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Abstract

Autonomous vehicles are appearing in our streets, and will soon populate our transportation
infrastructures, which must be equipped with appropriate sensors and actuators in order to
manage vehicles in a fruitful way. Besides the infrastructures, appropriate algorithms must
be defined in order to coordinate the vehicles and to enable them to exploit the resources in
a fair yet effective way. In the immediate future, autonomous vehicles must coexist human-
driven vehicles, and this transitory scenario poses several challenges in coordinating both
kinds to exploit street resources. One of these resources, whose management is quite chal-
lenging, is represented by intersections: vehicles come and aim at passing the intersection,
often as soon as possible, but they must compete with other vehicles having the same aim. A
possible approach that has been used in literature to this problem uses auction based mecha-
nisms. In this paper, we place ourselves in the above-mentioned transitory scenario in which
both human-driven and autonomous vehicles will compete to cross intersections, and we
investigate the effectiveness of auction-based mechanism to coordinate vehicles at intersec-
tions. We devise some simple auction policies, and assume vehicle coordination strategies
that are suitable also for human drivers. Our results lead us to believe that, under these
assumptions, simple auction mechanisms do not introduce advantages for what concern
traveling times as they do in the case of exclusively autonomous vehicles.
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1 Introduction

With the rapid growth of the IoT [6] and new opportunities of making almost everything
smart, smart mobility [18] will improve either safety on our streets and our experience of
driving in smart cities: our streets will be soon populated by autonomous vehicles, which
will take autonomous decisions about the route to follow, not only considering the fastest
path between the origin and the destination, but also considering the safest driving con-
ditions, the cost of the route, the needs of the driver, the current traffic, the proximity of
cultural heritage locations and so on [5].

However, smart mobility must be supported [7], not only by an appropriate infrastruc-
ture that connects vehicles and the environment, but also by appropriate algorithms that
manage and coordinate the vehicles’ movements. In particular, intersections represent a
challenge [3]: traditional traffic lights and yield rules have been introduced to coordi-
nate vehicles at intersections keeping in mind characteristics of both human drivers (such
as unpredictable behaviors and reaction times) and intersections themselves (leading to
decisions such as giving yield to the larger and highly trafficked lane).

The scenario changes completely when vehicles are autonomous and have the possi-
bility to communicate among themselves and acquire information about the surrounding
environment. Any number of alternative solutions might be devised with the goal of achiev-
ing a better traffic coordination, by overcoming the rigidity of traditional traffic lights in
assigning resources (i.e., the intersection), and the starvation phenomenon in which vehicles
driving on roads without yield might incur in. Some approaches were proposed to address
collaborative management of intersections [12, 22]. Often, auctions are exploited to dynam-
ically manage resources (e.g., see [11]), because they enable to define the price of a good
on the base of customer interest [2]. Auctions were largely exploited to manage negotia-
tions between autonomous entities modeled as agents [10]. However, solutions designed for
a scenario in which all vehicles are autonomous might not be suitable for the unavoidable
(who knows how long) transition period in which human-driven and autonomous vehicles
will coexist. In particular, we can not assume human drivers to be reliable, willing or able to
follow given instructions. For example, at intersections, we can assume that human drivers
might execute simple instructions as “stop and wait for your turn” or “go, it’s your turn”. On
the contrary, we can not assume that they will execute more detailed sequences of instruc-
tions such as, for example, “slow down to 35 km/h and proceed for 10 meters, slow down
to 27 km/h and proceed for 5 meters, accelerate to 32 km/h and turn 35 degrees on the
right...”. Analogously, we can not ask human drivers to execute very precise instructions
such as, to pass close to other vehicles with a few cm of precision. Finally, it is unthinkable
to make human drivers substitute sensors and cameras to collect data of the surrounding
environment in order to implement coordination policies, such as adjusting speed accord-
ing to proximity with other vehicles. Therefore, in this paper we will propose coordination
policies and auction mechanisms that take into consideration limitations induced by humans
driving vehicles.

