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Head-on Collision Avoidance Path Planning with Model Predictive Control
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ABSTRACT: Due to the high fatalities of head-on accidents, the design of intelligent systems to
prevent such severe collisions is essential. In this study, path planning for head-on collision avoidance
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with a deviated vehicle from the opposite lane has been investigated. The main approach is based on a
model predictive controller with 2 seconds of prediction horizon and a linearized prediction model with
low errors near the operational conditions. A conservative method is used for lateral motion prediction

of the deviated vehicle and based on that, the collision avoidance constraints of the model predictive

planner are simply modeled by a new approach. Moreover, a novel method to choose the proper swerve  Keywords:

direction of .evas.lve maneuverlls proposefd. Thls method is based on keeping the ego Veh1.cle a.way from 1o don collision avoidance
dangerous directions and has different criteria for far and close encounters. The final algorithm is capable Path planni

. .. . . . a annin.

to control the steering of the prediction model with a constrained lateral acceleration and calculates safe P 'g'
and maneuverable paths for the aforementioned scenario. Four simulations are conducted to validate the Model predictive control

algorithm in far and close encountering, and critical conditions of choosing swerve direction. Results ~ Constrained optimization

show the robustness of the path planner, even to sudden deviations at close distances and with high

lateral accelerations.

1- Introduction

Over the last decade, the development of perception
systems, data fusion, and electromechanical actuators in
the automotive industry, has paved the way for emerging of
intelligent collision avoidance systems for critical situations.
One of these situations is facing a deviated vehicle on a two-
way road which can cause a severe head-on collision (Fig.
1). Almost 10 percent of global road fatalities are due to such
accidents

The key aspect of collision avoidance systems focuses
on planning real-time, safe, and maneuverable paths. Among
different approaches of path planning for intelligent vehicles,
compared and classified in [ 1], methods based on optimization
and Model Predictive Control (MPC) can deal with challenges
like constraints, moving obstacles, smoothness of paths, and
uncertainties and have been adopted in many recent studies.

For MPC path planners, different prediction models
have been considered in the literature. Some researchers use
simple point-mass models which cannot properly emulate
the vehicle’s motion, especially at high speeds and severe
maneuvers [2]. In the second group, linearized kinematic
[3, 4] or dynamic [5,6] models of vehicles are used with
satisfactory results and high computational efficiencies. The
final group of studies uses nonlinear kinematic or dynamic
vehicle models which are more precise, but impose a high
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Fig. 1. Facing a deviated vehicle from the opposite lane
and some of its possible and uncertain maneuvers.

computational burden and may need the reduction of
prediction horizon or increase of sampling time [7, §8].

The main challenge of using MPC as a path planner
in evasive maneuvers is to define collision avoidance
constraints and three common approaches exist. The first
approach which is more common consists of using linear
constraints to decompose a non-convex region into convex
sub-regions around the obstacles and solve the optimization
problem in those sub-regions [2, 4, 6]. The second approach
uses potential fields with the challenge of choosing suitable
functions to precisely define the boundary of obstacles [3, 5].
The third approach uses distance functions to define nonlinear
and non-convex constraints with high computational costs [7, 8].
Despite high fatalities of head-on collisions, the design of
intelligent systems to avoid or mitigate such accidents has
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Fig. 2. Collision avoidance constraints on future lateral
positions of ego vehicle.

Fig. 3. Suitable swerve direction with respect to the
motion line of the threat vehicle.

not yet been investigated and almost all researches in the
field of collision avoidance are focused on avoiding rear-end
collisions, pedestrians, and stationary obstacles on one way
roads. So in the present study, an MPC path planner with a
linear kinematic prediction model is designed, capable of
calculating safe and maneuverable paths to avoid a head-
on accident with a deviated vehicle from the opposite lane.
Dealing with high uncertainty in the future motion of the
threat vehicle is challenging and two novel approaches are
investigated to choose a safe swerve direction and define
linear collision avoidance constraints for this problem.

2- Methodology
2- 1- MPC algorithm

A linear kinematic bicycle model of vehicle [3,4] is
considered and the following discretized state space model is
used as the prediction model of MPC:

1 VT B 10
A = s| p=| L =
d[OI]d S| [OJ (1)
2

The model input is the angle of the front wheel and the
state vector consists of lateral deviation and the heading angle
of the ego vehicle with respect to the center line of the road.
From Eq. (1), the sequence of future outputs and errors of the
system can be simply derived, up to the prediction horizon
and the quadratic cost function:

J =EWE + UWwU, ()
Can be defined. In Eq. (2), by rewriting the error vector

based on future inputs, the constrained optimization problem
can be formulated as follow:

3
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Fig. 4. Sensitivity of direction algorithm and two dis-
tinct paths for two close initial Conditions.
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Fig. 5. Robustness of path planner to a sudden return
with 0.7g lateral acceleration at a very close distance.

