longitudinal dynamic equation



(7) and the desired path description, the speed profile can be
determined. The approach presented in this paper is inspired
by previous work that addressed the profile determination via
three passes [16], nonlinear optimization [2], and segment and
iteration [23], where a velocity profile is planned given the
path curvature.

Express the longitudinal acceleration with respect to the
path station as:

g _dU, _dU, ds _dU,

odt ds dt ds 7 ©)
Substituting (9) into (7) yields:
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A closed-form solution to (10) can be obtained for straight
line and circular arc segments, which generally account for the
majority of real-world roadway designs. For the straight line
segment with constant friction, the solution of (10) is:

U; =2(+Augcos(0) = gsin(0))s+U; . (11)

where U; j is the initial speed condition. As well, for the zero-
grade radius arc path whose curvature and friction coefficient
are constant, (10) can again be solved analytically:
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on the initial speed condition U, 4.

For spiral and arc path with a non-zero grade, (10) is
hereafter solved via ODE solvers in this work, using a
numerical Runge-Kutta (4,5) method as it is more accurate
than Euler’s method often used for similar problems [16].

Based on the solution analysis above, the first step of
generating the speed profile is to divide the given path into
piecewise segments with linear or constant curvature and
constant friction and grade.

The second step is to, along each segment, find the
maximum permissible steady-state vehicle velocity with zero
longitudinal acceleration, which is given by (13):

U, (s) = Aus)g / k(s) - 13)

Notice that the steady-state speed will be very high when the
curvature is small; if the curvature is zero, this yields an
infinite maximum curve speed for a straight line, and thus a
speed limit of 50m/s is imposed (actual road speed limits could
also be used for highways) for this work. A factor A=0.95 is
also chosen to explore the vehicle behavior close to the friction
limits. The result of this step is the “curve limit speed” as
shown in Fig. 6(a).

The next step is a forward speed limit calculation step
which constrains accelerations. This calculation starts from the
first segment with the initial speed at s = 0. Then for each
following segment, the speed planning proceeds using (11),

(12) or a numerical method, where the initial speed is
determined by the exit speed of the previous segment. A key
point of this step is that the speed result at each segment is
compared to the curve limit speed, and the minimum value is
taken. This step indicates how fast a vehicle can accelerate
with path constraints, as shown as the “forward limit” in Fig.

6(a).

Next, the backward speed limit calculation occurs. It starts
from the last path segment and takes the desired vehicle speed
at the end of the path as the initial speed condition. Then the
speed profile for each preceding segment is calculated until the
vehicle reaches the first path segment. The result at each
segment is also compared to the curve limit speed and takes
the minimum. This backward calculation indicates the speed
limits such that the vehicle can sufficiently decelerate, as
shown as the “backward limit” in Fig. 6(a). Finally, the
minimum of the “backward limit” and the “forward limit” is
used as the final speed profile shown as the “combined results”
in Fig. 6(a).
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Figure 6. (a) The intermediate and final results of the speed profile of
the computation algorithm. (b) The acceleration of the speed profile.

The corresponding acceleration profile is shown in Fig. 6(b)
indicating that the total acceleration used by the vehicle:

atntal = ai + a)z’ (14)
is bounded by the friction limit and road grade:
Uy = Hg c08(0) + gsin(6)]. (15)

Additionally, note that in this case the acceleration value is
large especially at the high friction region, but the acceleration
value can be tailored by choosing a proper adjusting factor A.

In summary, the feasible speed trajectories and associated
preview are determined as follows:



1) Given a path with position s and curvature «, the
corresponding friction p and grade 6 are found far
ahead of the vehicle, much farther than the possible
minimum look-ahead distance. These values are
assumed to be stored either on the vehicle or obtained
in advance via V2x communication. In the example
above, 2.1 km is used.

2) Break the path ahead of the vehicle into piecewise
segments according to curvature, friction, and grade.

3) The steady-state curve limit speed is found for each
segment as calculated by (13).

4) Starting at s=0 and stepping in the forward direction,
the possible change in speed is calculated using (11),
(12) or a numerical method so that the friction ellipse
and road grade constraints are not violated.

5) Next, starting at s = spna and stepping in the reverse
direction, the change in speed is calculated from (11),
(12) or a numerical method.

6) The minimum speeds from steps 4 and 5 are used as
the final limit speed profile.

III. MINIMUM FRICTION PREVIEW DISTANCE

Examining Fig. 6, one can see that the speed profile
calculated at each station requires information ahead of the
station, but the distance ahead changes at each station
depending on conditions. For example, to correctly calculate
the velocity limits at station A, the path information at station
B (114m ahead of A) must be known. Similarly, the
determination of speed limit at C even requires the information
at location D (445 m ahead of C). We call this required
information window the minimum preview distance.

