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Multi-automated vehicle coordination using decoupled prioritized path
planning for multi-lane one- and bi-directional traffic flow control

Mogens Graf Plessen, Daniele Bernardini, Hasan Esen and Alberto Bemporad

Abstract— Within the context of autonomous driving, this
paper presents a method for the coordination of multiple
automated vehicles using priority schemes for decoupled motion
planning for multi-lane one- and bi-directional traffic flow
control. The focus is on tube-like roads and non-zero velocities
(no complete standstill maneuvers). We assume inter-vehicular
communication (car-2-car) and a centralized or decentralized
coordination service. We distinguish between different driving
modes including adaptive cruise control (ACC) and obstacle
avoidance (OA) for the handling of dynamic driving situations.
We further assume that any controllable vehicle is equipped
with proprioceptive and exteroceptive sensors for environment
perception within a particular range field. In case of failure
of the inter-vehicle communication system, the controllable
vehicles can act as autonomous vehicles. The motivation is
the control of a) one-directional multi-lane roads available for
automated as well as unautomated objects with potentially, but
not necessarily, varying reference speeds, and b) bi-directional
traffic flow control making use of all available lanes, allowing,
in general, object- and direction-wise variable reference speeds.
For the one-directional case, we discuss a suitable deterministic
priority scheme for throughput maximization and quickly
reaching of a platooning state. For the bi-directional scenario,
we derive a binary integer linear program (BILP) for the
assignment of lanes to one of the two road traversal directions
that can be solved optimally via linear programming (LP). The
approach is evaluated on three numerical simulation scenarios.

I. INTRODUCTION

With the advent of autonomous driving, a natural exten-
sion is the coordination of multiple automated vehicles. In-
deed, car-2-car and car-2-infrastructure communication and
subsequent real-time coordination is perceived to be the
main enabling technology for maximized road safety, lane
throughput, and congestion avoidance due to its anticipative
nature and potential for deterministic traffic flow planning
[1]. Fundamental for intelligent transportation systems (ITS)
is inter-vehicle communication (IVC) [2]; for two surveys
on the topic, see [3] and [4]. Car-2-car communication for
coordinated driving bears multiple technological challenges,
not the least to satisfy stringent real-time constraints [5],
[6]. For the remainder of this paper, we assume car-2-
car communication to be available in combination with a
coordination service, see Figure 1.

For the coordination of multi-robot systems, there exist
two main approaches, centralized and decoupled motion
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planning [7]. The time complexity for centralized approaches
is exponential in the dimension of the combined configura-
tion space of all individual robots [8]; thereby making it, in
general, unsuitable for real-time robot motion coordination.
In contrast, decoupled methods trade off optimality and
completeness (they may fail to find a solution even if one
exists) for computational efficiency. In this paper, a prior-
itized and decoupled method is employed. This comprises
a priority sequence for the motion planning of the vehicle:
the path of vehicle 7 is computed taking motion information
of the prioritized previous ¢ — 1 vehicles into account. The
avoidance of one or multiple obstacles results, in general,
in a non-convex combinatorial optimization problem, since
the set of possible safe trajectories around an obstacle is
combinatorial (passing it from left or right). A rigorous,
but currently untractable approach for real-time feasibility in
automotive applications is the formulation of mixed integer
quadratic or linear programs [9]. One approach to tackle the
traffic congestion issue is platooning, i.e., the (longitudinal)
coordination of multiple vehicles with small inter-vehicle
gaps as an application of cooperative adaptive cruise control
(CAAC) [10], [1]. The other main intelligent vehicle (IV)-
based traffic management approach is founded on self-
organization performing maneuvers locally in a cooperative
fashion [11]. In most countries traffic is organized laterally
within speed lanes for more predictable movements of other
vehicles. However, some countries, e.g., India, allow unorga-
nized traffic where vehicles may travel anywhere inside road
boundaries at arbitrary traveling speed, resulting in higher
traffic bandwidth and significantly more overtaking [12]. In
[13], elastic strips are used for the planning of autonomous
vehicles in nonlane based one-directional unorganized traffic
with absent speed limitations.