With inequality constraints on inputs/states and
constraining lateral acceleration with bounds of inputs.

2- 2- Collision avoidance constraints

At each time step, first, a conservative motion prediction
of the threat vehicle is calculated with a time horizon of 0.7
seconds and maximum lateral acceleration of +0.7g. Then, the
sample number of probable collisions (N, ) is estimated, and
the lateral positions of the ego vehicle around the sample N, ,
are constrained to be outside of lateral space, occupied by the
threat vehicle in 0.7 seconds (Fig. 2). If the estimated Time
To Collision (TTC) is less than 0.7 second, the prediction
horizon of threat vehicle reduces to TTC.

2- 3- Swerve direction algorithm

To choose the suitable swerve direction of evasive
maneuver, it is suggested that the future feasible positions of
the ego vehicle, get farther from the motion line of the threat
vehicle. Two sequences of feasible positions, limited by the
lateral acceleration of £0.7g for 1 second, are calculated for
the ego vehicle and compared with each other, considering
the motion line of the threat vehicle. Fig. 3 shows half of the
possible cases for this approach.

3- Results and Discussion

To evaluate the performance of the system, two
simulations are conducted, both simulating a close encounter
with a relative distance of 45 meters at the beginning.

In the first simulation, the sensitivity of the direction
algorithm is assessed. In this scenario, the threat vehicle
enters the ego’s lane with a lateral acceleration of 0.35g, and
the path of the threat vehicle and relative positions, make a
critical case that puts the direction algorithm in a boundary
situation. With a few centimeters of change in the initial
lateral position of the threat vehicle, the direction algorithm
can distinguish the difference and the planner can calculate
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separate paths to left and right for each initial condition (Fig.
4).

In the second simulation, the robustness of the path
planner to severe direction change of threat vehicle at a very
close distance is assessed. In this scenario, threat vehicle
enters the ego’s lane, same way as first simulation. But when
the relative distance is around 22 meters, it suddenly returns
to its lane with 0.7g lateral acceleration (Fig. 5, maneuver B).

4- Conclusions

The present study is focused on using linear MPC as a
path planner for head-on collision avoidance. Dealing with
high uncertainty in threat vehicle’s motion is challenging and
novel approaches are investigated to choose a safe swerve
direction and define linear collision avoidance constraints for
the problem. Simulation results show the robustness of the
algorithm to sudden and highly accelerated (0.7g) deviations
of threat vehicles, at very close distances. Moreover, the
algorithm has a high sensitivity to choose suitable swerve
direction and can calculate distinct safe paths to the left or
right of the obstacle, with small changes in initial conditions.
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Fig. 2. Response comparison of nonlinear and linearized kinematic bicycle model.
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Fig. 3. Occupied spaces of two vehicles with different initial conditions, lateral accelerations and prediction times.
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Fig. 4. Collision avoidance constraints on lateral positions of ego vehicle around the time of probable collision.
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Fig. 5. Suitable swerve direction for far distances, with respect to motion line of threat vehicle.

F i 390 Jols R 5 L blis colatses il 1 M gelais
@il ¥ Slos 38 )0 culy 5 co laailin] Clasie (1:Ske | s
il S L)) C gt [ adly o F galaii 0900 dmlns
55 o il (glagh « ¥ e

Cams 3 2o (9,065 Gl lalily & S 51 (8) slos
5 cyotl MolS e Cans & 9,055 Cilyouil o Wl S R 4 F Ll e,
Conly Cow s R g M bls 0 bl (D) b p3 59 salgd dlato
by Sl E5 4 dag et s s ol )b B F gabais
ol cusly ol Soml s o Caw 4 Lol (9,355 Sl el
D

e Cow g R g M bl oy o2loe (g955 stisl, (€) slos 5
b i Caans o 45 L5 o g3 Yy 3yl )5 F (gl
g1 s B ol 4y ymal s 5 s Walial, b 1y ags b
08 5 bl Gl el (Solo 4 () sles 4 bgye Cumdg o Lol
292 ) D9 g fo aly (52 Cap 4 & Cul oo J> (e
2 bl cwl ol o o pae il 2, Sielwdly Lily 5 s oS
Conly Caous &y 9093 Bloal sl 5 Suele Ll id 2 & (590
dacdls jl e s B S 0 &S sl S5 4 p3Y g dalgd 5 el
ozt )3 JlE M bt col) Cos )3 p2le g9095 skl &S
) s 5 il stin 3 (sdm sl ot gy 130 lois