Examining Fig. 6 again, the preview information is only
required at the path region where the “backward limit” speed
profile is lower than the curve limit speed profile. It implies
that the preview information is necessary to enable the vehicle
to make anticipation and decelerate sufficiently before
reaching an upcoming hazardous situation. With this
observation, the preview region can be extracted from the
speed profile, and thereby the minimum preview distance at
each station can be calculated easily. Fig.7. presents the results
for the path situations shown in Fig.5. It can be observed that
the preview distance at station C is noticeably large; this is
because station C is a position approaching a high curvature
region with low friction.
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Figure 7. The minimum preview distance for the sample path shown in
Fig.4 with changing friction and grade.

When friction information is collected via a system outside
the vehicle, for example, a shared database, the use of an
appropriate preview distance is important to prevent
unnecessary transmission of large amounts of data. Longer
preview distances involve more data transmission, resulting in
more time delay and data cost, but an overly short preview
distance could lead to a situation where a vehicle might not
have enough space to respond to the dangerous situation ahead.
Therefore, the database or the vehicle should be able to host
algorithms that calculate the minimum preview horizon.

In application, the preview distance needs to be determined
before querying friction data from a database. One means to
proceed is to first assume a constant low friction bound for the
initial query. This bound may be provided by the database,
given the aggregation of data, but can also be estimated on
each vehicle individually. For example, when driving during
adverse weather such as rain and snow, a very low road friction
bound and thereby a long friction preview distance is expected;
but driving during a clear sunny day, the friction bound should
be larger and may require very little, perhaps zero, preview.
This dependency of preview distance on friction bound is
illustrated in Fig. 8, where the vehicle drives at the friction
limits and with the speed limit of 35m/s. Fig.8 also reveals that
the large preview distance occurs at the locations approaching
the turns of a path, for example, the path segment before
s=1400m, whereas the locations far after the turns would not
require any preview, for example, the path segment after
s=1500m. The locations requiring a large preview distance
imply the potentially dangerous parts of a driving path.
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Figure 8. The minimum preview distance versus station and low friction
bound for the sample path shown in Fig. 4.

IV. APPLICATION CASE AND SIMULATION RESULTS

This work presents an application case to demonstrate the
efficacy of the preview speed planning algorithm. In this case,
a vehicle follows the path shown in Fig. 4 with the hypothetical
station-dependent friction conditions given in Fig. 5.

In this simulation case, a driver model is used based on the
assumption that a driver intends to look ahead with a 20m
horizon when tracking the desired path [10]. A 7-DOF rear-
wheel-drive and front steering vehicle model [8] is used for the
chassis dynamics. A conservative value of adjustment factor
A=0.4 is chosen to account for the fact that the rear-wheel-drive
vehicle does not split the driving force evenly between the two
axles and also to model a non-aggressive, cautious driver style.

Fig.9 presents the path tracking performances of lateral
error and speed profile. Fig. 9(b) shows that the vehicle with
the preview algorithm for allowable curve-keeping speed can
anticipate and conduct necessary speed changes, but the other



vehicle without speed preview only starts to change speed
when a friction decreasing situation is encountered.
Consequently, the speed preview algorithm enables the
vehicle to adjust speed proactively and track the desired path
successfully with acceptable lateral error, but the vehicle
without preview fails to track the path and even departs from
the path resulting in a crash, shown in Fig. 9(a). This
demonstrates that the speed planning with the preview of road
friction and geometry could provide significant benefits for
driving performance.
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Figure 9. Path tracking performances for the situation with and without
friction preview: (a) Lateral tracking error (b) Vehicle speed.

V. CONCLUSION

This paper presents a method for planning longitudinal
speed profiles for CAVs that have previewed information for
road geometry and friction conditions. The idea of preview is
to extend individual intelligence with network intelligence.
The longitudinal speed planning is enabled by solutions to the
allowable velocity profile that prevents departure from the
friction ellipse with closed-form analytical results in certain
cases. The results further define the relationship between the
minimum preview distance and longitudinal velocity limits
that ensure the vehicle has sufficient time to take action for
upcoming hazardous situations. The efficacy of the algorithm
is demonstrated through a simulation application where a
vehicle navigates curvy roads with changing friction
conditions. In the future, the algorithm will be improved for
non-homogeneous friction distribution and field experiments
will be conducted. Aside from vehicle mobility, the preview
of friction can benefit fuel consumption optimization.
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