The method presented in this paper is intended to cover
both organized and unorganized traffic in a natural manner,
differing only by inputting a different reference velocity,
e.g., for passenger cars, trucks, scooters or auto rickshaws,
potentially depending on road speed limits or ground con-
stitution. In addition to one-directional traffic flow control
with the two distinct objectives of first, quickly reaching
a platooning state, and second, throughput maximization
allowing different vehicles to travel at variable reference
velocities, we also discuss a method for traffic organization
for the multi-lane bi-directional case. To the best of the
authors’ knowledge this is the first approach of this type.

We build on earlier work in [14], where we developed
a methodology for the control of one automated vehicle
with capabilities for curved road tracking and adaptive cruise
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Fig. 1. Illustration of car-2-car communication and coordination of au-
tomated vehicles via a service. The service receives state information of a
group of vehicles located within a particular range field or segment of a road,
computes a priority scheme and corresponding reference trajectories for each
vehicle, before broadcasting. The service-computation may be conducted
locally by one of the vehicles, e.g., by a leader as indicated by the red
vehicle in a (wireless) self-organising vehicular ad hoc network (VANET),
or, by an independent entity such as a web-service. For a detailed survey
on inter-vehicle communication (IVC) systems, see [4].

Algorithm 1 Multi-automated vehicle coordination

1: Automated vehicles state estimation:
- proprioceptive and exteroceptive state estimation.
- implemented by sensor fusion of map databases, sensor
measurements and dynamic vehicle models.
2: Communication:
- state estimation information sent to coordination service.
3: Coordination service:
- computation of a priority scheme II.
- usage of a path planning module and driving mode selector
for computation of constraints and reference trajectories for
each of the automated vehicles within the given range field.
4: Broadcasting:
- reference trajectory and constraint assignments to auto-
mated vehicles.
5: Automated vehicles tracking:
- tracking of assigned reference trajectories under consid-
eration of assigned constraints.
- typically, using MPC as the control strategy.

control coupled with obstacle avoidance using a geometric
corridor planner to solve the combinatorial multi-obstacle
avoidance problem and a spatial-based predictive controller
for the tracking of reference trajectories.

The paper is organized as follows. Section II describes
the general system architecture. In Section III, the controller
is briefly presented with which every automated vehicle
is considered to be equipped. Priority schemes and lane
assignments are discussed in Section IV. Simulation results
and conclusions are given in Section V and VI, respectively.

II. COOPERATIVE DRIVING SYSTEM

We assume that within a particular range field, in ad-
dition to uncontrollable static or dynamic obstacles, there
are multiple automated vehicles, each one equipped with
proprioceptive and exteroceptive sensors, a path planning
module, a reference tracking controller and an inter-vehicle
communication system. Then, at every sampling instant 7T,
Algorithm 1 is executed by the cooperative driving system.

III. CONTROL OF AN AUTOMATED VEHICLE

For the realization of cooperative driving, besides inter-
vehicular communication, the control system onboard an
automated vehicle must at least offer capabilities for: a)
adaptive cruise control (ACC), b) path planning for multi-
obstacle avoidance (OA), c) curved road-profile tracking

(RT) and d) controlled braking (Brake). In [14] we pre-
sented such a control method. Note that the objectives of
ACC with its distance keeping capabilities and OA with its
characteristic approaching and overtaking of objects are by
definition conflicting. This motivated to distinguish between
different driving modes including ACC, OA, RT and braking.
Particularly useful turned out to be the formulation of two
linear time-varying model predictive control (LTV-MPC)
problems—one for ACC and one equally suited for OA,
RT and braking—completely spatial-based in a road-aligned
coordinate system. For all of the following we assume:

Assumption 1: Every automated vehicle can act au-
tonomously and is equipped with capabilities for ACC, OA,
RT and controlled braking.

