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Abstract. We design and experimentally evaluate a hybrid safe-by-construction 
collision avoidance controller for autonomous vehicles. The controller combines 
into a single architecture the respective advantages of an adaptive controller and a 
discrete safe controller. The adaptive controller relies on model predictive contrai 
to achieve optimal efficiency in nominal conditions. The safe controller avoids 
collision by applying two different policies, for nominal and out-of-nominal con­
ditions, respecti.vely. We present design principles for both the adaptive and the 
safe controller and show bow each one can contribute in the hybrid architecture 
to improve performance, road occupancy and passenger comfort while preserv­
ing safety. The experimental results con:firm. the feasibility of the approach and 
the practical relevance of hybrid controllers for safe and efficient driving. 

Keywords: Collision avoidance, Model-based design, Model predictive control, 
Autonomous vehicles. 

1 Introduction 

It is widely believed that the deployment of autonomous vehicles can improve not only 
the traffic efficiency, but also its safety. Collision avoidance, as a fundamental safety 
requirement for autonomous vehicle control, plays a crucial role in guaranteeing traffic 
safety and reducing the number of vebicle crashes, given the fact that more than 50 
percent of the total amount of vehicle crashes are rear-end collisions 4 • 

A variety of approaches and frameworks bas been investigated for collision avoid­
ance control. The underlying assumptions vary largely with the level of modeling of 
the vehicle dynamics and the nature of the controller stimuli. Control-based techniques 
typically focus on collision avoidance for adaptive croise control [16, 12] taldng into ac­
count the impact of perception uncertainty and accuracy of vebicle models [9, 8]. They 
allow achieving optimality for specific taslcs or scenarios without providing strict safety 
guarantees. Mode! Predictive Control (MPC) [12, 13], as a prominent optimal control 
approach bas been widely used for vehicle control because it allows handling multiple 
constraints in a receding horizon. Nonetheless, MPC relies on the use of optimiza­
tion algorithms and by its nature cannot guarantee safety, namely collision avoidance. 
Furthermore, depending on the optimization algorithms and the dynamic mode! of the 

4 http://www.ntsb.gov/safety/safetystudies/Documents/SIR.1501.pdf 



vehicles, it may also result in high computational complexity because ofheavy iterative 
calculations. 

A different lino of works focus on safety using formai methods. These apply a 
variety of techniques including reachability aoalysis [10, 17], Responsibility-Sensitive 
Safety (RSS) mode! [20], logic-based controller synthesis [15, 18], as well as the design 
of safety supervision mechanism.s for specific scenarios [6, 7]. The basic principle of 
safe collision avoidance control, as formalized and im.plemented in our previous work 
[21], is to keep a safe distaoce with the preceding vehicles such that in any case the ego 
vehicle bas enough space to brake and avoid collisions. Although these results can guar­
antee correctness by construction, they lead to solutions that privilege strict safety at the 
expense of efficiency. Designing a collision avoidance controller for autonomous vehi­
cles that meets both effi.ciency and safety requirements remains a non-trivial problem. 
The two types of requirements are antagonistic as efficiency implies conflicting prop­
erties such as performance, i.e., maximization of the average speed, road occupancy, 
i.e., keeping the inter-vehicle distance as small as possible and comfort, i.e., no sud.den 
speed changes. 

In search of solutions seek:ing compromises between efficiency and safety, a few 
works adopt a hybrid approach combining continuous and discrete control dynaotics. 
The continuous controller is supervised by an automaton that takes over to handle 
critical situations. Hybrid approaches rely on a principle of "division of roles" often 
applied in systems engineering that distinguishes between nominal operating condi­
tions and out-of-nominal ones [14]. The continuous controller bas parameters tuned to 
achieve given goals for nominal operation while the discrete controller deals with out­
of-norninal situations. For example, [!, 11] propose a switch-control approach, where a 
MPC Controller is safeguarded by an emergency maneuver activated to avoid collision 
when the ego vehicle is in a critical situation. Nonetheless, the emergency maneuver 
only takes care of safety without investigating possible trade-offs between safety and 
efficiency of the switcb-control policy. 

