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1. Introduction

The burgeoning Internet of Things (IoT) is a network of interconnected smart devices seeking to automate and improve
business processes and various aspects of day-to-day life. As the size and price of electronic components dwindle, manu-
facturers fortify diverse devices to join the smart, online network. Even though the IoT is currently largely vertical [1] and
heterogeneous, the expectation is that in the future smart devices will seamlessly network with each other [2] behind the
scenes. The rapid expansion of the IoT and the diversity of its devices lead to issues of interoperability. The necessity for
efficient interaction between autonomous devices gives rise to the need for reliable mechanisms for automated machine-to-
machine negotiation.

Smart agents in the IoT are cyber-physical systems, integrating computation with physical processes [3]. Each agent is
designed to receive sensory data and perform problem solving that produces an output. Cyber-enabled actors, the algorith-
mically controlled mechanism components of cyber-physical systems [4,5], allow these active machine agents to interact
with one another and proactively make decisions and take action. For example, smart vehicles as cyber-physical systems
are empowered with agent overlays that provide deliberate decision-making capabilities based on actionable intelligence
collected from the multitude of smart sensors the vehicles are equipped with.
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A vast multi-agent system like the IoT can greatly profit from localizing operations and bypassing remote control enti-
ties in the cloud. By taking advantage of edge computing [6], where data is collected, stored and analyzed at the source,
subgroups of agents can form networks that are faster, scalable, and more responsive and can take part in efficient real-
time unsupervised negotiation. Exploiting the computational, storage and communication power of modern smart devices
while pushing the frontier of computing applications away from a centralized authority and redistributing it to the edge of
the network [7] improves scalability, tackles issues of message relay delay, simplifies additional required infrastructure, and
provides a local distributed computing environment, which in turn improves real-time performance [8]. Fast and reliable
performance is especially important in exceedingly dynamic high-stakes application domains like vehicle traffic.

Smart vehicles (i.e., driverless and cyber-enabled) is an arena for a class of cyber actors that exhibits potential compati-
bility issues among decisions in cases of e.g., lane selection, platooning, cruising speed control, right of way determination,
parking assignment etc. An adequate negotiation mechanism has to identify possible congruence concerns and arrive at a
satisfactory resolution of conflicts in favor of a common objective. To assure the safety and predictability of agent behavior,
there is a need for the creation of systems of rules and policies that embody desired objectives and govern all actions. It
is conceivable that there will be decisions made by machine agents that will be unpopular, at odds with human needs, or
rife with ethical issues. For instance, a driverless vehicle must determine the best course of action when confronted with an
unavoidable collision [9].

Upcoming changes to the legal framework governing traffic and the rapid advancement of smart vehicle technology will
eventually place consumer-owned autonomous traffic agents on the road. To be deployed, such vehicles must overcome
certain societal and economic challenges [10] and reach a sufficient level of technological development. Autonomous agents
on the road need to communicate and self-organize based on common safety, optimal road usage, individual and shared
objectives, availability and utilization of resources, as well as personal and social utility. Regimented versions of this are
found in cooperative adaptive cruise control [11] and in platooning techniques [12]. Different algorithms are needed to
govern seemingly straight-forward actions in traffic situations like entering and exiting roads, following cars, overtaking,
behavior in different types of traffic, deciding right of way, etc.

Lane changing in particular, is an essential but exceedingly challenging task that has been studied from many different
angles. A behaviorally sound lane-changing model is not even available for the traditional environment [13]. For connected
and autonomous vehicles, examination of the topic is also ongoing. The largest body of research comes from engineering
and concentrates on the mechanics of vehicle control during individual lane transitions and on lane change behavior and
trajectory planning [14-25-26]. Other popular areas of interest include verifying the safety of maneuvers [27,28-29| and
lane change scheduling [30,31-32]. These models are mainly concerned with longitudinal and lateral movement mechanics
and the safety of the subject vehicle but tend to ignore the effect of lane-changing on neighboring vehicles and on the
flow of traffic. On the algorithmic level, some conceptual collaborative models for lane changes have been proposed. Some
concentrate on cooperative sensing - the collaborative sharing of situational awareness to facilitate lane changes [[33,34]
or on creating lane assignments based on destination to increase traffic throughput [34,35]. Others study cooperative con-
trol - cooperation with immediately neighboring vehicles in the current and target lanes to facilitate a lane change request
while avoiding collisions and minimizing the effect on following vehicles [36-39-40]. Lane changing decision modeling for
both human drivers and smart vehicles is usually rule-based, utility-based, or game theoretical. Work concerning algorith-
mic lane changing mechanisms for autonomous and connected vehicles stemming from game theory is still sparse [41]. One
framework to model information flow and driver behavior in a connected environment uses different acceleration models
to capture the underlying dynamics of car-following behavior and evaluates whether a lane change is beneficial through the
acceleration of both the subject vehicle and its surrounding vehicles [42]. Another model uses game theory to model manda-
tory lane changing decisions [13]. An approach formulating lane changing decision-making as a differential game takes the
acceleration of the preceding and following vehicles into consideration to optimize the joint cost and determine a unique
and continuous path for the vehicle actuators to track [43]. In a game of incomplete information vehicles use gap selection
and interaction through turn signals and lateral moves. Through others’ reactions to these queues the model learns in real
time to determine optimal timing and acceleration for lane changes [44]. A model based on argumentation augmented with
social voting delivers a democratic assignment of requested lane changes on a multi-lane road [45]. Another approach uses
a cooperative game of transferable utility in which when finding gaps, vehicles exchange right-of-way for payment, gain-
ing time in the process [46]. A natural extension of that model could be found in mechanism design, where lane changes
could be monetized and all players would be winners. This work presents such a model. For individual vehicular agents, the
outlined multi-agent game theoretic approach can be used to construct an unsupervised negotiation mechanism to regulate
(and monetize) lane and speed changes on a multi-lane highway. The outlined mechanism can be applied to any other field
where agents are required to share multiple and/or multi-dimensional resources after a slight modification to the domain-
specific operation.