The present work is part of a longer-term project in which we aim to devise coordi-
nation policies for coexisting human-driven and autonomous vehicles [8, 9]. In this paper
we present experiments related to the case in which coordination is achieved by means of
auctions, taking into consideration design limitations due to the presence of human-driven
vehicles. At this aim, we devise some simple auction strategies and we analyze latencies
experienced by vehicles at intersections. Our results lead us to the unexpected conclusion
that simple auction strategies are not so effective in our scenario, especially in the most
critical situation of heavy traffic conditions.
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The paper is organized as follows. In Section 2 we present and discuss some related work,
then, in Section 3 we present the approaches we propose to manage vehicles at crossings.
Experimental results are shown and discussed in Section 4. Finally, we conclude the paper
proposing some future work (Section 5).

2 Related work

There are different approaches related to the coordination of autonomous vehicles. We
will first present general approaches in Section 2.1. Then, in Section 2.2 we will focus on
approaches for coordinating vehicles at crossings: there might be different kinds of solu-
tions, from the centralized ones to the most distributed ones, where a global coordination
emerges from the behavior of the single vehicle, without neither a centralized manager nor
interaction among vehicles. In this section, we will focus on approaches based on auctions,
which is the mechanism we exploit in our proposal.

2.1 General coordination of autonomous vehicles

In literature, it is possible to find reports of many research efforts related to the design of
the future smart cities (see [17] for a survey). In such scenarios, autonomous vehicles will
have to interact with their surrounding environment: this will enable the software residing
in each vehicle to take decisions in presence of other vehicles. Such decisions will also be
influenced by a newly designed intelligent infrastructure for smart cities. Even if such topics
are not new in theoretical research, it is just recently that newly released compute acceler-
ators have reached SWaP (Size, Weight and Power) features to allow for experimenting on
medium to large scale fleet of intelligent vehicles in specially equipped city areas [14, 16].

Pinciroli et al. [20] take into consideration the programming of autonomous robots. They
highlight the difference between smart devices and autonomous vehicles in the scenario of
navigation; the first ones have small capability of interacting with the physical world, while
this capability is exhibited by the robots in general and by autonomous vehicles in particular.
To this purpose, the latter can exploit sensors and actuators, which allow also to act on the
surrounding environment. Their proposal relies on a swarm language construct that allows
to categorize robots in swarms and to assign jobs to the swarms. The aim of their approach
is to provide for re-usability and predictability of the coded behavior, which turn out to be
very important issues in the field of autonomous driving.

Murthy et al. [19] propose a simulated environment designed to have cars traveling in a
highway, self-organize themselves in platoons with the final goal to reduce fuel consump-
tion, by drafting off one another. This approach is in the same direction of the previous one,
in order to achieve re-usability and predictability in a specific application scenario.

Our work is framed in the context of the CLASS Horizon 2020 project (https://
class-project.eu/), whose goal is to arrange a smart area of one square Kilometer-wide
in the city of Modena (Italy). Thanks to a large sensor infrastructure, we are collecting
and processing in real-time the resulting vast amount of data. Such data will be used to
communicate to the connected vehicles. Such vehicles are equipped with heterogeneous
sensors/actuators and V2X connectivity so to enhance both driving experience and city over-
all safety. This is achieved by deploying advanced urban mobility applications based on a
combination of data-in-motion and data-at-rest analytics to efficiently coordinate cars and
city computing resources. The part of the city involved is depicted in Fig. 1.
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Fig. 1 Modena Automotive Smart Area. Numbers 1 and 2 indicate the positions of Fog Nodes that collect
data from edge sensors. LoRa (Long Range) is a patented wireless data communication technology typically
adopted in natural resource management, renewable energy and other long-range IoT devices

2.2 Intersection management by auctions

In one of the milestone papers exploiting auctions in management crossings [11], authors
address the value of time of each vehicle, representing it by means of a wallet system for
automatic bidding based on trip characteristics, driver-specified budget, and remaining dis-
tance to the destination. Moreover, they address also optimization of the overall traffic.
The main differences with our work lies in the scenario we set ourselves in by considering
coexisting human-driven and autonomous vehicles. This implies that we can not implement
optimization traffic strategies that require complex vehicle coordination.