We design and experimentally evaluate a safe-by-construction Hybrid Controller 
that provos to be efficient for the three mentioned ctitetia. The architecture of the Hybrid 
Controller is shown in Fig.1. It results from the integration into a single architecture of 
a nominal MFC Controller and the discrete Safe Controller presented in [21]. The two 
controllers running in parallel receive the speed Ve and Va of the ego vehicle and the 
vehicle ahead respectively, as well as their distance d, and compute the target speeds 
Vmpc and Vsafe respectively. The control policies for com.puting Vmpc and Vsafe adopt 
nominal conditions. In particular, Vsafe is a safe speed un.der the assumption that the 
speed of the vehicle ahead is a continuous function and the deceleration does not exceed 
some li.mit corresponding to normal driving conditions. In addition to Vsafe• the Safe 
Controller provides a speed Vmaa: that is the maximal safe speed for out-of-nominal 
conditions when the vehicle ahead suddenly stops, e.g. in case of accident This speed 
is computed as a function of the relative distance between the ego vehicle and the car 
ahead with the maximum deceleration rate of the ego vehicle. The Hybrid Controller 
uses a Switch selecting between the three speeds Vmpc. Vsafe and Vmaa: to optimize 
e:fficiency criteria while preventing the speed of the ego vehicle to exceed Vmaa:· We 



show that the combim:d use of tJmpc:t tJ•oJe and t1mu cnsun:s bodt efliciency and safcty 
in nominal conditions and m.mcover safety is preserved in out-of-nominal situation&. 

d. v • . v. 
Safe Controller 

Switch 

MPC controllcr 

Jllg.1. The ardlüectme of the Hybàd Cootroller 

Our solution is inspùed by the Simplex architecture principl.e [19], for runtime as­
surance of safety-critical systems. The architecture uses a DecisionModule that switches 
control from a .bigh-pe:rformance but unve:rified (hence potentially unsafc) Advanccd 
Controllcr to a ve:rified-safc Baseline Controller if some safety violation is ;mminent 
Nonedleless, in 011t solution the Sare Controllcr comributea not only to out-of-nominal 
situations but also to some nominal situations where it piovcs to be more efficient tban 
the MPC Controller. Bence, not only the Hybrid Controllcr is saCc but also eflicicncy 
gains from the synergistic collaboration arc substantial. Of course, the altemation of 
rotes between the MPC and the Safc Controllcr should be implementcd so as to avoid 
sudden changes of the lânematic state of the vehicle. ln particular, care should be talœn 
to avoid jerk (i.e., abntpt changes of accc1emtion) that migbt cause passenger discom­
fort. 

Additioaally, the paper proposes a pragmalic mdhodology for the comparative eval­
uation of the dllCe controllers for two types of sœnarios: 1) nominal scenarios wbcre 
the speed of the vebiclc ahead is a lœ.own oontinuous fum:tion; and 2) out-of-nominal 
scenarios where the vebicle ahead abmptly braJœs. 

For nominal sœnarios, the dJiee oontrollen an: evaluated against tlmle efficiency 
critaia. 

- The 1irst ai.terion is performaDce dlat measures how IllllCh close the speed of the 
ego vebicle can get to the speed of the vehicle ahead. For a period of lime it can be 
deiined as the ratio of the averaae speed of the ego vehicle with respect to the av­
erage speed of the vehicle ahead. This ratio is less than one if the distance between 
the two vehicles is initially r;ero. 

- The second aiterion is road occupancy dlat measuœs how IllllCh close can get the 
ego vehicle to the vehicle ahead in collision-free scenarios. 

- The thinl critericm measures pusenge:r comfœt that decreases u the standard devi­
aûon of the acceleraûon increases. 

The paper is mganized as follows. Section 2 presents the design principles for the 
MPC Controller and the Safe Controller, as well as a comparative study for the two 



types of scenarios and the three efficiency criteria using the Carla sim.ulator. Section 3 
presents the design and the implementation of the Hybrid Controller and its experimen­
tal evaluation. Section 4 emphasizes the feasibility and the practical relevance of hybrid 
controllers for safe and efficient driving and then outlines directions for future work. 