This paper is organized as follows: Section 2 briefly presents the basic game theoretic concepts relevant to the discus-
sion; Section 3 outlines the theoretical foundation for a mechanism for social utility maximizing lane and speed allocation
among driverless vehicles on a multi-lane highway and offers an example scenario; Section 4 delineates a test bed envi-
ronment; Section 5 discusses a prototyped NetLogo simulation of the presented model; Section 6 summarizes the methods
presented.
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2. Game-theoretic mechanism design for smart autonomous agents in the Internet of Things

In a multi-agent system like the Internet of Things, smart devices interact with one another and their decisions affect
others. When the moves made by agents working toward an objective are interdependent and pertinent decision attributes
include the decisions of others, game theory can be used to formalize the process of reasoning [47]. A game theoretical ap-
proach based on mechanism design lends itself well to automated negotiation especially when agents must make decisions
on how to share a resource.

2.1. Games, strategies, payoffs, and equilibria

In a multi-round game players may maintain private information. In such games of incomplete information, players’
payoffs depend on their own type since there is no information about the types of other players. In consultation with
its objective, each player agent selects a strategy from an available set. A strategy is a complete algorithmic approach to
game play which governs the actions a player takes in every potential situation it can face in the course of the game. The
outcome of the game is determined by the strategies played by all participants and payoffs are computed by the game
utility function. For the game, or if the game is played in rounds, for each round, the optimal outcome is an equilibrium so
that no player would be better off selecting a different strategy. This dominant strategy solution, where each player has no
knowledge of and makes no assumptions about the preferences of others but has a unique best strategy independent of the
strategies of the rest of the players, may not deliver the optimal payoff for the players but it may lead to an outcome that is
desirable. However, games very rarely have a dominant strategy solution and, if it even exists, finding it is a computationally
intensive problem. Working backwards, mechanism design, also known as reverse game theory, aims to construct games
with dominant strategy solutions.

2.2. Mechanism design, strategyproofness, and incentive-compatibility

Mechanism design’s goal is to create directives regulating the interaction between agents so that the system in equi-
librium represents a desired outcome as defined by the mechanism designer. The laws governing the system produce a
collective outcome and are responsible for the system’s success or failure [48]. The outcome is often centered around social
welfare or profit, or both. This desirable outcome is achieved with the help of a social choice function constructed so that
for every combination of individual player types (or whatever input is relevant for the scenario - preferences, judgements,
welfare, etc.) there is a Nash equilibrium with the desired outcome. The social choice function itself aggregates the inputs
of all players into a single outcome. An incentive-compatible social choice function cannot be strategically manipulated by
a player (i.e., no single player can ensure a certain outcome by strategically misrepresenting their type).

The revelation principle of mechanism design [49] posits that any arbitrary mechanism implementing a particular so-
cial choice function and its equilibrium outcome (payoffs) can be replicated by an incentive-compatible direct mechanism
implementing the same function in which all participants have incentives to reveal information truthfully [[50,51]. In a di-
rect mechanism a player’s set of available actions is the set of their possible preferences. A mechanism is characterized
as incentive-compatible if every participant achieves the best possible (or at least not worse) outcome just by following
their own preferences [52]. The revelation principle is a key piece in finding solutions as it narrows the search field making
finding a mechanism easier.

Thus, systems stemming from mechanism design induce truth-telling from players, maintain players’ privacy of infor-
mation, and ensure a desirable social welfare maximizing equilibrium outcome. Today, mechanism design has found many
applications in market theory, asset auctioning and allocation, supply chains, taxation, elections, government regulation,
politics, logistics, network routing and resource allocation, and transportation, among others. In transportation in particu-
lar mechanism design has been applied to congestion theory [53], airport time slot auctions [54], urban road pricing [55],
congestion pricing and tradable credit schemes [56,57], tradable permits and ride sharing [58,59-60], commuter assignment
[61], ramp control [62,63], traffic flow control [64], parking slot assignment [65], dynamic road pricing [66], dynamic traffic
assignment [67], collaborative logistics [68,69], transportation preference elicitation [70], enterprise transportation outsourc-
ing [71]. The next section presents an application of mechanism design to lane changing on a multi-lane road.

3. Lane and speed allocation mechanism for autonomous vehicle agents on a multi-lane highway

For the purposes of this work, traffic on a shared road is viewed as a multi-player multi-round game of incomplete infor-
mation where agents have no private information and no assumptions about others, similar to a Bayesian game [72] without
a Common Prior Assumption [73]. Each autonomous vehicle (AV) in the relevant locality is a player in the game and pos-
sesses certain private information and preferences related to objectives it maintains. Objectives may vary - e.g., minimizing
travel time and/or distance and/or cost, maximizing fuel efficiency, minimizing emissions, lowering lane congestion, etc. An
agent has little public information about its neighbors and potentially no information about their private preferences and
goals. In order to share the road, a vehicle must select the manner in which it travels. In every round, in concert with its
objective, a player makes strategy choices through which it bids for resources, possibly against others. An agent taking up
a resource (e.g., a spatial position in a certain lane and driving at a certain speed) means another agent’s use of resources
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may be impeded. Thus, conflict is part of the game and it needs to be resolved in a way that is agreeable or beneficial to
players sharing the road. The aim of the game is, for every round, to deliver the highest achievable combined utility for
the group of smart vehicles while allowing them to take actions that will satisfy their individual goals. This is achieved
through a truth-inducing lane and speed allocation mechanism for AV players on a multi-lane highway where agents bid for
lane position and speed setting assignments and receive approval to implement actions that contribute to their individual
objectives as well as to a socially beneficial outcome. The model was implemented and verified in NetLogo.

3.1. Preliminaries

For a mechanism to be employed, agents have to agree to abide by its rules, accept allocation decisions handed to them,
and make payments to cover all applicable cost incurred. In order to present the general case, this work assumes that all
AVs on the section of road governed by the mechanism are willing participants and there are no rogue agents on the road
acting independently and/or maliciously. Much like modern vehicles equipped with advanced driver safety assist systems,
autonomous vehicles will react to sensed data to prevent accidents. So, a rogue agent present in the system undertaking
unsanctioned actions should not have an effect large enough to catastrophically undermine the model. Special vehicles (e.g.,
police, ambulance, fire, etc.) are also excluded, even though the model can be readily extended to accommodate priority
agents.

AVs must communicate their situational awareness and agree with everyone else on the sensed data. Since this is infor-
mation that can be readily extracted from the environment by all participants and outside entities, consensus on the sensed
data is implied.

