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Abstract

As smart connected vehicles become increasingly common, their ability to provide enhanced services
has improved. One such service is the emergency transport of drivers in medical distress. In this paper,
we show how such a service can be run from the network and discuss the importance of having a human
in the loop in order to expedite driving. We present a Monte-Carlo-based driver assessment system that
the network can use in selecting the most suitable candidate to tow an autonomous vehicle with an
incapacitated driver. We show that this mechanism results in a selection policy that ensures sufficiently
short spacing between the autonomously driven tail/towed vehicle and the human driven lead/towing
vehicle ensuring that no other vehicles get in the way to disrupt the service.
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1. Introduction
In cases of emergency, it may not always be possible to avail assistance in a timely fashion to
people in need. This is especially true in situations where there is no one around the patient
to assist directly or to ask for help. The situation becomes even more alarming if the victim
becomes incapacitated while engaged in an activity that requires consistent concentration and
focus, such as driving.
To cope with the above issue, a recent work proposes to exploit smart cars to continuously
monitor the health of the driver to detect events such as cardiac arrests or strokes [1]. The
authors of [2] focus on driver fatigue, given the implications this could have on road safety.
Vehicle-to-everything (V2X) communications [3, 4], enhanced by Beyond 5G/6G New Radio (NR),
are projected to enable a slew of services requiring low latency and high reliability [5]. The
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latter, coupled with the rise of connected autonomous vehicles [6], makes it possible to create
an emergency towing service that can help an incapacitated driver.
In such cases, it is crucial to have a human in the loop. This is because the vehicle will be
required to operate like an ambulance without strictly adhering to traffic rules. Ordinary autonomous driving and strict respect of traffic rules works for commonplace, everyday passenger
transportation, but may jeopardize the timely delivery of medical assistance to a driver in need.
Recent field studies also report public reluctance to fully trust self driving ambulances [7]. Given
the sensitivity of the operation, the choice of the lead human driver becomes key, since their
driving behavior has a direct impact on the well-being of the incapacitated driver in the towed
vehicle. Thus, the agent that picks the suitable lead vehicle needs to know the driving behaviors.
This knowledge should be built up over time so as to make a robust decision of which available
driver should respond to the towing request.
The closest analog to our proposal is platooning, which involves the coordinated autonomous
driving of connected vehicles at shortest but safest inter-vehicular distances [8]. Platooning is
however largely aimed at exploiting driving on highways or other open road situations and as
such is ill-suited to towing in much more constrained road environments.
In this paper, we specifically look into how to select the most suitable driver based on his
driving behavior collected over time. To build this knowledge-based evaluation system we use
the Monte-Carlo reinforcement learning approach. We make use of the open-source CARLA
platform [9] developed to test self-driving algorithms in realistic scenarios. Concretely, our
main contributions are as follows:
1. we implement a follower navigation agent in CARLA that tracks the motion of a lead
vehicle;
2. we design a driving behavior profiling service leveraging Monte Carlo Reinforcement
Learning;
3. we extend CARLA to carry out driver profiling and selection using ancillary python
scripts running in parallel to the simulator;
4. we evaluate the effectiveness of the selection algorithm in choosing the most suitable
driving profile to tow a target tail vehicle.
To the best of our knowledge, ours is the first approach to leverage autonomous driving and
connected cars to deliver an ad hoc emergency towing service with a human in the loop. The
latter element is crucial with regards to gaining public confidence, given the reticence we have
mentioned regarding fully autonomous ambulances.