2 A comparative study of the two control approaches 

2.1 The MPC Controller 

The MPC paradigm combines three key components. The first is a dynamic model of 
the ego vehicle, allowing the MPC Controller to predict the vehicle states in a given 
horizon for changing inputs. The vehicle state is denoted by the vector x ~ [p, v, a]T, 
where p is the vehicle position, v is the speed and a is the acceleration. Si.milarly, the 
state ofvehicle ahead is Xa = [pa,Va,aa]T. The relative distance between the two 
vehicles is then d = Pa - p. We further require that the acceleration is buffered as 
follows: 

u-a 
â~ -- (1) 

T 

where the control stimulus u is the desired acceleration, and T is the ti.me constant of the 
actuator lag that captures the inertial characteristics of the vehicle actuator. The vehicle 
dynamics model is described by the following equation. 

(2) 

where 

Ar~ [~ ~ ~l] , Br~ [?] 
OO-- -

r r 

(3) 

In order to enhance the stability of the system under the constant time sampling 
control method, we discretize the vehicle dynamics model [4]. If Ll.t is the discretization 
pace, the discrete longitudinal dynamics mode! of the ego vehicle at time instant tk is 
given as follows: 

(4) 

where 

(5) 

In addition to the state of the ego vehicle, the MPC Controller also estimates the 
position of the vehicle ahead in order to compute predictions. We assume that in each 



MPC prediction horizon, the vehicle ahead decelerates at a constant rate aa. Thus, the 
position of the vehicle ahead before stopping can be estimated as follows. 

Pa(tk) = p 0 (to) + v0 (to) · (tk - to) + 1/2 · a0 • (tk - to)2 (6) 

The second key component is a cost function, which describes the expected behavior 
of the ego vehicle, in order to minimize the relative distance. Optimization consists 
in finding the best possible inputs that minimize the cost function. The cost function 
for time horizon h is modeled as a standard quadratic function and the optimization 
problem is formulated as follows: 

h 

argmin(u•(·), ~)x~QXopt + ru2
)) (7) 

k=l 

where Q is the weighting matrix for the state vector and r is the weight for the control 
stimulus. The new state variable Xopt is used to get the relative distance as close as 
possible to the constant de and the speed of the ego vehicle to va. It is defined by 

(8) 

The weighting matrix is a diagonal matrix Q = diag[qp, q11 , qa]T , where qp, q11 and 
Qa are weighting parameters for vehicle position, speed and acceleration respectively. 
By adjusting the values of these weighting parameters, we can configure preference of 
the MPC control tendency. For instance, by enlarging the value of Qp we force MPC to 
drive the ego vehicle closer to the vehicle ahead, so that to reduce the relative distance. 

Additionally while performing the optimization, the MPC Controller enforces the 
following constraints on the minimum or maximum values of speed and acceleration of 
the vehicle: 

(9) 

where Umin. Umax (and Vmin. Vmax) are user-specified parameters for control stimulus 
and speed, respectively. 

The third component of the MPC Controller is the optimization algorithm for solv­
ing Ibis linear quadratic programming problem. For Ibis porpose, we use the open 
source Python library, cvxopt [2]. 
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1'1&-.Z. Arohitectlœ of the MPC comroller 

Fig.2 shows the architectuœ of the MPC Controller. The controller executes an it­
erative process optimizing the predic:tions of vehicle stalel while manipuladng inputs 
for a given horU.on. The predicti.ons are bued on the specified kinematic model of the 
vehicle. For each control cycle at time ti., the controller talœs as input the cuirent states 
of the ego vehicle and of the vehicle ahead, and computes the future states of the ego 
vehicle to predict the optimal control stimuli u• mjnjmjzjng the cost function in the 
interval. [ti., tA:+t.1. where h i.s the prediction horizon. The MPC Controller chooses the 
first element in the sequence as the control stimulus for the ego vehicle. and repealS the 
cycle at time tA:+I · A lœy advantage of MPC policy is fiexibility in acbieving complex 
objectives and implementing multiple coustrailds when performing optimizations. 

2.2 The Sale Controller 

ID a recent wotk [21), we propose a correct-by-design safe and efficient controller for 
autonomous vehicles. The controller mjnjmi:œs the distance between the ego vehicle 
and the vehicle ahead while preaerviDg aafety for both n.ominal. and out-of-nominal 
conditions. 