The presented mechanism is a de facto auction, which can be generally implemented in a distributed manner, but in or-
der to maintain privacy of preferences and limit data transfer volume, administration may be left to an appointed manager.
A centralized arbiter at the edge of the network can provide computational power, streamlined decision-making, and ensure
the reliability of arbitration outcomes. In order to minimize the effect of network topologies with limited connectivity that
cannot guarantee the effective propagation of bids to the auctioneer, auctions can be efficiently run within the set of direct
neighbors [74,75]. Indeed, as lane changes and speed adjustments in a traffic configuration only affect vehicles in the imme-
diate vicinity, the mechanism manager will evaluate a relatively low number of bids before making a decision, so scalability
is provided. Similar to auction algorithms [76], the mechanism can be implemented when in the absence of a dedicated
arbiter (e.g., a cell tower base station with coverage over a portion of the road) one agent is assigned or incentivized to
accept the additional task of manager. How ever mechanism management is assigned, it is kept local at the edge of the
IoT. All agents will register with and abide by the decision of the authority responsible for the section of the road they are
currently on.

AVs may maintain an arbitrarily large number of objectives but for simplicity here they only have one main objective
which is the basis for decision making. Decisions result in the ranking of desirability of potential actions.

3.2. The environment

Consider a multi-lane expressway simulated in the simplest way. Lanes have characteristics pertaining to (i) maximum
speed and (ii) minimum speed with the stipulation that speed limits increase in the higher lanes. Vehicles on the road
maintain a governing objective. Relevant characteristics for the agents include their (i) current speed, (ii) preferred speed, and
(iii) a level of objective emphasis. The preferred speed and objective emphasis levels determine the target speed and target
lane for each player. On the road, each vehicle maintains a required safety distance (buffer zone) from the vehicle directly
ahead of it.

3.3. The density of agents

The buffer zone requirement puts a natural upper bound on the number of vehicles that can travel in each lane. Depend-
ing on lane speed limits, the buffer zone size may fluctuate.

Lemma 1. The maximum number of vehicles n of uniform length c allowed in a single lane segment of length L is n = LHLdJ
where d is the required safety distance of the lane.

Proof. The space that an agent occupies in the lane is its own length plus the required safety distance. For n agents
nc+nd < Lorn< k. Since n is a positive integer, n = [ 4. O

Corollary 1. Let a road segment of length L have m lanes with required safety distances d; for each lane, i € (1, ..., m). For
vehicles of varying length c; with j e (1, ..., n) , the maximum number of vehicles allowed on the road segment is n = > LL;inJ
where C; is the combined length of allowed vehicles in lane i.

Proof. For a single lane i, the combined length of allowed n; vehicles is G =¢; +---+cpn; . Then Z';; (cj+dj) <L, or

n; < L;C". Therefore, n; = LL;C"J. For all lanes combined n= 31", n; =31, LL;F"J. O
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3.4. The feasibility of actions

Vehicles sense the environment and make decisions on the feasibility and desirability of potential actions pertaining to
speed settings and lane positions. They do this with the help of their governing objective. This objective and the emphasis
the vehicle places on it have a direct effect on the way an agent makes decisions and how it perceives the decisions of
others. The perception of how much a potential action advances the agent’s main goal will result in its quantitative ranking.

Agents in the system make decisions along two dimensions - lane and speed. Thus, consider possible atomic actions
for all vehicles representing lane/speed action combinations: (1) move up and decelerate, (2) move up and maintain speed,
(3) move up and accelerate, (4) stay in the current lane and decelerate, (5) stay in the current lane and maintain speed, (6)
stay in the current lane and accelerate, (7) move down and decelerate, (8) move down and maintain speed, and (9) move down
and accelerate. The conditional rule sets pertaining to these actions consider system priority, basic physical limitations, and
environmental constraints.

Algorithm 1: Feasible Action Derivation

1.1 if LaneUp in bounds and LaneUp not occupied then
1.3 l CanMoveUp = true;

1.3 if LaneDown in bounds and LaneDown not occupied then
1.4 l CanMoveDown = true;

1.5 CanMaintainSpeed = true;

1.6 if SpaceBehind not occupied or (Space Behind occupied and
CurrentSpeed of CarBehind < CurrentSpeed of myself) then

1.7 L CanDecelerate = true;

1.8 if SpaceAhead not occupied or (SpaceAhead occupied and

CurrentSpeed of CarAhead > CurrentSpeed of myself) then
1.9 L CanAccelerate = true;

As seen in Algorithm 1, an agent can potentially move up if the lane above is within the bounds of the environment
and the spatial position the agent seeks to occupy in it is not obstructed (lines 1.1-1.2). Not obstructed means the desired
space is not currently occupied by another agent and there are no other agents within the buffer zone cone that represents
safe space so that potential collisions with decelerating vehicles ahead and accelerating vehicles behind in the target lane
are avoided. Similar conditions of bounds and availability apply to the action of moving down (lines 1.3-1.4). Acceleration
and deceleration are contingent upon the availability of space ahead or behind coupled with the speed of blocking vehicles.
The option to maintain the current speed level is presumed to be always available (line 1.5) but this does not come at the
cost of safety. All speed decisions are preempted by a collision avoidance mechanism in which an agent, when distance and
speed discrepancy conditions are met, will decelerate or match its speed to the speed of the car directly ahead to prevent a
crash.

With the feasibility of separate lane and speed actions ascertained, the AV agent can determine the availability of atomic
lane/speed action combinations as defined by the system. Once all feasible atomic actions are identified, they are ranked.
The ranking is decided by rule sets for each objective taking into account the target lane and speed, the current speed, the
current traffic lane and its speed restrictions, and the physical availability of space as determined by the neighboring agents.
All players rank action combinations depending on where their current speed setting and lane position are in relation to
their targets.

3.5. Agents, preferences, strategies, and outcomes

With the preliminaries established, consider the model’s theoretic foundation.