A more complex approach is adopted by Schepperle and Bohm [23]. They propose a
two-step auction mechanism to manage vehicles at intersections, based on a second-price
sealed-bid auction [25]: in the former step only vehicles that can pass the intersections
are involved, while in the latter step also some vehicles in the second place of the lane
can bid, depending on the result of the first step for the preceding vehicle. In the first
step, following the second-price auction rule, the system allocates the next time slot to
the vehicle with the highest bid, while the vehicle needed only to pay the second high-
est bid. In the second step, only vehicles with their previous vehicles having achieved
time slots can bid and only one vehicle from each lane was allowed to bid. Even if
that approach was quite effective, we decided to define a simpler approach, in order
to consider the total number of vehicles in line to enhance the bid of the vehicle in
the front.

Finally, Vasirani and Ossowski [24] propose a different approach to manage urban cross-
ings, based on a reservation-based intersection control model, proposed in [15] and on
market-inspired rules. The authors consider two scenarios: one with a single intersection
and one with a network of intersections. The first is exploited to analyze the performance
of a policy based on combinatorial auctions to allocate slot reservations. The second is
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exploited to analyze the impact that a traffic assignment strategy inspired by competitive
markets has on the drivers’ route choices. They combine the two to propose an adaptive
management mechanism based on the auction-based traffic control policy and the com-
petitive traffic assignment strategy. Differently from that approach, we do not assume that
all vehicles are autonomous, considering also human-driven vehicles for which we can not
make any assumption concerning the knowledge of the vehicles routes.

More in general, auctions have been exploited also to manage resources different from
intersections, such as parking slots and fleets. Indeed, parking is a highly competitive
resource allocation coordination problem, when considering private and individual vehicles.
Among different proposed solutions (see [21] for a survey), auctions are used to implement
a negotiation approach in which each vehicle actively participate to the coordination process
advancing its proposals [1, 13]. As for fleets of special vehicles, like emergency vehicles or
taxis, they usually have a limited number of units. Thus, to handle cases in which the num-
ber of users exceeds the number of units, we need a policy to decide which users to serve
first, and auctions have been exploited for this purpose [4].

We can highlight two main differences between this body of work and our contribution.
First, we consider both autonomous vehicles and human-driven vehicles. Handling such
a simultaneous presence is of paramount importance for coping with the transition from
only human-driven vehicles to only autonomous vehicles. Indeed, it is considered in one
of the foundation papers on autonomous intersection management [15]. However, such co-
presence imposes to take into consideration several constrains related to the fact that human
driven vehicles are not predictable and not completely trustful.

Our contribution shares with the last paper a second important difference from the above
proposals on auction-based management: it lets all vehicles waiting in a lane to participate
in the auctions, and not only vehicles at the head of a lane.

3 Our proposal

In our scenario we assume that each intersection has its own management system that is
run on a physical device that is placed at intersection site. The vehicles crossing priorities
are decided by the intersection management system by means of an auction: vehicles at the
front of each lane make their own bids, whose amount is defined according to their budget.
Moreover, the front lane vehicle’s bid might be enhanced by taking into consideration the
number of vehicles in the lane, or either by allowing vehicles in the back of the lane to
contribute to the bid.

We further assume that autonomous vehicles and human-driven vehicles coexist and that
all vehicles are equipped to participate to the crossing management mechanism. In par-
ticular, human-driven vehicles do not require humans to directly intervene in the auction,
but vehicles will be equipped and autonomously able to participate to the auction mecha-
nism. We observe that this assumption is not so unreasonable or difficult to achieve. Indeed,
mobile phone Apps or systems as Infotainment might be exploited: they are activated at
departure, they will manage all communications with the management system related to
auctions, and will be used to instruct drivers. Consequently, from the auction point of view
there is no difference between human-driven and autonomous vehicles. However, we will
not be able to implement any coordination mechanisms that assumes knowledge of vehi-
cles trajectories or in general that exploits forecast of vehicles behaviours, simply because
human-driven vehicle behaviours are unpredictable and can not even be trusted to follow a

@ Springer



15926 Multimedia Tools and Applications (2021) 80:15921-15936

suggested or predetermined route. In particular, we can not implement any policy to make
clearing of intersection faster (or smarter) by allowing two or more vehicles to access the
intersection at the same time if their trajectories are not conflicting (resolution adopted for
example in [11]), either because human driven vehicle trajectories are not known or because
we can not trust human driver to actually follow established ones.

Therefore, in the following we will assume that only one vehicle at the time is allowed
to access the intersection, and that the only instructions given to human drivers, when they
get at the beginning of a lane, are either to stop or drive through the intersection.