For nominal conditions, the Safe Controller is based on the relative speed 118 - Va 

between the ego vehicle and the vehicle ahead. lt computes the target speed VHfe for 
moderate nominal accelerati.on and decele.ration rates to enbance passenger comfort. 
For out-of-nominal conditions, the Safe Controlla computes a target speed Vmu takiDg 
into acoount only the speed of the ego vehicle and the needed braking distance. The 
braking distance is computed for a maximal deceleration rate that is much larger tban 
the nominal deceleration to cope with dangerous situations, e.g .. sudden stops of the 
vebicleabead caused by aœidents. The controller alwayslœeps the speed t1.aJe ~ ,,,,_ 

to malœ sure that in ail cin:mmtances safety is preserved. 
We briefiy review the general design principle that we specializc for nominal and 

out-of-nominal conditiODS. The safe control policy relies on the following three funo... 
tions. 

- The function d{t) gives the relative distance at time t between the ego vebicle and 
the vehicle ahead, wbich is either stopped or moving in the same direclion. 



- The braking function B( v, v') gives the distance travelled by the ego vehicle, when 
braking from initial speed v to target speed v'. When the targe! speed is v' = 0 (i.e, 
the ego vebicle brakes Io a stop), this function is abbreviated as B(v) for simplicity. 

- The acceleratiog function A(v,v') gives the distance travelled by the ego vehicle, 
when accelerating from initial speed v to targe! speed v'. 

We maire no specific assumptions about the implementation of the accelerating and 
braking functions, e.g., whether acceleration is constant or variable. We simply require 
that the following properties hold: 

- B(v,v') = OandA(v,v') = Oifandonlyifv = v'. 
- Additivity property: B(v,v1) + B(vi, 112) = B(v, v,) and A(v, v1) + A(vi, 112) = 

A(v, v,). 
- Strictmonotonicity: B(v,v1) < B(v,112) andA(v,v1) < A(v,v,) ifv1 < v,. 

The basic idea for avoiding collision is to moderate the speed of the vehicle and 
anticipate the changes of the relative distance so as to have enough space and time to 
adjust and brake. For any time t, the vebicle only needs Io keep track of the distance d( t) 
and check in real-time whether d(t) is greater than the minimal safe braking distance 
B( v,) for the current speed v,. It starts braking as soon as d( t) reaches the minimal safe 
braking distance. In this way, it is guaranteed that if the obstacles ahead do not move in 
the opposite direction, no collision would happen. 

We consider that the vehicle speed can change between a finite set of increasing 
levels vo,v1, ... ,vn. where n is a constant, vo = 0 and Vn is the limit speed of the ve­
hicle. The triggering of acceleration and braking from one level to another is controlled 
according to the free distance ahead and based on the bounds computed as follows, for 
each speed level Vi 1 i E [1, n], 

- B, = B(v;) is the minimal safe braking distance needed for the vehicle Io fully 
stop from speed v;; 

- D, = A(v,_,, v;) + B(vi) is the minimal safe distance needed for the vebicle to 
accelerate from speed Vi-1 to Vi and then brake from v, to stop. 

We show in [21] that the following function specifies the bighest safe speed level 
v as a function of the current speed Vt of the vehicle and the distance d, provided that 
their initial values vo and do satisfy the condition B(vo) ~ do. 

v = Ccmtrol(d, v,) 

{

Vi+l when Vt = Vi /\ d = Di+l 

v = Vi-1 when Vt = Vi /\ d = Bi 

vi when Vt = vi /\ Dt+1 > d > Bt 

Fig.3 illustrates the principle for n = 4 speed levels. As the value of d increases, the 
speed of the vebicle climbs up levels. Safety is preserved by construction. The vehicle 
can accelerate to a higher level, if it can safely and efficiently use the available distance 
by combining acceleratioo and decelaratioo; in particular braking Io a lower level if the 
distance reaches the bound for safe braking. 
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Fig.4. Automaton modelling the collision avoidance principle 