2. Wireless towing scenario and service
2.1. Wireless towing definition
We define wireless towing as the autonomous movement of a vehicle in sympathy with the
movement of another vehicle that precedes it, based on directives it receives from the lead
vehicle itself, the network or both. While this is similar to platooning, the difference here is
that the spacing between the lead and tail vehicle is not maintained relatively constant, and in
the same vein the relative speed of the two vehicles is not zero. This fact is of great importance,

because the emergency towing service should be versatile enough to work in crowded urban
environments, with intervening traffic as well as stops due to traffic lights and pedestrians.
We assume that there exists an on-board unit on the tail vehicle that can respond to driving
directives from the network prescribing when and by how much to accelerate or brake. Recent
works such as [10, 11] point to the practicality of this assumption. Furthermore, the ability of an
autonomous vehicle to drive itself solely based on received instructions has been demonstrated
in field trials [12].

2.2. Scenario description
In the scenario we envisage, the vehicle’s sensor signal that the driver is unresponsive as has
been described in, e.g., [1, 2]. Upon such a detection, the vehicle sends out an alert to the
network which reacts by running the emergency service. In the alert, the vehicle specifies its
geographic information, model and engine data. The network then polls available drivers in
the vicinity of the target vehicle. The candidate lead vehicles that respond to the poll start
moving towards the target. The network continuously monitors the motion of these vehicles.
After a short duration (in the order of 30 s) the vehicle evaluates the driving behavior of each
responding vehicle. The network agent then selects a candidate vehicle from the ones available
to carry out the task.
When the chosen lead vehicle reaches the target tail vehicle, it overtakes it and stops slightly
ahead of it after confirmation from the network. The network then alerts the tail vehicle to
activate its tow mode so as to follow the lead vehicle ahead of it. The tail and lead vehicle
maintain constant communication with each other and the network. Both vehicles constantly
communicate their geographic positions and speed among others to the network.
When the vehicles reach their intended destination, the network agent evaluates the driving
experience based on the data it received over the course of towing. The agent calculates
the reward based on the evolution of the spacing between the lead and tail vehicle. The
rationale behind this is that, for an effective service, the space between the vehicles needs to be
maintained small enough not to allow other vehicles to get in between, as this would result
in delays depending on how the preceding vehicle is being driven. Moreover, a conscious tail
vehicle passenger should not get the feeling that the wireless towing service is leading him or
her astray. Both events would negatively affect the effectiveness of the service.
The network agent will then update the corresponding driving behavior profile with the
calculated reward in its reinforcement learning data base. As the service is increasingly used,
more of these experiences will be similarly evaluated and a selection policy progressively
developed. Following the policy, the selection of the most suitable lead vehicle will continuously
improve. In due course, the network agent will consistently select the candidate lead vehicle
with the driving behavior that exhibits the best spacing discipline, hence the best service quality.

3. Design of driving behavior selector
As stated earlier, we leverage Monte-Carlo reinforcement learning [13] to create our driving
behavior evaluation and selection algorithm. In particular, we characterize the environment
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Figure 1: Migrator State and Action Spaces. The driving behavior indicator (𝜒) and vehicle power ratio,
(𝜂), constitute the state space. The action space is represented by the red and green colored cells. The
green cells represent candidate lead vehicles (labelled ↓) which are less powerful than the vehicle to be
towed. The red cells are candidate lead vehicles (labelled ↑) with the same or higher engine power as
the vehicle to be towed.

as having a driving behavior indicator, 𝜒, of the candidate lead driver and a ratio between the
engine power of the lead vehicle and tail vehicle, 𝜂. State and action spaces are shown in Fig. 1.
When the alert is received, a candidate lead vehicle sets up a path to the position of the
target vehicle. The path is constituted by many waypoints at regular intervals, which dictate
the movement of the vehicle to the meeting point. If 𝑥˙ 𝑗 is the sample speed at waypoint 𝑗, 𝜎𝑥2˙
¯˙ the mean speed between waypoints
the empirical variance of the speeds across all waypoints, 𝑥
and 𝑊 is the number of waypoints until the meeting point then, 𝜒 is given as:
1 ∑︁
¯˙ 2 ;
𝜎𝑥2˙ =
(𝑥˙ 𝑗 − 𝑥)
(1)
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The first term of Eq. (2) is the fairness index [14] of speed between waypoints and the second
term is points to the standard deviation in speeds between waypoints normalised according to
the 3𝜎 empirical rule [15]. To obtain 𝜂, we use the ratio between the maximum revolutions per
minute (RPM) that can be reached by candidate lead vehicle and target vehicle to be towed, i.e.:
MaxRPM candidate
;
MaxRPM target
⎧
⎪
⎨𝑅rpm , if 𝑅rpm < 1.0;
𝜂=
1
⎪
, otherwise .
⎩
𝑅rpm