Assume that on a section of road with a designated manager there is a set (including the manager, if applicable) of
forward moving self-interested driverless vehicle agents | adhering to safety distance requirements. Also assume that each
agent i e I has a type 6; € ® drawn from a set of possible types ®. A type is the private information and preferences of the
agent within the context of its dominant objective. The type of an agent is static as long as its objective remains unchanged.
Some information in 6; is constant - e.g., the make and model and physical dimensions of the vehicle.
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In general, and setting aside the possibility to form coalitions, a selfish player makes decisions aiming to maximize its
own utility. In every round, a player i uses its objective’s rule sets to assign valuations to all currently feasible actions. These
valuations over all currently available actions over ranked outcomes represent the highest price the agent is willing to pay
to implement the corresponding atomic action. This makes up the main portion of a player’s strategy, which is submitted
to the mechanism manager in a bid to receive approval to implement the highest valued option next. For example, consider
a smart vehicle i whose priority is to minimize its own travel time. The vehicle aims to reach a certain higher target speed,
but it currently finds itself in the slowest lane travelling at a speed close to the lane’s upper limit. The agent has available
outcomes o; from a set of possible outcomes O. The first and most desirable outcome, 07, would be to move to a lane with
a higher speed limit where i can accelerate. Should that action not be available because the mechanism does not grant
approval, the vehicle could arrive at outcome o,, in which it accelerates in its current lane. If not allowed, the next best
outcome, 03, is to maintains speed and continue travelling in the current lane for the next cycle and then attempt to make
changes that lead to a more desirable outcome in the following rounds. Another less beneficial but nevertheless potentially
available option is to decelerate in the current lane (04). There is no lane below, so moving down is not currently possible.
Obviously, in accordance with the “get there faster” objective, the vehicle can rank the outcomes’ desirability as 0y > 0y >
03 > 04, and the potential utility derived from each outcome follows the same ordering u;(01,6;) > u;(02,6;) > u;(03,6;) >
u; (04, 6;). This order of utilities for the given outcomes allows the agent to assign a certain valuation v; = (vq, ..., U4) to each
of the 4 actions it can take where the valuation of an action is a positive scalar within a mechanism defined range, e.g. [0,1].
Since o; is the most desirable outcome, the action tied to it, move to a lane up and accelerate, will be valued highest, while
decelerating in the current lane will receive the lowest valuation.

Definition 1. Let i € [ be an autonomous self-interested agent with type 6;, where 6; contains public and private infor-
mation about the agent, including its valuation of n potential actions v; = (v4, ..., vy) derived from ranking projected action
outcomes within the context of the agent’s current governing objective.

Agent i's strategy profile S; is the set of all available strategies s;(6;).

Agent i's feasible strategy profile FS; is the set of all feasible strategies fs;(6;) as determined by some set of scenario and
environment constraints.

Each vehicle i in the designated area of a manager “plays” a feasible strategy fs;(6;) in the form of a bid at some regular
time interval (a cycle). A cycle represents a round of the game made up of a certain number of time slices. In each round,
the manager uses part of the time slices to gather the bids, extract the best configuration in its specific area, and signal
the approved actions to each player. The remaining time slices are used for implementation of actions, forward progression,
adjustment period, and valuation derivation. The strategy profile of the round is used to select an outcome delivering the
highest achievable combined utility. The selection is made with the help of a social choice function.

Definition 2. A social choice function f:FS— O selects an outcome o€ O from the set of feasible strategies fs=
(fs1(61). ..., fs;(6;)) submitted by all I agents.

A social choice function essentially maps each feasible strategy profile to a single outcome. However, note that the social
choice function assumes full information about agents and their preferences.

The utility an agent experiences from driving on the mechanism-controlled road is u;(0) = v;(0) — p; + ¢; where ¢; > 0 is
some fixed utility attributed to forward progression and p; is a mechanism specific payment that may have been incurred
for implementing the approved action. The approved operation will always be one of the ranked actions submitted by the
player.

Conflict could arise when a vehicle’s potential lane/speed action would result in a lane position that coincides or inter-
feres with the lane position another vehicle is vying for during the same cycle. Given the position an agent occupies at the
beginning of the bidding time slice and the information it submits about intended actions, the projected position at the end
of the action implementation time slice can be readily calculated.

Within this mechanism, for each round, every vehicle in the group ranks potential actions along two dimensions - lane
and speed. A player is given a choice of n possible (but not always feasible) predetermined actions regarding speed - e.g.,
decelerate by 5 miles, maintain speed, accelerate by 5 miles, accelerate by 10 miles, etc. Along the lane dimension, there
are m theoretically available actions for lane changes - move to a lane down, remain in the same lane, move to a lane
up, move up two lanes, etc. The agent determines the valuation of each possible lane/speed atomic action as seen through
the prism of its main objective. Therefore, at time slice t the feasible strategy fsf(@,-) played by the agent contains infor-
mation about its current position posl?, velocity, physical dimensions, and a lane/speed valuation matrix vf as described in
Definition 3.

Definition 3. For an autonomous vehicular agent i with mechanism predetermined m possible lane actions and n possible

(U§)11 (vf)m

speed actions, the m x n matrix vf = : : is the valuation of all feasible lane/speed action combinations

(Ug)m1 o (Ulq)mn
agent i includes in its strategy fsf(@,») for time slice t.
Additionally, V(vlf)xy €[0, 1], (vf)xy = 0 iff either or both lane action x and speed action y are unfeasible, and for all
feasible action combinations xy and wz (V})yy # (V))wz, where x, w e {1,...,m} and y,ze {1, ...n} and x £ w, y # z.
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In other words, the valuation matrix consists of distinctively valued positive scalars, which signal the current strength of
intent a vehicle has to implement the corresponding actions and the maximum price it is willing to pay to do so.

The numeric valuations are assigned according to the current state and objective preferences of the agent. Lane moves
are prioritized over speed settings so an agent will always choose to make a change in the direction of the target lane over
staying in the current lane over moving in the opposite direction. The speed preference is set according to its feasibility
given the potential lane action, lane speed constraints, and target speed setting. Thus, feasible actions that bring the vehicle
closer to its target lane or keep it in the target lane receive higher valuations. Multiple atomic actions that result in the
same lane position are uniquely ranked according to their potential to reach or keep the target speed. Ranking algorithm
details are omitted in the interest of brevity.

Note that even though Definition 3 contains language pertaining to the driverless vehicle application domain, the valua-
tion in its present form can be used for bids on any two-dimensional divisible resource. As a matter of fact, more dimensions
can be added by adding matrices, or the valuation can be scaled down to a vector.