Fig.4 provides a scheme for the computation of Control(d, vt) in the form of 
an extended automaton. The control staœs correspond to speed levels Va, ••• , v,.. The 
transitions model instantaneous accekration and braking steps triggered by conditions 
involving the distance d and the pre-computed bounds B; and Do- If the control lo­
cation is v, and the distance is equal to the minimal safe acceleration distance (i.e., 
d = D1+1), then the automaton movcs to location t11+1 after the speed is Încml!ied 

to v'+l· If the distance rcaclJcs the: minimal safe braking distance (i.e., d = B,), thcn 
the automaton moves t.o location V•-1 after the speed is decreased to v,;-1. Given tha1 
B,; = B.-1 + B( V;;, Vo-1 ), after braking t.o V;-1 there is Still enough space for safe 
braking. If none of the triggering conditiODS holds, then the distance d is such that 
B, < d < Di+l · The automaton stays at location v; and the speed remains unchanged. 

Details about the implemcntation of this contml principlc can be found in [21]. In 
our context. the speed Vaafe is compullld for nominal conditions oonsidering lhat t1t = 
tle - Va and that the braking and acce1eration functions are defined for moderate rama. 
Hence. Vaa/e = Control( d, Ve - Va). 

For out-of-nominal conditions, the maxi.mal speed v.,._ of the ego vehicle is vm..., "' 
Max{ v 1 B...,.,. ( ve) ~ d } , where Bm= is the decelerafum function for some maximal 
dccelcraticm rate. Tu makc SUIC tha1 collision is avoidcd in any case, the contmller 
compares the speeds tlaafe and V......, and When Vma" ÎS reached, a command ÎS issued 
for emcrgency braking. 

Compared with the MPC Contmller, the Safe Conttoller can guarantee safety and 
effi.ciency since at any time it chooses the speed mjnjmjzing the relative distance de­
pen.ding on simple criteria. On the contrary, the MPC Contmller applies more involved 



computation trying to estimate the futme states of bath vehicles according to the kine­
matic model of the vehicle, which often requires some intelligent algorithms (e.g., ge­
netic computation). Thus, it may require computationally expensive optimization tech­
niques. On the contrary, the Safe Controller is computationally cheap and can be easily 
implemented in real time without additional costs. 

2.3 Evaluation of the two control approaches 

2-3.1 Experimental setting and evaluation criteria 

We implement the MPC Controller and the Safe Controller in the Carla (version 0.9.8) 
simulator [5]. 

For the Safe Controller, the acceleration/deceleration in the nominal settin.g is taken 
3 m/ 8 2 and the deceleration rate 12 m/ 8 2 in the out-of-nominal setting. The speed 
levels are from the set {O, 4, 8, 12, 16, 20, 24, 28, 32}(m/s). The control policy for the 
computation of Vsafe is based on the relative speed Ve - Va· 

For the MPC Controller, the prediction horizon is set to 10 steps. The constant de 
in Equation 8 is 20 m. The weighting matrix Q is set to diag[50,400, l]T. Tune lag T 

is 0.3, and control stimulus weight r is set to 1. 
To evaluate the efficiency of the two controllers, we carry out a set of comprehensive 

experiments performed on a Windows 10 PC with AMD R5 3500 and NVIDIA GTX 
1660 SUPER. We consider bath nominal and out-of-nominal scenarios. 

1. In a nominal scenario, the speed of the vehicle ahead is described by the function 
va(t) = Asin(~t)+va,o. whereva,o is takenequal to 12 m/s. In theexperiments, 
we consider three different values of A, i.e., {6, 9, 12} m/s, and three different 
values of T, i.e., {10, 20, 30} s. 

2. In an out-of-nominal scenario, the vehicle ahead brakes suddenly and stops. We 
assume that the ego vehicle does not know when the sudden brak:ing may occur. 

In ail scenarios the ego vehicle and the vehicle ahead move in the same lane in the 
same direction. The initial speed of the ego vehicle is set to 0 m/s. The initial relative 
distance between the two vehicles is set to 10 m. 