𝑅rpm =

(3)
(4)

In order to keep the state space small, we quantize 𝜒 to 10 levels 0, . . . , 9 using a uniform
quantizer. We similarly quantize 𝜂 to 5 levels 0, . . . , 4. We update the state values using the
following modified update:
𝑉 (𝑆) ←

1
[Δ + (𝑘 − 1)𝑉 (𝑆)] ,
𝑘

(5)

where Δ = 𝑅 + (𝛾 − 1)𝑉 (𝑆), 𝛾 ⩽ 1.0 is a discount parameter, 𝑘 ⩾ 1 is the number of times
the agent was in state 𝑆 , and 𝑅 is the reward at the end of the episode. 𝑅 is calculated as
𝑅=−

1 ∑︁ √︀
(𝑥𝑖 − 𝑥ideal )2 ,
𝑁

(6)

𝑖≤𝑁

where 𝑥𝑖 is the spacing between the lead car and target tail vehicle taken at regular intervals,
𝑁 is the number of intervals until the end of the episode and 𝑥ideal is the desired spacing that
should be maintained between the lead and tail vehicle.1 The formula in Eq. (5) is modified
because it does not consider the simple reward 𝑅 as the update is done at the end of the episode
and the lead driver/vehicle selected in a previous episode have no bearing on the current episode.
At the start of each episode, we use 𝜖-greedy selection to choose the lead car and driving
behavior option. We also employ the weighted fair exploration mechanism presented in our
previous work [16] to improve the trade-off between exploration and exploitation.

4. Performance evaluation
4.1. System setup using the CARLA simulator
The CARLA simulator is a distributed system, where the server spawns the map and ancillary
infrastructure, i.e., roads, traffic lights, and buildings. The client runs python scripts which we
use to introduce the lead and tail vehicle in the simulation. Multiple clients can run on the same
server, and we exploit this feature to spawn other vehicles and pedestrians into the environment
to mirror real-world traffic.
In order to solely test the performance of the selection agent against driving behaviors, we
spawn the same car model for both the lead and tail vehicle. For the lead vehicle, we implement
behavior agents which build on the basic agent provided with the simulator. This allows us
to emulate different driving styles for simulated human drivers. We supply the destination
coordinates to a method of the behavior agent, which leverages the CARLA world object with its
global view of the map in order to generate waypoints to the specified location. The lead vehicle
records its current position and bearing at regular intervals, thereby generating waypoints
which the tail vehicle uses to follow the lead. For each of the four candidate vehicles shown in
Fig. 2, labeled as A, B, C and D, we specify a behavior agent exhibiting a given driving behavior:
Extra-cautious (EC), Cautious (CS), Normal (NL) and Aggressive (AG). The characterisation of
each is given by the parameters in Table 1. We remark that these are base behaviors from which
a driving behavior indicator 𝜒 can be derived.
1

We set 𝑥ideal = 10 m.
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Figure 2: Simulation scenario. After the emergency signal is received, each candidate lead vehicle
(colored cars marked as A, B, C, D) starts driving towards the meeting point MP, from where the target
vehicle will be towed. The other vehicles represent prevailing traffic present on the road, while the dots
represent pedestrians.
Table 1
Driving behaviours of lead vehicle
Max. Speed [km/h]
Deviation from Speed limit [km/h]
Braking level [km/h]
Sudden braking time to collision [s]
Distance to object before avoidance [m]
Emergency braking distance [m]