3.6. Conflict and conflict-free action allocation

Using the timestamped strategies submitted by all agents in its area, the manager extracts the relevant information and
t t/
(posi )y - (posi)y,
s . t . . . t . .
calculates a position matrix pos; = : . : . Each element of pos] represents the potential physical

(pos) . -+ (post),

position (relative or absolute depending on the type of positioning employed) a vehicle would occupy at the end of the
implementation time slice t’ should the corresponding plausible lane/speed action combination from the valuation matrix
be granted. Thus, for each agent i there is a one-to-one correspondence between elements in 1/1? and poslf’. Relevant to the
application domain, every element of posf’ is in the form (Lx, f, r), where x is the lane number, and f and r are the projected
spatial positions of the front and rear bumpers of the vehicle respectively.

The mechanism determines assignment allocation for each vehicle along both the lane and speed dimensions. It calcu-
lates the set L of all possible assignments of lane actions for all vehicles. Since every vehicle can be assigned one of m lane
actions, then L = {ly, ..., ljjn; ... Ij1. ... Iyn} where [;; is an m-dimensional vector and i e l. Also, Vk e {1,...m} (), =1 iff

m
k=j, (l,-j),< =0ifk#jand ) (l,-j)k = 1. This means that each vector l,-j has a single non-zero element and that element is
k=1

equal to 1 (or can be replace?i with a multiplier the mechanism designer puts into place to scale payment as appropriate).
Similarly, the set of all possible assignments of speed actions is S = {511, ..., S1n; --.; Si1, ..., Sip} With the same characteristics —

n
sij is an n-dimensional vector, and for Vk € {1, ....n} (s;j), = 1iff k=j, (s;j) = 0if k # j and k; (sij)k = 1. In other words,

each player is assigned a single lane and a single speed action.

Next, while calculating the maximum social welfare of the group, the manager detects conflict for lane positions. Conflict
occurs when the result of potential actions, when undertaken by a pair of vehicles would result in lane positions that
are incompatible, i.e. they cannot occur at the same time because they would either occupy overlapping space or violate
mechanism spacing constraints.

Definition 4. An outcome (I,s) = (I1,51;...;1;,5;) € O with [; e L and s; € S is a lane and speed allocation where Vi, j € I,
i # j and agent i is not in conflict with agent j, i.e.|poslt./s,-l,- S] poss,/sjlj| > d where © is an operation calculating the distance
between two positions in the same lane and d is a mechanism designated required safety distance between vehicles in the
same lane. i i i ,

For a given lane and speed allocation (I,s), pos! (I,s) —posg (I, s) = post sil; eposj. sily =(x, fir)oely, fjrj)=

00 ifx#y
fi-n ifx=y fi=f
fi—rj ifx=y, fi<f;

Therefore, if two or more vehicles are vying for coinciding or intersecting spatial positions on the road, the manager
must calculate the maximum attainable utility, appoint the winner of the debatable position and assign the losing agent(s)
conflict-free actions of lesser valuation. The resulting lane and speed allocation contains one vector from L and one vector
from S for each agent.

Note that the operation © is specific to the application domain. It has to be redefined as appropriate to use in other
fields.

The optimal allocation outcome (I,s) € (L,S) € O extracted by the social choice function where all agents submit their

I I
true valuations is obtained by solving (I,s) = argmax;ss > Vi(l,s) =argmaxscs Y- Visil; where Vpos,?/(l, s) is conflict
i=1 i=1

free within the allocation.
The maximum exists, because solving for argmax delivers a non-empty set since the status quo always exists.
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Observation 1. Since (I,s) is the optimal truth telling conflict-free allocation, A(l’,s’) that improves social welfare, i.e.
I I
Y il s) = Y i, s).
i=1 i=1

3.7. Prices and payouts

For each agent the optimal obtainable allocation result vf(l,s) = vfsili is the maximum valuation for a combination of
lane/speed actions at bidding time slice t, the implementation of which results in a projected position that is either not
disputed or is won by the agent. The utility the agent receives is uf(l,s) =v(l,s) — p!+c; where ¢; is constant and pf is
the potential cost incurred by agent i for implementing the mechanism approved action at the end of the implementation
time slice. pf is determined by the difference in social welfare when the agent is not present in the group and when it
is.

Definition 5. The mechanism specific price p = 254:1,#,- vs.(l,s),,ﬂ 725-:1#,4 v?(l,s) >0, where (I,s))_; is the optimal
conflict-free allocation for the group without taking agent i’s presence into consideration and (I, s) is the optimal conflict-
free allocation for the whole group (but for the term the position assigned to agent i is de facto unavailable to all other
agents).

In a matter of speaking, the price an agent pays is the cost of the agent inflicting itself on the remaining group, the
“damage” it imposes on its society. In mechanism design, this is known as the Clarke pivot rule [77]. The price is always
non-negative because an agent’s presence and reported preferences may disrupt the configuration of the remaining agents
or may be completely independent of it. In other words, if a player changes the combined utility of the remaining group
with its presence, it pays a price.

Definition 6. The utility of an agent for a time slice ¢ for and allocation (I,s) is u{(l,s) = vi(l,s) — pt +c;=vi(l,s) —

(et j V(L9 i = g i V(1 8)) + 6= i V(L S) = Xy (L) +
3.8. Lying as a strategy

Autonomous vehicle agents were assumed to be rational and selfish, so theoretically there would be nothing stopping
them from trying to gain an edge by falsifying the time slice bid they submit to the manager. Misrepresenting physical infor-
mation is futile as it can be readily sensed and penalized but what about lying about valuation? Can an agent purposefully
misreporting valuations fraudulently win the lane/speed action, diminish its incurred mechanism-specific price, or drive up
its own utility?

Proposition 1. No agent can be better off by lying.

Proof. Should an agent i lie about its true valuation vf in order to try to gain an edge and instead submit a valuation
(vf )’ while all other agents submit their true preferences, an alternative allocation (I’,s") will emerge.

The new utility of agent i thus becomes (uf)'(I',s") =Z{=1 vE(l, 5')—25‘=1,j¢i vj.(l,s)_i+ci. However, it was already
shown in Observation 1 that the optimal allocation where all agents divulge their true valuations maximizes social welfare.
Thus, since Zf:1 vlF(l, s) > ijl vlF(l‘, s’) and the second and third utility terms are common and constant for each agent i, it
follows that no agent can be better off by lying about its true preferences. O

Observation 2. Truth telling in this case presents a dominant strategy since it maximizes the utility of an agent regardless
of what strategies the other agents play. This is beneficial, given that agents have no knowledge of the types and preferences
of others. Since all agents are best served by telling the truth, the game has a dominant-strategy equilibrium, which is also
a Nash equilibrium.