We check whether the MPC Controller violates safety for nominal and out-of­
nominal scenarios. For nominal scenarios, we evaluate the e:fficiency of the two con­
trollers with respect to the following three criteria defined for simulation time tsim· 

1. Performance is measured as the ratio of average speed of the ego vehicle with 
respect to that of the vehicle ahead, i.e., 

M ~ J;·•- v.(t)dt 
• J;·•- v0 (t)dt 

where Ve is the speed of the ego vehicle and Va is the speed of the vehicle ahead. 
2. Road occupancy is defined as the ratio of the space occupied by the vehicles over 

the total available space. For our case with two vehicles, we consider l/d as a 



measure of the occupancy, where d is their relative distance. For a simulation in 
time interval [01 tsim]. it is given by the formula: 

1 1t,;m 
M 0 = - 1/d{t)dt 

tsim o 

The higher the value M 0 , the higher the occupancy. Note that the measure uses 
d, the distance between the Iwo vehicles without taking into account any safety 
margin. 

3. Comfort means that the variations of acceleration are close toits average value. We 
consider that it is measured as the reciprocal of the acceleration variance, i.e., 

1 1t,;m 
Mo= (- (a(t) - a)'dt)-1 

tsim o 

where ais the acceleration of the ego vehicle, and a= t.,~ ... J~•'m a(t)dt. Note that 
the higher the value M 0 , the higher the comfort level. 

2.3.2 Evaluation of the two controllers 

Nominal scenarios Fig. 5 shows the speed of the ego vehicle for the two controllers 
and the maximal safe speed Vma!C for the nominal scenarios. Note that the MPC Con­
troller closely follows the speed of the vehicle ahead, in particular when the period of 
the speed function increases, e.g., T = 30 s. However, the speed of the MPC Controller 
cannot avoid unsafe situations as shown in Fig.5 when the orange li.ne ( Vmpc) crosses the 
red li.ne ( Vmaa:). On the contrary, the Safe Controller is less sensitive to speed changes of 
the vehicle ahead and allows smaller speed variation due to safety constraints. Despit.e 
these constraints, the performance measured as the average speed bas not been sacri­
ficed. The upmost part of Table.! provides performance metrics showing that in most 
cases, the Safe Controller produces higher average speeds than the MPC Controller and 
thus maintains slightly higher ratios. Nonetheless, the differences increase when the 
amplitude of the speed fonction beconies huger, e.g., A = 12. 

Fig. 6 provides the relative distance for the two controllers. It shows that the am­
plitude variation for the MPC Controller is much sm.aller, especially when the period 
and the amplitude of the speed fonction are larger. This is because the MPC Controller 
favors speed tracking. On the contrary, the Safe Controller maintains a smaller relative 
distance on average than the MPC Controller, since its control policy focuses on dis­
tance minimization. This observation is confinned by the higher occupancy metrics for 
the Safe Controller provided in Table.!. 

The comfort metrics provided by Table. 1 show that comfort for the Safe Controller 
is much higher than for the MPC Controller when the petiod and the amplitude of the 
speed function are small. The reason is that the Safe Controller is less sensitive to the 
speed changes of the vehicle ahead and avoids alt.ernating changes of acceleration and 
deceleration. Nonetheless, for larger periods, e.g. T = 30, the Safe Controller is less 
comfortable. 
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Out-of-nominal scenarios Fig. 7 and Fig. 8 show the speed and the relative distance for 
the emergency scenarios, respectively. Note that both controllers react to a sudden brake 
of the vehicle ahead. The Safe Controller always maintains a safe distance between the 
two vehicles, thus avoiding collision. On the contrary, the MPC Controller is unsafe 
in two out of nine cases, in particular, when the period of the speed function becomes 
large. For instance, in Fig. 8 we can see that a collision occurs after 40 seconds when 
T= 30 s and A= 12 mis (the blue dashed 1ine marks the beginning of the braking). 

Fig. 7. Spced for the Safe Controller (in green) and the MPC Controller (in orange) in out-of­
nominal scenarios when the vehicle ahead suddenly bralœs. 
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Fig.8. Relative distance for the Safe Controller (in green) and the MPC Controller (in orange) 
when the vehicle ahead suddenly bralœs at the moment indicated by the da.shed blue line. 

3 Hybrid collision avoidance control 

3.1 Design and implementation of the Hybrid Controller 

The above comparative evaluation confirms that in most cases the MPC Controller is 
slightly better in tentlli of performance and occupancy, while it fails to be safe for out­
of-nominal scenarios when the vehicle ahead abruptly stops. As expected the Safe Con­
troller preserves safety in all scenarios and assures more comfortable driving. 