In this paper we aim to study very simple auction mechanisms with a twofold goal in
mind, naturally arising by looking at the benefits of auction mechanisms for autonomous
vehicles. The first is to show if auction mechanisms might contribute to reduce vehicle laten-
cies at intersections, with respect to standard traffic yield rules. The second is to understand
if and how to achieve differentiated latencies; i.e., higher bids resulting in smaller latencies.
Indeed, as lanes are cleared following a FIFO policy (to approach an intersection vehicles
have to wait that all other vehicles preceding them in the lane have crossed it), it is not triv-
ial to conclude straight away that just placing high bids vehicles are able to reduce their
latencies.

In the following of this section we introduce the mechanisms that we will study in our
experiments.

3.1 Bidding strategies

We assume that bids are set using virtual coins and that vehicles get a certain budget (in
terms of such virtual coins) as they join the system.

We are not concerned about how vehicles get their initial budgets, as this is not the focus
of the paper. In real scenarios, virtual coins will be implemented by means of different
policies according to rules defined by local administrations, taking into account different
social, economical and/or ethical aspects. For example, virtual coins might be bought with
real money, or might reflect the drivers (good or bad) behaviour while driving, e.g., respect
of driving rules, adoption of car pool, reduction of car usage, choice of low emission or
green engines, and so on. Therefore we think that, rather that technical, deciding how to
implement virtual coins and budgets, is an ethical and political issue concerning suitable
mobility regulation and avoiding mobility becoming a privilege.

We design two different bidding strategies:

— Randomized (Rand): vehicles place a random bid that falls inside the range of their
budgets. If a vehicle runs out of budget, the system will let it make a minimal bid
anyway.

— Route dependent (Prop): vehicles divide their budgets by the total number of intersec-
tions they have to go through during their trip, and they use the result to place bids at
each intersection. We observe that, if routes are fixed and do not change during the trip
(as for example due a reroute for heavy traffic), vehicles should not run out of budget.
To make human driven vehicles adopt this strategy, human drivers will be required to
fill in their final destination in their navigation system at departure. The auction mech-
anism will then compute the shortest route to go from the starting point to destination,
it will consider this route the expected route, and will compute the bid amount accord-
ing to the number of intersection in the expected route. If the driver follows a different
route, a new expected route is computed and the bid amount adjusted consequently.
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In our experiments we will assume that virtual coins are indivisible, thus bids will be
integer numbers. However, if in a real scenarios virtual coins are divisible, bids might
be drawn with a precision that reflects the number of digits of sub-multiples of virtual
coins.

We also devise a budget recharge mechanism in which the amount of the bid placed by
the winner of an auction is equally redistributed among the other vehicles that participated
to (and lost) the auction. The mechanism is especially thought for the Rand bidding strategy,
to avoid vehicles to run out of budget early in their trip, however we will test it also for the
Prop bidding strategy. We are aware that it might seem unnatural or unfair to redistribute
some vehicle’s budget to others (especially if, for example, budgets is bought with real
money), however if there is a common benefit in doing so, then it is a mechanism worth
adopting.

3.2 Auction resolutions

We devise two different approaches for auction resolution:

— Cooperative approach (COOP): all the vehicles at the front of the lanes at the intersec-
tion make their bid, and all bidding vehicles will go through the intersection according
to the bid order (highest first).

—  Competitive approach (COMP): all the vehicles at the front of the lanes at the inter-
section make their bid, but only the vehicle that wins the auction gets to pass the
intersection. Vehicles that lost the auction will have to attend and win a successive
auction before being able to go through the intersection. Note that this may imply
starvation.

Moreover, we consider two different methods for the bid payment:

All-Pay (AP): All bidding vehicles are charged for their bid.
—  Only-Winner-Pays (OWP): only the vehicle that wins the auction will be charged for
its bid, while vehicles that lost the auction are not charged.