IV. PRIORITIZED DECOUPLED PATH PLANNING
A. Randomized vs. deterministic priority schemes

In [8], a method was presented to optimize priority
schemes for decoupled prioritized path planning of a team
of very slowly moving robots in mostly map-known indoor
office-like environments using a randomized search with hill-
climbing to minimize overall path length. This work was
extended in [15] to a priori discard some priority sequences
leading to infeasibility. Our automotive application with in-
termediate to high velocity range (30-130km/h) and tube-like
roads differs significantly from the aforementioned scenarios.
Slow and approximately constant velocities allow for good
predictability. With increasing dynamic behavior trajectory
predictions become complex and computationally expensive.
In combination with stringent real-time requirements, this
motivated us to focus on the design of deterministic priority
schemes for both one- and bi-directional traffic flow control.

B. One-directional traffic flow

Let a tube-like road be characterized by variable s de-
noting the distance along the road centerline and e, the
lateral position with respect to the road centerline, see
Figure 1. Space-varying road boundaries can be described
by e™(s) = 0.5e¢¥(s) and el'(s) = —0.5¢¥(s), where
e’{j(s) is the road width at position s. A nonlane road is
described by just its road boundaries. Let a subset of all
states of automated vehicles i = ,N°% be denoted
by &(t) = [si(t), eyq(t), vi(t)], where s;(t), ey:(t) and
v;(t) are the center of gravity (CoG)-position along the
road centerline, e, ;(¢) the lateral displacement and v;(t) the
projected vehicle velocity along the road centerline at time
t > 0, respectively. We define &;;(t) = &(¢) — £;(t), and
abbreviate dij (t) = Si(t)—Sj (t), Aew-j (t) = €y (t)—ey,j (t)
and A’Uz'j(t) = ’Uz(t) — Uy (t)

Definition 1: Let a priority scheme denote a sorted list
of N° automated vehicles, II € Z% +, with II, €
{1,...,N°} such that II; # I1;, Vi,j = 1,..., N°. The
list is sorted such that the first element, II;, has the highest
and Il e the lowest priority order. The priority sequence
implies that vehicle II; takes for its corridor and trajectory
planning the reference trajectories of the prioritized vehicles
II; until II;_; into account.
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Objective 1: We define the maximization of throughput by
min fOT ZZV:O? qi(t)(vi(t) — vi(t))?dt, where T denotes a
time horizon, v™{(¢) a reference velocity for vehicle i and
gi(t) a weight.

Objective 2: We define the objective of quickly reaching
a platooning state as

min T (1a)
st |dm, (T) = difty, | < ea, (1b)
|Aey i, (T) — Aeyh | < €ac,, (Ic)
|Avrm, (T)] < e, (1d)
j=i+1,4,5€{l,..., N}, (le)

MezYY T #10,, Vi,j=1,...,N®,  (If)

where drre[f,nv and Ae‘efn_n_ are desired reference distances
e Y, 111

between vehicles I1; and 11, and €4, €ae, and €, are positive
and small. A typical choice may be a constant ™ > 0 such
that dif'y; = d* and Aejfy . = 0. !
Property 1: Let dp,m, () > Ill}iinnj (t), for T € Z&
according to Definition 1 with 1I; #1I;, j =i+ 1, Vi,j =
1,...,N°% and V¢ such that sy, (t) > sp,(t), where
ﬁiinnj (t) denotes the minimal distance that ensures collision-
free braking is always possible when operating all vehicles
autonomously. Then, selecting II according to descending s-
coordinates guarantees collision-free safety when operating
all vehicles coordinatedly.

Proof: The set of operating multiple automated vehicles
by controlling each one of them autonomously is included
in the set of operating multiple automated vehicles coordi-
natedly, which proves the property. O

Algorithm 2 One-directional traffic flow, @every T do:

1: Within a road segment of interest including N°¥ automated
vehicles, select temporary priority scheme II' according to
descending s-coordinates.