We have explained the design principle of the Hybrid Controller in the Introduction 
(Fig. l ). It consists of the Safe Controller and the MPC Controller running in parallel and 
a Switch deciding which one of the control stimuli takes effect. The Switch produces 



the target speed of the ego vehicle taking care that it never exceeds the maximal safe 
speed Vm~ computed as a function of the distance d and the maximal deceleration of 
the ego vehicle. For constant braking rate amaxo wehave Vm~ = (2. awi~. d) 112• 

In the Hybrid Controller under the constraint v S Vma:i:. the Switch selects the 
highest speed between Vmpc and Vsafe so as to achieve the best performance. Hence, 
it continuously applies the following rules to select the target speed v of the Hybrid 
Controller: 
if Vsafe S Vmpc S Vma:i: then V := Vmpc 

else if Vmpc S Vsafe then V := Vsafe 

else if Vma:i: S Vmpc then V := Vma:i: 

Notice that in all cases the rules prevent the target speed v from exceeding Vma:i:· In 
nominal conditions it can happen that Vmpc S Vsafe· This is the case when the distance 
dis large enough and the speed of the vebicle ahead is decreasing. The speed v,0 1 e can 
exceed Vmpc as the Safe Controller focuses on minimizing the relative distance while 
the MPC Controller tracks the speed of the vehicle ahead. 

An important difference from similar works dealing with hybrid controllers [1, 11] 
is that our Safe Controller contributes not only ta safety but also ta a large extent ta per­
formance and comfort and even in some cases to improve occupancy. This observation 
is confirmed by experimental results provided in the next section. Notice that this hybrid 
cnntrol principle can be applied by replacing in our architecture the MPC Controller by 
other adaptive controllers, including controllers based on machine leaming [3]. 

3.2 Evaluation of the Hybrid Controller 

We consider bath nominal and out-of-nominal scenarios as before and adopt the same 
experimental settings. For nominal scenarios, we compare the e:fficicency of the three 
controllers. Furthermore, for out-of-nominal scenarios we consider additional brak:ing 
rates of the vehicle ahead. 

Nominal scenarios Fig.9 depicts the speed of the ego vehicle for the three controllers 
in nominal scenarios. It shows that the Hybrid Controller can also track the speed of the 
vehicle ahead closely, taking the best from the two controllers. Notice that the purple 
line can be above the orange line, for instance during simulation time around 20 seconds 
when T = 30 and A =9. The upmost part of Tuble.2 provides results comparing the 
performance of the three controllers. Note that the Hybrid Controller outperforms the 
two other controllers. 

Fig.IO depicts the relative distance for the three controllers. As expected the dis­
tance maintained by the Hybrid Controller is in general smaller taldng advantage of the 
strength of the Safe Controller for minimizing the relative distance. This is a1so shown 
in the middle part of Table 2, which compares the occupancy for the three controllers. 
The Hybrid Controller achieves higher occupancy than the other two controllers. 

The comfort metrics provided in the bottom part of Table 2, show that when the 
petiod and the amplitude of the speed function are small, the Safe Controller produces 
the most comfortable driving policies. While when they become larger, the Hybrid Con­
troller is better than the Safe Controller and is slightly ou1performed by the MPC Con­
troller. 



Table 3 shows time percentages corresponding to the application by the Hybrid 
Controller of the MPC policy, the nominal !18fe policy and the out-of-nominal safe pol­
icy. We can see that the MPC Controller contributes more than the other two, while the 
contribution of the Safe Controller is non-negligible. The maximal !18fe speed Vma:r is 
applied to a very small peroentage of cases to ensure safety. 