3.9. The mechanism

A social choice function maps the true preference of a group of agents to an outcome and depends on agents telling
the truth. The social choice function (previously presented in Definition 2) f : FS — O selects an outcome (I,s) given full
information about agents’ preferences fs = (fs{(6y), ..., fs;(6;)) where fs e FS=FS; x --- xFS,.

A mechanism utilizes an outcome function to produce a social utility maximizing allocation assignment that depends on
the preferences of the agents. The preference information however, is private and a self-interested agent may misreport it
in an effort to achieve a better outcome for itself. Thus, since truthfulness is not guaranteed, a mechanism is constructed
to map the reported type of an agent to a desired outcome. In particular, a mechanism that returns the same outcome that
would have been reached had the agents been telling the truth about their preferences is said to implement the social
choice function.

Definition 7. A mechanism M(S, g) implements the social choice function f if there is an equilibrium strategy profile s*,
s.t. g(s*) = f(fs), Vfs € FS.

In other words, each agent is afforded a set of strategies S; from which it selects one. The strategy may reflect the
truth, but it also may not. The strategy set for all agents s = (s1(601),...,5(6;)) € S=S; x --- x §; is used by the mecha-
nism outcome function g: S — O to produce a result. If no agent has an incentive to change its chosen strategy, the strat-
egy set is an equilibrium s* = (s5(67)....,s;(6))). If the outcome of that equilibrium produced by the outcome function

8
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is the same as the outcome produced by the social choice function, the mechanism M (S, g) implements the social choice
function.

Definition 8. A mechanism M (S, g) is a direct revelation mechanism if S; = FS; for Vi and g(fs) = f(fs) for Vfs € FS.

Definition 8 posits that a direct revelation mechanism does not put a restriction on the strategy space of the players and
achieves the same outcome regardless of the truthfulness of played strategies. Recall that the Revelation Principle of mech-
anism design postulates that if the full information social choice function can be implemented by a mechanism, the mecha-
nism is direct and every agent has an incentive to reveal its true preferences [50,51]. In that case, the social choice function
is said to be incentive-compatible. If a mechanism is characterized as incentive-compatible, every participant achieves the
best possible outcome just by following its own true preferences.

Definition 9. A direct revelation mechanism M(S, g) implements an incentive-compatible social choice function if it has a
dominant strategy equilibrium s* = (s5(61),....s7(6))) s.t. s7(6;) = fsi(6;) for Viel.

Definition 10. A direct revelation mechanism M(S, g) where the truth is a weakly dominant strategy for each player
regardless of what the remaining players do implements a strategy-proof social choice function.

Proposition 2. Mechanism M(FS,g) where g:FS— (L,S) for fs= (fs1(61),..., fs;(6;)) € FS is incentive-compatible,
strategy-proof and induces truth telling of agents.

Proof. Mechanism M((FS, g) does not restrict the strategy space of agents and delivers the same outcome as the social
choice function so it is a direct revelation mechanism.

It was already shown in Proposition 1 that no agent can be better off by lying about its lane/speed plausible action
valuation, so the mechanism induces truth-telling of agents.

Per Observation 1 truth telling was shown to be a weakly dominant strategy for each player regardless of what others
do. The game thus has a dominant strategy equilibrium coinciding with the true valuations of all agents. Therefore M(FS, g)
implements an incentive-compatible strategy-proof social choice function. O

The presented mechanism M(FS, g) is a variation of a Vickrey-Clarke-Groves mechanism [77,78,79]. It implements an
efficient outcome in dominant strategies. The dominant strategy of each player is the truth and it is independent of the
choice of strategy of the remaining players. The Clarke pivot rule [77] ensures that each player is charged its externality,
namely the difference in social welfare when the player is absent and when the player is present. Since all valuations are
non-negative, the players always get a net positive utility and the mechanism always charges a non-negative price. This
makes the mechanism a win-win game - players get to undertake desirable actions and gain more than they pay and the
mechanism receives a net positive payment while providing a service.

3.10. Example scenario

Consider the following simplified real world scenario as shown in Fig. 1 where three vehicles travel in immediate vicinity
of one another on a three lane highway under the authority of the same mechanism manager. Vehicle1 drives in the fastest
lane at the speed limit for the lane, vehicle 2 travels in the middle lane at its target speed, and vehicle 3 is in the slowest
lane at a speed below its target. Each vehicle is 15 feet long. For safety reasons, the mechanism enforces a minimum distance
of two car lengths (30 feet) between vehicles in the same lane. Additionally, the current governing objective of v; and v is
minimizing travel time while v,’s main objective is travelling in a minimally congested lane.

Let the mechanism afford all agents three potential actions for lane changes - move to a lane up, stay in the current lane,
move to a lane down; and three potential actions for speed changes - decelerate by 5 miles, maintain speed, accelerate by
5 miles. For simplicity, for each cycle (round of the game) the mechanism accepts bids and evaluates them and the vehicles
implement the granted actions in a single time slice. The time slice duration for this example is set at 5 seconds and
the time required for data transmission is disregarded. In this scenario, the action valuation matrices the three vehicles
formulate in accordance with their main objectives can look as follows (lane changes are recorded in the rows and speed
changes in the columns):

0 0 0 02 05 04 0 08 1
v=[07 1 o) h={(07 1 0] andvj=(01 04 05]).
0 0 0 0 0 o0 0 0 o0

Since vehicle 1 is travelling in the fastest lane, all options to move to a faster lane (row 1 in the 14 valuation matrix)
are excluded by assigning them a valuation of 0. The exclusion can be made by the manager or the vehicle. The two best
available choices for this vehicle according to its governing objective are to either maintain speed, represented by element
(vtl)zz, or decelerate by 5 miles in the same lane, (vﬁ)m. The vehicle is already travelling at the speed limit for the lane
so the option to accelerate, (1)),3, is unavailable. Since the lane down has a maximum speed limit much lower than 5
miles from the agent’s current speed, the move to a that lane is currently unavailable until the vehicle decelerates suffi-
ciently. Thus all options in row 3 of the valuation matrix of vehicle 1 are turned off by marking them with 0 s. Vehicle
2’s preferred course of action, (1), is to remain in its current lane and maintain velocity, since that is its preferred
speed. Decelerating in the same lane is the second choice because the new velocity is still close to the preferred speed
and the lane is not as congested as the lanes on either side. Moving to the lane up is a less desirable option and delivers
lower valuations as shown in the first row of the 14 valuation matrix. Moving to the lane down is currently unavailable to
vehicle 2, since its speed is too high. Several 5 mph decelerations have to take place before the alternative becomes acces-
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Fig. 2. Mechanism Design Among Driverless Vehicles on a Highway Example - Potential Positions at the End of the Implementation Time Slice.

sible. Similarly, vehicle 3’s top choice is to move up a lane and increase speed, (1%)3. Lesser available options are ranked
accordingly.