2: for each vehicle 7 € TI":

if there exists a deviation of priority of vehicle ¢ from
IT’ and II (from the last sampling time) with another
automated vehicle j:
if |si — 55| > s20Y:

Swap priorities of ¢ and j within II.
end if

end if

: end for

: Tuning 1: select v, Vi =1,..., N

: Tuning 2: select one of the two objectives:

- throughput maximization,
- quickly reaching of a platooning state.

11: for each vehicle II;, i = 1,..., N°:

12: Take the already computed reference trajectories of
vehicles II;,...,II;_1 in the following computa-
tions [14] into account:

- velocity-adjusted object mapping to the corridor,
- driving mode selection,
- corridor planning using the geometric path planner.

13: Obtain reference trajectories, constraints and
weighting matrices for vehicle II; such that
processable by the controller onboard the vehicle.

14: end for

(5]

SVRXIDNRE

—_

A relaxation of Property 1 is to additionally allow for OA-
maneuvers to maintain safety. An implications of Property
1 is that coordination of automated vehicles allows to lower
longitudinal safety distances d‘ﬁiinnj (t). The minimal commu-
nication delay between two vehicles II; and 1I; is at least
T,. Suppose vehicle trajectories for non-braking and braking

operation are known such that

fr, (1), vt < b,
s, () = q fii, (t —t°), vt >,
sm, (t,), vt >t > 10,
fu, (1), vt <t’+ pT,
sm, (1) =  fi, (¢ =" = pTy), Vt>t"+pTy,
s, (tm, ), Vt >t >t + pTy,

for p € Z, 1, and where t* denotes the time when vehicle II;
initializes braking, and 1y, and fnj indicating the times when
reaching standstills by vehicles II; and II;, respectively.
Then, given vehicle states at time ¢ and a communication
delay pTs, we can determine a lower bound on d‘ll}iinnj (t)
from dpy,m, () = sm, (t) — sm, () > ’r“["‘nj (t), Vt. This is
relevant for the realization of any platooning objectives.

The control system for an automated vehicle under As-
sumption 1 is capable of, in general, suboptimally (since a
decoupled method is employed) realizing both Objectives 1
and 2. The distinction is made on the switching-rule level.
For throughput maximization, we constantly encourage OA-
maneuvers, as long as there exists a free neighbor-lane gap
permitting these. For the platooning application, we enforce
the ACC-state. In contrast, to conservative autonomous driv-
ing, we here allow vehicles to temporarily accelerate. Once
the platooning state is reached, we additionally coordinate
vehicles to follow varying e,-trajectories of the leading
vehicle (e,-reference tracking). In both cases, the cooperative
nature allows for small safety margins.

Remark 1: A desired ordering of vehiclesi =1,..., N°Y
within a platoon can be achieved by the selection of reference
velocities v'°f, Vi = 1,..., N°, and the switching between
one of the Objectives 1 and 2 over subsequent sampling
times. This is relevant for formation driving, not only on-
road but also off-road along virtual reference centerlines.

Algorithm 2 summarizes the findings and is executed
as step 3 of Algorithm 1 for one-directional traffic flow
control. Value s5," (e.g., 30m) represents an arbitrary safety
parameter to change priorities only after full completion of
an OA-maneuver. Notice that for the one-directional traffic
flow case, we allow a nonlane road to maximally exploit
varying vehicle dimensions and agility capabilities.

Ultimately, note that for the realization of Objectives 1 and
2, in a wireless VANET there is not necessarily a need for a
coordinating entity. The priority scheme according Algorithm
2 can be assigned in a fully distributed manner. Important is
solely the passing of information within the network. Since
by Assumption 1 every vehicle II;, Vi = 1,..., N°Y, can
also act autonomously, it can check its priority by awareness
of the other N°% — 1 automated vehicles and individually
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compute its corridor path considering the reference trajec-
tories of prioritized vehicles 11y, ...,1I;_;. However, if we
additionally seek to reach a particular ordering of vehicles
according to Remark 1, a coordinating entity becomes neces-
sary for the assignment of reference velocities and switching
between throughput maximization and platooning objectives.