5355 8555 o oo > 1 S35 Sl 6 o
s 5 3955 Laior alid 3T B owonss (gl 48 sl p3¥ ol

ey

015 Sl 3,805, pogad )3 &S age sl 1Sy cpl oL
Sy b oo G 1 gie Gl w5 el oy ilooo (B

Sas0 1) T elyy ayslss oSl S calsl 3 &Sl il

izl Hole cuslio Caa pagds w2 )osl - ¥

o Cunl S35 5593 (63 )Sae 5B 93 (shb e paeds w55l
Olej &5 (Srge 2 b 1) 358 ol S meal slajlne S
srgles gl g cunl Jld 553 56 sl 4l ) 5l 55550 )95 0 oz
calie Car pasell Db e Jlb S35 5B @il ) Gl jieS )58
ol (59,955 soa] slacudse (s3lo e 4 b g cul 51 S ym
9 3 elol (59098 28 o pdy Sl (slaailial & sl p3Y g 305 5l
Gl Ol 4 Mg dsloma paselie Gloj B3I U g Culy 5 co e
sli add 5 £2 sgl) comubn Jie 4 a2 b o Sloj ghalo o )
Silodde Cusly g G Caow 4y (Son Bl ol ST b (g e 93
gud g0

< ol e QB! Gl p g9 B 5 piyeSIl (IS el
S bl Sl Aol e ol g9)368 soan] (slacusdse
diwly opl Qi glacdl B G o sl awsh pale 95005
g o odalie Culy g o Gy pllSel glial & o
ilodds asuie o pb b o slin] jeile yeul slacps

RyL bl cul Lol 59095 (8 L) wsin 3850 C (sabais

WAGS o asudie 4l Y (Sloj 381U ) g9)068 Sae Blyoul ST (50



(a)

o2l (89395 (63,9151 (Ul (SUaS & a5 L oS35 Juold )3 poile Cumlio Cgr # K

Fig. 6. Suitable swerve direction for close distances, with respect to occupied spaces estimated for threat vehicle.
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Fig. 7. Initial position of ego vehicle and four maneuvers of threat vehicle in simulations.
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Fig. 8. Threat detection from 120m and collision avoidance maneuvers to left and right (first simulation).
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Fig. 9. Boundary situation of swerving in first simulation and next three time steps of left and right maneuvers.

Sloj gt jl Ll bb oo achl 8 S o2)gSl olae e o 1Y
ool g s g 9950 4l ) ) 5ieS 3055 lej (RY 5 LY
g el & IS5 w555l
led o col anaily ogs 4 coe Ome wsNl adS onl
2 Cuenl b gaiSS zBly 13 .S Dbl jeShe ()0 Candg ya 1y Y
@ Gl S QB OlS e il i)l 5 Shes ogas
@ (ol o Szl g9y g caa S Ol & e
2 295 i Shgeiaed (5ol 4y o] Gllad > S s g
A (So8 Jelse aidls cuslie i pasts lajlee & (590

ol oamlie L5 & S5 Y
s M blE o p2lee 99098 slisly & USG5 (VL slod Gl
W 3Sisls ¢ 4y dag b g cusl 0 S5 SIF (g slato g R
Cunly b G Car Sl 4 ot Wl e Lulyd nl Sl (S Uil
gl Cudge 93 silodnnd cul )3 1U 258 Cap (e el bawys
Conl 045 48)5 )5 )3 w2loee 590995 sl s Bl iz sl L
s ylo & o (5,503 9 o iz ygilo 4 oo o3l 51 (S oS
as & JS5 I RY B RY 5 LY b LY ol )5 g0 can,
ablis ) Kgd o odalie sl 5 co Car ol pw (Sloj ghaite

g ol 436) 5l ity o 5358 95 Jlomd 0,985 oloj (RY 5T

vo-



WE+ B AVTY docio VF ) Jlo A oyl OF 093 «pusS prol CSilSlo wnbies &y yii

4

()]

[}

© 2

Q0

g 0e

<

(@]

£

5 -2

2

U) -4 1 1 1 . 1 ]
0 1 2 3 4 5 6 7

time (s)

14

> 10

[}

©

[}

© 08

C

<

()]

£

g -10

[0

T
-18

o
N
N

time (s)

Jol 3 lwaned Cowly g oo (Sy50le )3 9,395 (S S CRA G915 9 £ gl )0 JSS

Fig. 10. Steering and heading angles of ego vehicle in first simulation maneuvers.
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Fig. 11. Robustness of first simulation results, to a sudden deviation with high lateral acceleration at close distance.
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Fig. 12. Steering and heading angles of ego vehicle to avoid threat vehicle maneuvers in second simulation.
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Fig. 13. Threat detection from 40m and collision avoidance maneuvers to left and right (third simulation).
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Fig. 14. Boundary situation of swerving in third simulation and next three time steps of left and right maneuvers.
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Fig. 15. Steering and heading angles of ego vehicle in third simulation maneuvers.
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Fig. 16. Robustness of third simulation results, to a sudden deviation with high lateral acceleration at close distance.
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