In a preliminary study presented in [9], we investigated the effectiveness of the four
strategies resulting from all four possible combinations of the above auction resolution
approaches and payment methods, when using the simple randomized bidding strategies.
We concluded that two out of four combinations were more interesting than the others,
namely strategies COOP-AP and COMP-OWP, those more natural to interpret. In the fol-
lowing of the paper we will focus only on these two strategies. These are complementary:
in the former all vehicles have to pay their bids, but in exchange they get to go through
the intersection after the auction is over, they just do not know in advance in which order.
This round-robin like approach guarantees that all lanes proceed at each auction round. In
the latter, on the contrary, lanes moves at different speed depending on which lane the win-
ner of the auction is in. We measured average times to clear intersections (i.e., elapsed time
from the moment vehicles reach the front of the lane and the moment they exit the intersec-
tion) and average waiting time in lane, under different traffic conditions. Results showed
that average time to clear intersection is very small for COOP-AP, and slightly more than
doubles for COMP-OWP; variances of average values are small for both cases. For what
concerns average waiting time in line (and corresponding variances), there is no drastic dif-
ference between COOP-AP and COMP-OWP under the same traffic conditions, the latter
being slightly larger than the former.
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Finally, only for the competitive approach, we devise two mechanisms that allow other
vehicles that are not at the beginning of a lane to be involved in the auctions: enhancement
and sponsorship, described as follows:

Enhancement The enhancement mechanism is meant to balance the waiting times of lanes
with long lines with respect to lanes with a smaller number of vehicles in line. To this aim,
we “adjust” the front lane bidding according to the number of cars waiting in the same lane.
In particular, for each lane £ with n; cars in line and bid b, made by the car at the front of
the lane, we formally define the enhancement in the following way:

en(f) = bg(Inny + 1),

and the value en () is the actual bid for the front vehicle of lane £. Observe that en(£) = by
when the only vehicle in the lane is the front one, while the logarithmic multiplicative
factor gets the more significant the larger the number of vehicles waiting in the lane. In this
mechanism, vehicles involvement in the auction is implicit, in the sense that they do not
place a bid, but their presence in a lane influences the bid of the vehicle in the front of the
lane.

Sponsorship The sponsorship mechanism allows vehicles behind in lanes to place bids
to be added to the bid of the vehicle at the front of the lane. The sponsorship bids will
be charged only if the sponsored vehicle wins the auction. In this mechanism, vehicles
involvement in the auction is explicit, and is intended to allow vehicles to speed up their
lanes at the expenses of the others.

We will not exploit enhancement and sponsorship in the cooperative approach because,
with such an approach, for each lane, one vehicle gets always to pass the intersections at
each auction, even if it looses the auction. On the contrary, in the competitive approach lanes
might incur in starvation and these mechanisms are thought to avoid this situation to occur.

4 Experiments
In this section we give details of our experiments and we discuss their results.
4.1 Implementation and experimental setup

We conducted our experiments using two different simulators, namely SUMO! (as in our
preliminary work [9]) and MATSim urban simulator, and we comfortably got comparable
results. Here we report results obtained using the latter simulator.

We used a map that is a Manhattan grid with 8 x 8 intersections, in which each link has
exactly one lane for each direction. Vehicles follow random routes: starting and ending route
location have been selected randomly on the map and the route is computed as the shortest
path from starting to ending location. Departure times follow two Gaussian’s distributions,
one with its peak at 9AM and the other at 6PM, to simulate daily traffic. Each vehicle has an
initial budget set to a default value. We run experiments with a different number of vehicles
to simulate different traffic conditions.

ISimulation for Urban MObility, https://www.dIr.de/ts/en/desktopdefault.aspx/tabid-9883/16931 read-41
000/

2https://www.matsim.org/
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Each experiment is characterized by its own scenario, defined by selecting one approach
for auction resolution (COOP-AP or COMP-OWP) and one bidding strategy (Rand or Rd),
with and without budget redistribution. Moreover, for the COMP-OWP approach, we sep-
arately analyzes cases in which enhancement and sponsorship are enabled or disabled
(respectively Enh and Spon). We also run experiments in which only standard yield rules
are applied (referred to as Priority in Figures). Waiting times are measured in seconds.

For each experiment, we report the following measures:

— Statistics on vehicles average waiting times at intersection before they are given the
right to pass the intersection: from the moment vehicles reach the front of the lane, to
the moment they win an auction, in the COMP-OWP case, or to the moment it is their
turn to pass trough after the auction is over, for the COOP-AP case.

— Statistics on average times vehicles spend waiting in lanes: we compute the average
time each vehicle spends waiting in lane, from the moment it queues up, to the moment
it has cleared the intersection.