Out-of-nominal scenarios Fig.11 and Fig.12 provide results for the three controllers 
in the out-of-nominal scenarios where the vehicle ahead suddenly brakes with rate 
12 m / 8 2• Note that the MPC Controller becomes unsafe for increasing amplitude and 
period of the speed of the vehicle ahead. There are two out of nine settings where the 
MPC control policy results in collision. In Annex A, additional experiments for braking 
rates 4 m/82 and 8 m/82 are provided. They show that the MPC Controller is !18fe for 
all scenarios with braking rate 4 m/ 8 2 while it is fails to be safe in one out of nine 
scenarios with braking rate 8 m/ 8 2

• 

Fig. 9. Speed for the Hybrid Controller (in purple), the MPC Controller (in orange), the Safe 
Controller (in green) when the speed of the vehicle ahead is a sinusoidal function (in blue). 
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Fig.10. Relative distance for the Hybrid Controller (in purple), the MPC Controller (in orange) 
and the Safe Controller (in green) when the speed of the vehicle ahead is a sinusoïdal function. 
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llg.11. Speed of the ego vd3icle for lbe Hybrid Conttollcr (in pmple), the MPC Contmller (in 
mange) and the Safe Contmlla ('m green) when the vehicle ahead brakca with rate 12 m/ a2
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Fig.12. Relative distance for the Hybrld Controlllll' (in pmple), the MPC Comollm (in orange) 
and lhe Safe Controller (in green) whm lhe wbic:le ahead lnlœa wilh rate 12 m/ ~. 
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'Dlllle 2. Efliciency mecrics far the Hybrid Controller (in purple), the Safe Cœtrolla (m grecz) 
and lhe MPC Contmlla (m cnnge) for nomimd llœll&IÎos. 
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'lllble 3. Percentage of time in use for the Sare Controller, the MPC Cont:roller and the maximal 
llBfe speed v,,,..,. for DDIIliILa1 sœoariDs. 

4 Conclusion and discussion 

We propOBe a mcthod for building a hybrid sa:fe-by-construction and efficient oollision 
avoi.dance controller. The controller integrates a MPC Controller, a discrete Safe Con­
trollcr and a Switch dl8t combines the outputs of the two controlk:rs to generate stimuli 
that are safe and efficient. We show experimentally that the Hybrid Conlrolkr besides 
gu.arant.ee:ing safety, enaures high effi.ciency becanse it "'talœs the best" fro.m each one 
of the intcgraœd controllen. The MPC Controllcr secb policics that rcduce bo1h the 
relative speed and the relative distance while in nominal scenarios the Safe Controller 
seeks minimintion of the relative distance. We show that drls hybrid control policy en­
sures a very good efficiency measured by three crit:eria: perlonnance. road occupancy 
and comfort. 

We adopta pragmaûc and progressive imhodology bascd on the comparative evaJ.. 
uation of the two constituent oonlrollen; for botb. nominal and out-<lf-nominsl 8CellJIJÏos. 
The evaluation provides a good in.sight on the merüs of the respective control principles 
which moti.vates the design of the Hybrid Coutrolkr. The exp"l'imeotal œsults coDfirm 
the fea.stbility and the practica.l relevance of hybrid controllers for safe and efficient 
driving. 

A key and original lesson from onr results i.s that the Sare Control.ler is not simply a 
monitorthat takes over in critica1 situations. lt also significantly contribuœs to efliciency 
a.pplying a control policy that nicely complements the MPC policy. The experimental. 
resnlts show that the interplay between the dynami.cs of discrete and continuous con­
trollers pursuing complementary objectives can be surprisingly rich. Its study may lead 
to mmc elaborated and cnhanced hybrid policies. In futmc wmk we will investigate our 
hybrid control principle by replBcing the MPC Controller with other types of a.dapti.ve 
controllers, e.g., machine-1.eaming-based controllers [3]. 
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Fig.13. Speed of the ego vebicle for the Hybrid Controller (in purple), the MPC Controller (in 
orange) and the Safe Controller (in green) when the vehicle ahead brakes with rate 4 m/ s2
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Fig.14. Relative dilltance for the Hybrid Controller (in purple), the MPC Controller (in orange) 
and the Safe Controller (in green) when the vebicle ahead brakes with rate 4 m/ s2
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Fig.15. Speed of the ego vehicle for the Hybrid Controller (in purple), the MPC Controller (in 
orange) and the Safe Controller (in green) when the vehicle ahead bralœs with rate 8 m/ s2
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Fig.16. Relative distance for the Hybrid Controller (in purple), the MPC Controller (in orange) 
and the Safe Controller (in green) when the vehicle ahead brakes with rate 8 m/ s2
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