Without restriction of generality, assume that the manager is a cell tower with coverage over the road. The manager
receives the timestamped bids, unpacks them and calculates the potential position matrices posIF/ for every feasible action
(with valuation greater than 0) of every agent. Distance calculations can be made with the help of positional road markings,
GPS, road sensors, etc. The potential agent locations allow the manager to determine positional conflict between vehicles
should a lane/speed action combination be allowed to be implemented. For simplicity, the minor distance loss in forward
advancement incurred by an agent changing lanes is disregarded. For the example, distance calculation results are rounded
up to the nearest whole number. The front of the last vehicle in the group (vehicle 1) can be considered to be relative
position 0 as illustrated in Fig. 1. The top valuation of the agent is to remain in its current lane and maintain its speed. At
its present velocity of 100 mph v; would travel 733 feet within the 5 seconds of the time slice. As the length of the vehicle
is 15 feet, v; would occupy the space between 733 and 718 feet ahead of its current location in lane 3, should it be allowed
to implement its top choice actions. Similarly, all other non-zero valuations will receive a relative potential position. Thus
the resulting positional matrices are:

1 -1 -1 0 0 0
posﬁ’: L3, 697,682 13,733,718 —1 ] corresponding to vﬁ: 07 1 0],
0
0.

-1 -1 -1 0 0
L3,663,648 L3,700,685 L3,737,722 02 05 4
post = <L2, 663,648 L2,700,685 -1 ) to v, = (0.7 1 0 ) and
-1 -1 -1 0 0 0
-1 L2,680,665 L2,717,702 0 0.8 1
pOS[, = (Ll, 643,628 L1,680,665 L1,717, 702) to Ug = (0.1 0.4 0.5).
-1 -1 -1 0 0 0

Potential spatial positions with their valuations are shown in Fig. 2.

The mechanism calculates the maximum attainable social welfare when all conflict is resolved. The highest possible
collective utility of 3 is unachievable since the distance in top valued potential positions for v, and v; would violate the
built-in mechanism safety distance of 30 feet. The most social welfare that can be extracted from this configuration is 2.7.
Conflict is resolved and as a result, v; and v3 are allowed to implement their top choice of actions and v, receives approval
for its second choice. The optimal allocation becomes

0\ [0\ [0\ /1\ /1\ /0
sy = ((1).(1):(1). [0o):(0). [0
o/ \o/ \o/ \o/ \o/ \u
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Indeed, this is the best allocation. Of the 50 unique allocation candidates, there are 19 viable conflict-free configurations.
Aside from the winning allocation, the remaining 18 result in combined group utility ranging between 1.3 and 2.5.

Next, given the optimal allocation, the mechanism calculates if it's owed any payment for the round.

Price is determined according to the formula presented in Definition 5. Vehicle 1 pays nothing since in this cycle it does
not inflict itself on anyone - the best possible utility of the group for an alternative action allocation without it (s,1)_4
is 1.7 and the utility of the allocation determined by the mechanism with the utility of vehicle 1 taken out is also 1.7.
Similarly, p}, = 2—2 = 0. However, vehicle 3 moving up a lane and essentially forcing vehicle 2 to decelerate causes some
externality on the system. The price vehicle 3 pays is

3 3
py= Y Vi) ;- Y vils)=
J=1.j#3 j=1.j#3
0 0\ /0 02 05 04\ /0\ /0
=107 1 0 1 11+107 1 0 1 1
0 O 0 0 0 0 0 0 0
0 O 0 0 02 05 04 1 0
-1107 1 O 1 11+10.7 1 0 0 1 =
0 0 0 0 0 0 0 0 0
=2-17=03

The manager relays the approved actions to all agents and collects non-zero payment amounts. Actions are implemented
and after a short adjustment period using up the remaining time slices, the process restarts for the next cycle.

For simplicity, the constant utility term c; is disregarded. Therefore, reporting their true valuations resulted in individual
utilities for the 3 players of u{ = 1-0 = 1,uf= 07-0 = 0.7, and u§ = 1-0.3 = 0.7. Now consider an attempt by
one of the agents to improve its utility by misreporting preference values. Vehicle 2’s governing objective is travelling in
less congested lanes, so maybe lying about its valuation for decreasing speed in the same lane will be one way to avoid the
necessity to make room for vehicles changing into its lane directly ahead of it. Reasoning this way a rational agent could
hide its true valuation for the action, 0.7, and report it as, for instance, 0.1. All else remaining equal, the maximum attainable
social welfare of the system drops to 2.5 in which both vehicles 1 and 2 maintain their speed and lane, and vehicle 3 is
forced to implement its third choice, ((vg)23 = 0.5), namely to continue travelling in its current lane but accelerate by 5
miles until the next time slice. Vehicle 3 incurs no cost for this action because the allocation for the remaining two vehicles
does not change when agent 3 is not present in the system. Vehicle 1 travels conflict-free during the time slice, so its cost
is also zero. However, vehicle 2 pays a price for misrepresenting its valuation and its lack of flexibility. The cost incurred by
it is p‘2 = 2-1.5 = 0.5 and its utility drops to 0.5 (the true valuation of 1 less the price to take the approved actions), so,
as shown above, lying not only does not improve outcomes, it may leave a vehicle worse off.

An attempt to achieve certain desired actions by lying about the availability of alternatives, e.g. agent 2 claiming that
decelerating in its lane is unfeasible by assigning it valuation 0, can be easily detected and assigned a steep monetary
penalty as the manager has situational awareness and knows what actions are available to all of its players.