C. Bi-directional traffic flow

We refer to a tube-like road as bi-directional if its traversal
is admissable with heading direction towards positive as well
as negative s. Let the two traversal directions be denoted by
h =1 (facing s > 0) and h = 2 (facing s < 0), respectively.
Let the heading direction of vehicles i = 1,..., N°Y be
denoted by h;(t). We assume that vehicles maintain their
traversal direction, i.e., h;(t) = h;(0) = h;, 0 <t < T,
where 7' denotes the time horizon, and define the velocity
sign as v; > 0 if h = 1 and v; < 0 for h = 2.
Let the set of vehicles within the road segment of interest
be denoted by N = {1,... N°} We further define
N = i€ Nt hy =1} and N2 = {i € N : h; = 2}.
Let priority schemes IT' and II? correspond to i € N°%:! and
i € N°%:2_ Let a bi-directional traffic flow conflict be defined
as a vehicle constellation in which a head-to-head collision
between at least two vehicles i € A1 and j € N©M:2
becomes unavoidable if not conducting an OA-maneuver for
at least one of ¢ and 7. We initialize ¢ = 0 at the time
of detection of a bi-directional traffic flow conflict. Let the
centerline of lanes m € N = {1, ... N} be denoted
by ey (s) € [-0.5¢;(s),0.5¢'(s)]. For uniformwlane—widths
we have e (s) = —0.5e’(s) + (0.5 +m — 1)}”,—5;3 For the
resolution of a bi-directional traffic flow conflict we assume
space-invariant centerline levels and thus write e} (s) = e;.

Remark 2: Let there be N° automated vehicles and
N'ames Janes of uniform width and |v;(t)| > 0, V¢, Vi € N°Y
within a particular road segment. Suppose II' and II? are
determined separately for i € N1 and i € NOM:2,
respectively. Then, collision-free bi-directional traffic flow
can, in general, not be guaranteed by solely concatenating
' and 112 as I = [II', T1%] or IT = [I12, II']. This
can easily be seen from a counterexample. Suppose for
N'anes < Nobi _ 1 there are vehicles i = 1,..., N with
hi =1, si(t) = s(t), eyi(t) =ept, m=1,... N Vi
and uniform v;(t) = v, such that because of the non-zero
velocity operation assumption a vehicle j € N°%2 cannot
collision-free pass unless at least one of the vehicles ¢ =
1,..., N makes space by performing a braking- and/or
OA-maneuver. Then, by Definition 1, setting IT = [IT!, I1?]
guarantess a head-to-head collision.

Remark 2 implies that for the resolution of a bi-directional
traffic flow conflict, a collision-free coordination can, in
general, only be achieved by either threading of vehicles
from both directions, or, by the assignment of lanes to each
heading direction. For a threading-approach in the context
of quadrocopters using a sequential convex programming
approach, see [16].

In contrast, we focus on the second solution ?ggroach

and assume there are N of uniform width, < that

> lanes >

can be traversed by any vehicle i = 1,..., N°%. For the
assignment of each lane to exactly one of two heading
directions, we formulate the following binary integer linear
program (BILP):

2 Nlunes Nlanes
ZI}LIH Cmnumn
™ h=1m=1 n=1
Nlanes
s.t. E ul =1, Ym=1,...,N™ Vh =12 (2b)
n=1

(2a)

’LLZm + uénn = 17 Vm’ n = 17 . 7]\/'lanes7
Vhoe {1,2},h € {1,2}\h, 20)

ul €{0,1}, Ym,n=1,..., N vh e {1,2},
(2d)