EC
30
10
15
5
15
10

CS
40
6
12
3
12
6

NL
50
3
10
3
10
5

AG
70
1
8
3
8
4

After a 30 s behavior evaluation period, 𝜒 is determined for each candidate vehicle using Eq. (2)
and one of the cars/driving behavior is selected and proceeds to an agreed Meeting point (MP)
shown in Fig. 2. Given that the seed for each simulation is generated randomly the behaviors
are not completely deterministic, in each simulation round. Therefore, one behavior may map
into a different indicator in a subsequent simulation. This reflects the fact that human drivers
do not drive exactly the same way each time. We prefer to use the indicator 𝜒 to cover this
spectrum of behaviors.
In order to implement the towing behavior, we modify the basic agent provided with the
simulator so that its array of waypoints is not generated by the world object but is instead
supplied by the lead vehicle. The autonomous driving behavior of the tail vehicle is thus greatly
influenced by the behavior of the lead vehicle for the path between the meeting point and the
destination (cf. Fig. 2). Owing to this influence, the question of which vehicle to follow becomes
an important decision.
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Figure 3: Instantaneous speeds of the lead and tail vehicles. The tail vehicle moves in sympathy with
the lead vehicle but always has to catch up to it.
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Figure 4: Lead Car selection learning. The bars represent behavior indicators from 𝜒 = 0.2 to 𝜒 = 0.7.
The color scale indicates the probability that the selection was a random decision not a learned policy.

5. Results
We first look at the towing performance overall. From Fig. 3, we see that the tail vehicle starts to
move after the lead vehicle gets to the meeting point and tries to keep up with it. Given that the
lead vehicle precedes the tail, it bears the inconvenience of waiting for longer at traffic lights,
so that by the time the tail vehicle has caught up it does not have to wait as long, or at all.
In Fig. 4 we plot the probability of a lead car behavior being selected in every set of 50 simulations. In the initial sets, {1..50} and {51..100}, when the selection algorithm is still developing a
policy, 𝜒 = 0.3 and 𝜒 = 0.2 are selected most often. The spacing discipline between the tail
and lead vehicle progressively improves as can be seen by comparing Fig. 5a for 𝜒 = 0.3 and
Fig. 5b for 𝜒 = 0.2.
As the policy is further developed, beyond 100 simulations, the selection leans towards driving
behaviors 𝜒 = 0.6 and 𝜒 = 0.7. The spacing maintained between the lead and tail vehicle also
further improves as can be seen from Fig. 5c. The eventual policy that is settled on, choosing
𝜒 = 0.7 results in the most favourable spacing between the tail and lead vehicle as depicted in
Fig. 5d.

(a) 𝜒 = 0.3

(b) 𝜒 = 0.2

(c) 𝜒 = 0.6

(d) 𝜒 = 0.7

Figure 5: Spacing evolution for popular driving indicators. The main curve is the median value of all
the simulations with particular 𝜒 values grouped in 2 s intervals. The ribbon around it represents the
95% confidence interval.

6. Conclusions
We have presented a novel network service that leverages connected vehicles and their selfdriving capabilities to deliver emergency towing. We have also implemented a selection algorithm for the service that uses Monte-Carlo reinforcement learning to improve the system’s
capability to select the most appropriate driver for the towing service, based on driving behavior
assessment. We have shown that the algorithm converges to selecting the driving behavior that
maintains the best spacing discipline throughout the towing process, thereby ensuring that no
intervening vehicles get in between to disrupt the service.
As part of future work, we intend to investigate more complex scenarios and the cases in
which a lead vehicle can only tow the tail vehicle for part of the way. In this case the network
will need to engage multiple candidate vehicles and will consequently require to plan ahead to
minimize delays by aligning the handover process between lead vehicles.
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