If a vehicle destination lane is filled up, we make the vehicle wait at the front of its
present lane before crossing the intersection, and no other vehicle is allowed to go trough
(equivalently we could have made the vehicle stop in the middle of the intersection, blocking
the passage to other vehicles). Indeed, in our scenario this is the safer solution. One might
think, for example, of alternative solutions in which other vehicles are allowed to pass the
intersection their destination lane is not filled up, even if they did not win the auction.
This might work when vehicles are all autonomous, but in our scenario there is no way for
the intersection management system to know in advance the trajectories of human-driven
vehicles. Moreover, making on-the-fly changes on the order in which vehicles are allowed
to go trough intersection might require to give several contrasting indications to human
drivers, increasing the chances that they make mistakes and cause incidents.

4.2 Experimental results

In this section we report the results of the experiments conducted as explained in the pre-
vious section. In Section 4.2.1 we present results of the comparisons among the different
scenarios and latencies experienced by adopting standard yield rules. In Section 4.2.2 we
present results related to achieving differentiated latencies.

4.2.1 About reducing latencies

We conducted simulations with 5K vehicles running on the map simulating heavy daily
traffic conditions. Figure 2 reports the average of the waiting times for vehicles at the front
of a lane, i.e., average time before being given the right to cross the intersection. We show
the two cases in which we adopt or do not adopt the budget recharge mechanism. We start
observing that with any combination of our strategies, on average, vehicles gain their turn
faster than when adopting standard yield rules (Priority in the figures).

As expected (and coherently with our preliminary experiments in [9]), among all auction
policies, COOP-AP is the one that guarantees smaller waiting times, under all different
alternatives. The reason why is very simple: vehicles participate only to one auction and they
will never have to wait more than one vehicle per each lane of the intersection. Indeed, we
observe a very small variance (black vertical line in the plots) for all COOP-AP cases. When
considering the COMP-OWP case, the difference between redistributing or not the budget
is evident only in absolute times (smaller in the former case), but the relative behaviour of
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Fig. 2 Average waiting times at intersection before given the right to pass the intersection, with 5k vehi-
cles running on the map. Vertical black lines represent standard deviation. a Budget recharge mechanism is
adopted. b Budget recharge mechanism is not adopted

different policies is practically the same. Times achieved with the Rand bidding strategy
are slightly smaller than when using the Prop strategy, as in the former the chance of losing
several auction in a row is lower. This happens because bids of the same vehicle ranges in
the whole budget interval and chances are that a small bid (causing the vehicles to loose
one auction) is followed shortly after by a much larger one (causing the vehicle to win
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the auction). On the contrary, with the Prop strategy, vehicle bids are always very similar
one to the other. Finally, when adopting enhancement and sponsorship we can observe a
slight increase of average times with respect to non adopting them. This happens because
the number of vehicles that experience lower latencies in the former case are in a smaller
number than those who experience a higher one.

We also measured total waiting times on lanes, i.e., from the time vehicles queue-up, to
the time they clear the crossing by entering the next lane, when budget is redistributed and
not redistributed. Results for the two cases show the same behaviour. Unexpectedly, any
benefit exhibited when evaluating only auction times at intersection, is completely lost when
one considers the larger picture: any strategy incurs in practically the same average (and
standard deviation) and maximum times for vehicles to go from one lane to the successive.
There are only insignificant differences that are not even evident when plotted, as too small
compared to the used scale. Therefore, we do not provide plots, as they are meaningless. Our
understanding of this negative result is that lane latencies are more conditioned by general
traffic conditions than by how fast one vehicle gets the right to go trough intersections by
participating to auctions.

Hence, in the subsequent experiments we varied the number of vehicles running on the
map. Figure 3 shows plots related to average traffic conditions (2500 vehicles), while Fig.
4 show plots related to light traffic conditions (200 vehicle). We can see that the general
picture does not change, except for absolute values (smaller for lighter traffic).