where m,n € {1,...,N'™} denote a lane-number. Cost
coefficients ¢ are discussed below. Integer variable u”,, =
1 signals automated vehicles currently driving on lane m in
direction h are assigned to change lane to lane number n.
Correspondingly, u = 0 prohibits the same lane change.
Constraint (2b) indicates that all cars currently on lane
m with heading h will transfer to exactly one other lane
n € {1,..., N} An alternative would be the admittance
of each object individually transfering to any other lane
(threading). By (2b) there is at least one lane assigned to each
traversal direction. Constraints (2b) are further motivated by
the cooperative problem nature; the lane transition can be
conducted in parallel with all vehicles commencing the lane
change simultaneously. Constraints (2c) are to assign every
lane to exactly one of the two traversal directions. Constraints
(2d) ensure optimization variables ", to be binary.
Proposition 1: The solution of the LP-relaxation of BILP
(2), formulated for the assignment of any number of lanes,
N'anes ¢ 7. . to exactly one of two heading directions,
h € {1,2}, is integer feasible, and thus solves (2) as well.
Proof: We can easily summarize (2) as min{c’z :
Ar =1, z; € {0,1}, VI = 1,...,2Nanes ylanesl [ T P-
relaxation reads min{c’z : Az = 1, > 0}. By [17], if Ais
totally unimodular, the LP min{¢"# : A% = b, & € R} has
an integral optimal solution for all integer vectors b for which
it has a finite optimal value. It thus remains to show that A
associated with the LP-relaxation of (2) is totally unimodular.
By [18], a matrix A is totally unimodular if: (i) each entry
is 0, 1 or —1; (ii) each column contains at most two non-
zeros; (iii) the set N or row indices of A can be partitioned
into A7 UN5 such that in each column { with two non-zeros
we have Y _ir @my = D cn, @mol- Condition (i) is
trivially true from (2b) and (2c). Regarding (ii), for every
column | = (7 — 1) N3 47 (b — 1) N'anes Nanes 73 73 ¢

lanes 7, : Nt g _ h
NEes o hoe {1,2}, there is >0 up, = 1 and wun +

mn mn
ul_ = 1, which implies that per column of A there
are exactly two nonzero coefficients, which are here equal
to 1. For (iii), we partition as N; = {1,...,2N'nes}
and N2 — {2Nlanes + 17 . .72Nlanes + Nlaneleanes}' Then

ZmleNl am,1 = 1 by (2b) and ZszNQ amy, = 1 by
(2¢) using the previous argument that per column [ there
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are exactly two nonzero coefficients, both equal to 1. This
concludes the proof. O

By Proposition 1 it is thus possible to solve (2) effi-
ciently as a LP with 2@ N1aes yariables and 2N'aes +
N'anes Nlanes equality constraints, which makes the approach
suitable for real-time implementation. Remaining is the dis-
cussion of ¢/, in (2a), the cost for transitioning from lane
m to n with direction h. Denoting the number of automated
vehicles on lane m facing direction h by N, one option
for the cost cefficients is ¢, = N - |n —m|, Ym,n =
1,...,N'"es vh = 1,2, which assigns a cost 1 per object
requiring a lane change and additionally employs the term
|n—m| to penalize multiple lane-skipping changes. A second
option is motivated as follows. We define s?f’h = {s;+(0) :
i € Nk 5. (0) = max{s;(0)} if » = 1 and s4+(0) =
mins;(0)} if h = 2, ley1(0) — ™| < €} with ¢ > 0 and
small, and the corresponding velocity vf}’h = v+(0). From
setting 572" + Ath o7 = s?’;h + Ath o™" we compute

mn Yi* mn~j
s _gmah .
Aty, = —25—= and set arbitrarily a high Aty = 100
7;* j*

in case there does not exist any vehicle on one or both of
lanes m and n. We do not set At" = oo to still distinguish
between multi-lane skipping. Thus, a second option is

h ].

- In—-m|, 3
Cmn min {Atfnﬁ}In m| ®)
n

withn € {m+1,...,n}ifn>m,andn € {m—1,...,n}

Algorithm 3 Bi-directional traffic flow, @every T do:

1: Order the automated vehicles according traversal direction
into two groups, AN°%'! and N2,

2: For each direction h € {1,2}, conduct steps 1 to 8 of
Algorithm 2 to obtain IT", whereby for h = 1 and h = 2 the
sorting is conducted according to descending and ascending
s-coordinates, respectively.