With light traffic we have a slightly larger standard deviation, meaning that there is a
larger gap between the best and the worst waiting time in the different traffic configura-
tions that might occur at intersections (i.e., different number of lanes with different number

Fig.3 (a) Average waiting times Avg Time in Lane (2500 Vehicles)
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Fig.4 (a) Average waiting times Avg Time in Lane (200 Vehicles)
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of vehicles). However, on average such differences resolves in similar times, as there are
very few vehicles (and evidently any policy works equally well). Analogously, all policy
incur in comparable worst cases, i.e., maximum waiting times. This result can be explained
by observing that, with light traffic vehicles, a small number of different configurations
happens at intersections, and evidently the same worst case happens at least once in each
scenario.

As for the average traffic condition setting, we observe only some differences in maxi-
mum waiting times, that are not difficult to explain remembering that such values might be
experienced by one (or very few) vehicles. Indeed, COOP-AP-Rand either once experienced
one longer lane than COOP-AP-Prop, or in the lane the front vehicles placed a large number
of small bids. On the other side, for the COMP-OWP with enhancement larger maximums
records the fact that one vehicle had to wait longer, reasonably because some other lane
was longer and advantaged by the mechanism. When considering average waiting times, we
observe practically the same average independently from the specific adopted scenario. Our
understanding of this result is that, when traffic is heavy, waiting time is dominated, on aver-
age, by the time needed to clear the full lane ahead the vehicle (and as in our experiments
the map is a grid, all lanes have the same length).

We wish to point out that we got analogous results also from the other set of experiments,
conducted using a different simulator, implemented independently, and using a smaller 3 x
3 Manhattan style map. In particular, for total waiting times in lanes, we observe some
differences (coherent with the plot in Fig. 3b) only for maximal waiting times, in the case
of average traffic conditions (one hundred vehicles).

We conclude by observing that any of our strategies do not give significant improve-
ments for what concerns latencies, when compared to adopting standard yield rules. Results
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thus suggest that simple auction mechanisms might not be a suitable coordination policy
to reduce vehicles latencies in the transition period toward exclusively autonomous vehi-
cles, because traffic flow and lane overload affect waiting times more than the advantages
introduced by auctions.

The only advantage that we see concerns traffic coordination and the possibility to
reduce the number of accidents among vehicles. Indeed, auction mechanisms are able to
clearly indicate which vehicle has the right to get through the intersection eliminating mis-
understandings and miscalculations that commonly lead to accidents among human-driven
vehicles under traditional yield rules. However, auctions are just one possible solution to
reach this last goal.

4.2.2 About differentiating latencies

In this section we take into consideration the specific case in which one would like to make
one single vehicle be able to definitively speed up its lane, as when the vehicle is an emer-
gency one, e.g., an ambulance or a fire engine. What happens nowadays, on our urban
streets populated mainly by human-driven vehicles, is that emergency vehicles announce
their urgency using colored flashing lights and acoustic signals. The other vehicles on the
street try to pull over to make it pass. We wish to understand if it possible to exploit the auc-
tion mechanism as is, in order to allow emergency vehicles to speed up their lane, without
the need to implement specific ad-hoc rules for such cases.

Therefore, we set up experiments in which we have only one vehicle with a possibly
infinite budget, allowing it to place extremely large bids that are non comparable to any other
vehicle bids. We measure the difference of waiting times for the vehicle when endowed with
infinite budget and when given standard budget, always traveling at the same time of the
day. We make different measurements by varying traffic conditions and emergency vehicle
trajectory. In particular, one trajectory is crocked and goes through many intersections, the
other is a straight route from one side of the map to the opposite one.

Our finding is that we do not reach the desired result under any combination of strategies.
In the following we analyze the reasons why we got such results.

Cooperative approach Under the COOP-AP assumption we do not see any significant
advantage in giving the emergency vehicle such a high budget; however this result is not
surprising. This policy is extremely fair, and there is no way for a single vehicle with high
budget to be able to speed up its own lane. If lucky, its lane will always be the first to
clear the intersection. Nevertheless, before the next auction, all vehicles must wait that all
vehicles at the lane fronts clear the intersection.

To be more precise, let L be the number of lanes at the intersection, A the average time
needed by a vehicle to clear the intersection and p the position of the emergency vehicle (or
any other vehicle) in its lane. Consider the worst case in which all lanes are crowded, at least
as much as the lane the emergency vehicle is in. Then, in order to reach the front of its lane,
in the best case in which its lane always wins the auctions, the emergency vehicle (or any
other vehicle) has to wait at least A - L - p time units, independently of its current budget.

Competitive approach Under the COMP-OWP we expected to see evidence of benefits
of giving a high budget to the emergency vehicle. However, we never observed significant
improvements. The first observation we have is that, when traffic is light, waiting times are
low in general because many links are free and, if not free, lines are always very short. As
also the emergency vehicle has to wait for vehicles ahead in the lane to pass the intersection
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before it, having a high budget is not incisive in getting significant lower waiting times.
Therefore, we concentrated on heavy traffic conditions, which is the real situation in which
one would like emergency vehicles to be able to move faster than the others.

The Rand bidding strategy resulted not interesting because, whenever the random chosen
bid is small, the emergency vehicle loses any benefit in having a potential infinite budget. It
is true that we expect the bid to be large enough in a small number of tries, but in the mean-
time the emergency vehicle loses the ability to clear its lane before others. On the contrary,
the Prop bidding strategy assures that the emergency vehicle bids are always incomparable
larger than the others.

Enhancement is not helping either, because it takes into consideration only the number
of vehicles in the lanes and not their budget. Indeed, whenever lanes are crowded, the emer-
gency vehicle counts as one exactly as any other vehicle in the lanes, and the winner is
decided by means of the bid of the vehicle at the front of the lane. The only way in which
the emergency vehicle bids are taken into consideration even if it is back in the lane is to
adopt the sponsorship mechanisms.

Applying budget recharge we experienced even larger latencies for the emergency vehi-
cle endowed with infinite budget. The simple explanation is that whenever the emergency
vehicle wins the auction, all front lane vehicles get recharged with an infinite budget. From
that moment on, they start acting as emergency vehicles themselves, interfering with succes-
sive auctions involving the original emergency vehicle. This negative result is particularly
evident in our experiments with the crocked emergency vehicle trajectory. Indeed, we forced
it to cross many intersections and, accomplice the Manhattan stile map, it happens that two
high budget vehicle compete more than once at different intersections.

Finally, neither the most promising COMP-OWP approach, with Prop bidding strategy,
no recharge mechanism, and sponsorship showed evidence of being effective. The reason is
not that the emergency vehicle is not able to make its lane win all auctions, but that it does
not succeed in speeding up the lane. The problems is that, with high traffic, even if the front
lane vehicle wins the auction, it can not clear the intersection if its destination lane is full,
and the emergency vehicle can not influence the auctions occurring at other intersections.

We conclude by observing that none of the proposed combination of bidding/auction
strategies simply adapts to minimize latencies of vehicles with potential infinite budget
under any traffic condition. However, the really interesting results is the reason why even
the “COMP-OWP approach combined with Prop bidding strategy, no recharge mechanism,
and sponsorship” fails. If an emergency vehicle is not allowed (or has no possibility) to
overtake other vehicles in its line, heavy traffic causes the vehicle to get stuck even if it is
given infinite budget. Our intuition is that this situation is independent of the specific auction
policy adopted at the intersection, but reasonably depends on the fact that each intersection
acts independently. Addressing this intuition will be the focus of future work.

5 Conclusions

In this paper we presented a study on several simple intersection management systems based
on auctions, comparing them among themselves and against the situation in which stan-
dard yield rules are applied to coordinate vehicles at intersections. With respect to other
proposals on vehicle coordination, we place ourselves in the different scenario in which
human-driven and autonomous vehicles coexist. We observe that this assumption highly
influences the design of coordination policies because human drivers preclude the adoption
of many solutions that can be exploited when vehicles are exclusively autonomous.
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We investigated the effectiveness of auction based mechanisms, as these have been
shown to bring interesting benefits for autonomous vehicles: latencies reduction and the pos-
sibility to differentiate latencies among vehicles according to their needs. Our main result is
a negative result, as in our experiments and our scenario, we did not experience any of these
two advantages in using auctions. Indeed, limitations design introduced by human drivers
frustrates the auction system benefits.

With regard to future work, we will deeply investigate motivations behind our results to
better understand how much of these depend solely on the specific scenario that we consid-
ered, or on the fact that our strategies are too simple, or even on the fact that vehicles are
necessarily serialized when in lanes. Thereafter, we will study alternative coordination poli-
cies for the scenario considered in this paper, namely when human-driven and autonomous
vehicles coexist.
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