3: Select ¢, according (3).

4: Solve the LP-relaxation of (2) for the assignment of N2
to exactly one of two traveling directions, h € {1,2}.

5: foreach h =1,2:

6: for m =1,..., N

7: find n* = {n € N .yl =1}

8: for all {i € N°¥" : je, ;(0) — el'| < e}

9: et = en’,

10: end for

11: end for

12: end for

13: Concatenate the updated IT' and II? to II.

14: Conduct steps 9 to 14 of Algorithm 2 using II, whereby
using the updated references on e;jfi, Vi=1,..., N,

15: Store the solution as the current solution.

16: if maxIter > 1: initialize p = 0.

17: for iter =1,... , maxIter:
18: Select cl,,, according (4) and conduct steps 4:14.
19: Check resulting trajectories for feasibility: if they are

feasible, update this solution as the current solution
and exit. Otherwise, increase .

20: end for

21: end if

22: Return the current solution.

if n < m. The interpretation is that we penalize the
inverse approximate time until a crash frontal between the
first car of originally lane m, facing direction A and now
transfering to lane m, with the time-closest vehicle facing
the counterdirection % on any of the lanes n between m and
n. The time is approximate since we assume an immediate
lane change not modeling actual transient times for the lane
change and variations in speed throughout the lane change.
Combining the two options, we define cost coefficients as

= | Niw + n—m|, @

1
min {Ath -}
n

with trade-off parameter ;. Small ;¢ encourage only very
few objects to change their lane but may situation-dependent
invoke dangerous multi-lane skipping. In contrast, a high
1 is more safety-oriented but may require lane changes
by a majority of vehicles. Algorithm 3 summarizes the
findings and is executed as step 3 of Algorithm 1 for
bi-directional traffic flow control. Steps 16 until 21 are
optional to better account for the aforementioned trade-
off. The design parameter maxIter € Z, denotes the
maximum number of pu-iterations. A simple feasibility check
is \/dij(t)z +A€y,ij(t)2 > lmin7 Vi, j € NObj, i #£ j, Vt,
ensuring a minimum safety distance [™" between vehicles.
Step 13 of Algorithm 3 makes the assumption that all lane
changes, as assigned by the solution of (2), will be completed
before the crossing of vehicles along the road centerline
coordinate. This makes the exact merging technique less of
an issue and our preferred method is thus concatenation.

Finally, we point out the suitability of the BILP-
formulation in combination with our controller described in
[14]. By the assignment of reference set points on state e,
corresponding to any of the respective lane centerlines, the
optimized lane assignment from (2) can easily be realized.
This is because of the control design implemented entirely
spatial-based in a road-aligned coordinate system. In general,
for the realization of the lane changes multiple driving mode
activations such as braking, OA and ACC are required.

The solution of the LP-relaxation of (2) can be computed
either locally by one of the vehicles (car with most computa-
tional power acting as service) within the VANET, or by an
independent entity, e.g., a web-based coordination service.

V. NUMERICAL SIMULATIONS

For all three numerical simulations we assumed a chal-
lenging inter-vehicle communication range of only 100m.
All automated vehicles are described by a nonlinear dynamic
bicycle model with throttle, brakepedal position and steering
as control inputs, see [14]. For the control of each automated
vehicle as outlined in Section III, we use the framework
from the aforementioned reference. The coordination of
multiple vehicles then follows Algorithms 1, 2 and 3. Com-
putation times are summarized in Table I. For compari-
son, we also state times for the solution of the corridor
planning and the LTV-MPC problem. All simulations are
conducted on a laptop running Ubuntu 14.04 equipped with
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TABLE 1. Average computation times 7 in milliseconds. For bi-directional
traffic flow, the computation times for solving the LP-relaxation of (2) via
MATLAB’s 1inprog and, alternatively, for solving the BILP (2) directly
by enumeration are denoted by Tiinprog and Tipenum, respectively. For
comparison, we state Torridor fOr the solution of the corridor planning
problem. Regarding the LTV-MPC problem, 7qp puila includes linearization,
discretization and building of the QPs. The average computation times
using MATLAB’s quadprog for the solution of the QPs are denoted
by Tquadprog- The platooning and throughput maximization objectives are
abbreviated by (P) and (TM), respectively. The average velocity-dependent
spatial-based prediction horizon is N. Times Teorridors Tqp.builds Tquadprog and
N are for each experiment further averaged over all five automated vehicles.

| Section V-A (P) | Section V-A (TM) [ Section V-B

|

77—1inprog - - 6.1
ﬁp,enum - - 0.1
Teorridor 0.9 0.6 1.3
Tap,build 17.1 13.7 15.5
%quadprog 789 414 485
N 38 33 36

an Intel Core i7 CPU @2.80GHzx8, 15.6GB of memory,
and using MATLAB 8.6 (R2015b). For visualization of
the dynamics, animated simulations of the experiments are
available at http://dysco.imtlucca.it/mogens/
sim_coordinated_driving.htm.

A. One-directional traffic flow

Figure 2 illustrates the results of a one-directional traffic
flow simulation. We compare two scenarios. First, given the
starting states of all vehicles as indicated in Figure 2(a)
we aim at quickly reaching a platoon adapted in velocity
to the vehicle most advanced along the road centerline,
see Figure 2(b) and 2(c). In the second scenario, we seek
throughput maximization by allowing all vehicles to travel at
their reference velocities and therefore encourage overtaking
in case of available free neighbor-lane gaps.

B. Bi-directional traffic flow

The results of an experiment for a bi-directional traffic
flow conflict are visualized in Figure 3. Without a vehicle co-
ordination, a head-to-head collision will become unavoidable
on both of the two available lanes. Table I indicates that, for
the given two-lane case, solving (2) directly by enumeration
is more efficient than solving its LP-relaxation. Ultimately,
for cooperative driving in case of bi-directional traffic flow,
a mapping between two road-aligned coordinate systems for
both heading directions is required.

VI. CONCLUSION

We presented a fast and simple method based on decou-
pled prioritized path planning for one- and bi-directional
traffic flow control operating multiple automated vehicles
coordinatedly on multi-lane roads. Future effort is:

1) A more elaborate incorporation of a priori knowledge
about the dynamics of nearby automated vehicles for
better evaluation of existence of free neighbor-lane
gaps permitting an obstacle avoidance maneuver.

2) The creation or recovery of desired vehicle formations
after collision avoidance maneuvers.

3) The interaction between coordinated and automated ve-
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hicles with other vehicles where probabilistic trajectory
prediction models need to be identified based on real-
world driving data.
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Fig. 2. (a) Starting positions of five automated vehicles. The numbers close to the vehicle indicate their initial velocity in km/h. The color is an identifier
of each vehicle. (b) Platoon driving, or coordinated adaptive cruise control-CAAC, from the perspective of the red vehicle at the last time step. The light
green area indicates the range field centered around the red vehicle. The blue circles indicate the predicted reference trajectory of the red vehicle. (c)
Trajectories of all five automated vehicles for the reaching of a platoon formation. The crosses indicate the starting and the circles the ending positions
after a simulation time of 30s. (d) Trajectories of all five automated vehicles when the global objective is throughput maximization. The final position
coordinates of all cars are naturally more advanced along the road centerline in comparison to the platoon driving scenario.
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Fig. 3. (a) Starting position of three automated vehicles heading as indicated by the arrow. The numbers close to the vehicle indicate their initial velocity
in km/h. (b) Starting positions of two other automated vehicles heading in the opposite direction, as signaled by the arrow. (c) Trajectories of all of the
five automated vehicles for the solution of the given bi-directional traffic flow conflict. The crosses indicate the starting positions and the circles denote the
ending position after a simulation time of 30s. (d) Display of the time instance shortly after all five vehicles have performed the lane change as assigned
by the coordination service. The blue circles indicate the predicted reference trajectory of the green vehicle.
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