Finally, a player might consider lying to try to decrease the cost it may incur for the right to implement certain actions.
In the example, consider agent 3 misrepresenting its valuation for move up/accelerate as 0.9 instead of 1. The decrease is
small enough to still convey the strong desirability of the actions but could potentially decrease the price. However, the cost
incurred by a player corresponds to the externality it causes on the system and is calculated disregarding the agent’s own
report of the importance of actions. Under these conditions, the maximum achievable social welfare is 2.6 (1 from vy, 0.7
from v,, and 0.9 from v3). Both agents 1 and 2 have zero payments, but agent 3 pays 0.3 as before. Undervaluing actions to
decrease payment is thus futile and agents are again best served by telling the truth. This is not surprising, since, as shown
in Proposition 2, the mechanism is strategy-proof and incentivizes truth telling.

The illustrative example presented here was verified by the NetLogo simulation (see Section 5) as shown in Fig. 3.

Note that in the presented example scenario even though social utility is maximized, v; will accelerate and pull in in
front of v, which will decelerate per mechanism approved action. The actions are allowed by the mechanism because the
constraint specifying the minimum safety distance between agents on the road is satisfied. However, this will still leave
a 20 mph difference between the agents’ velocities and vehicle 2 will ultimately be forced to decelerate more during the
adjustment period between rounds to avoid a collision. A potential refinement of the mechanism will not only detect an
agent inflicting an externality on the system but also the degree of its severity. The mechanism will either charge more for
inconveniencing other players to a larger extent or adjust buffer zone requirements based on speeds.

4. Empirical model
A test bed was created to implement and verify the mechanism.

1
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Fig. 3. Mechanism Design Among Driverless Vehicles on a Highway Example - NetLogo Simulation Results.

Table 1
Lane Characteristics of a Simulated Three-Lane Highway.

Emission Levels (1-10)  Maximum Speed (1-10)  Minimum Speed (1-10)

Lane 3 10 10 7
Lane 2 7 6 4
Lane 1 4 3 1

4.1. Environment and agent characteristics

As outlined before, the simulated expressway has lanes with minimum and maximum speed characteristics. The test bed
adds another attribute, emission level. All three attributes were assigned simplified valid ranges with values between 1 and
10. For an example three-lane highway, as shown in Table 1, the top lane, Lane 3, is characterized by the maximum overall
speed but also the maximum emission level. At the bottom, Lane 1 is the slowest but most emission-friendly lane.

The vehicle agents’ current and preferred speed attributes are valued between 1 and 10, with 10 being the highest.
The objective emphasis attribute takes values between 1 and the number of lanes being simulated, with the higher values
commensurate with the importance the vehicle assigns to its governing objective. In the test bed the objective emphasis
and preferred speed attributes are randomly generated within the feasible ranges.

An assumption is made regarding prevailing laws governing the travel of vehicles from one lane to another. Without
restriction of generality, it is assumed that once a vehicle starts to travel to a different lane the movement will be largely
perpendicular to the vehicle’s current position. Trajectory generation and tracking are not a subject of this algorithmic model.

4.2. Agent objectives, targets and atomic action derivation

This case study defines three potential objectives: agents may choose to prioritize minimizing personal travel time (TT),
reducing lane congestion level (CL), or reducing global emissions (EL). By maintaining an objective, vehicles on the road are
working against some or all of the remaining objectives. For example, a vehicle focused on minimizing its travel time will
likely select to drive in a faster lane than a vehicle focused on minimizing its emissions would choose, since faster speeds
come with higher emissions. Thus, the action of choosing a faster lane taken to satisfy a travel time objective adversely
affects the global emission levels and therefore works against the emissions reduction objective. The tendency of agents
focused on reducing emissions to choose the slower lanes and the inclination of vehicles interested in reducing travel time to
choose the faster lanes result in higher congestion levels in those lanes, and therefore work against the congestion reduction
objective.

The preferred speed and objective emphasis values determine the target speed and target lane for each
player. For TT players TargetSpeed = PreferredSpeed + ObjectiveEmphasis. For EL players TargetSpeed = PreferredSpeed —
ObjectiveEmphasis. For CL players TargetSpeed = Pre ferredSpeed. For all players the target lane is the lane where the tar-
get speed falls within the allowed speed range.

The system maintains 9 atomic actions. Only single lane changes are allowed and the acceleration/deceleration factor is
1 (on a speed scale from 1 to 10).
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The feasibility of separate lane and speed actions is, as before, derived by Algorithm
lane/speed action combinations is shown in Algorithm 2.

Algorithm 2: Feasible Atomic Action Derivation

2.1
2.2
2.3
2.4

2.7
2.8
2.9

2.10
2.11

2.12
2.13
2.14
2.15

2.16
217

2.18
2.19
2.20

2.21
2.22

2.23
2.24

2.25
2.26
2.27
2.28

2.29
2.30
2.31
2.32
2.33
2.34
2.35

2.36
2.37

2.38
2.39

2.41
2.42

2.43
2.44

2.45
2.46
2.47
2.48
2.49

2.53
2.54

if TargeLane above CurrentLane and CanMoveUp then
CanMoveUpAndM aintainSpeed = true;
if CurrentSpeed < TargetSpeed then
L CanMoveUpAndAccelerate = true;
else if CurrentSpeed > TargetSpeed then
L CanMoveUpAndDecelerate = true;

else
if CurrentSpeed < HighwayMazSpeed then
I_ CanMoveUpAndAccelerate = true;

if CurrentSpeed > LaneUpMinSpeed then
|_ CanMoveUpAndDecelerate = true;

if TargeLane below CurrentLane and CanMoveDown then
CanMoveDownAndM aintainSpeed = true;

if CurrentSpeed < TargelSpeed then

L CanMove DownAndAccelerate = true;

else if CurrentSpeed > TargetSpeed then
L CanM ove DownAndDecelerate = true;

else
if CurrentSpeed > HighwayMinSpeed then
L CanMoveDownAndDecelerate = true;

if CurrentSpeed < LaneDownMazSpeed then
I_ CanMoveUpAndAccelerate = true;
CanStayAndMaintainSpeed = true;
if (TargetLane = CurrentLane and AgentObjective '= CL) or
TargetLane '= Current Lane then
if CurrentSpeed < LaneMaxzSpeed and CanAccelerate then
L CanStayAndAccelerate = true;

if CurrentSpeed > LaneMinSpeed and CanDecelerale then
L CanStayAndDecelerate = true;

if TargetLane = CurrentLane and AgentObjective = CL then
if CurrentSpeed < TargetSpeed and CanAccelerate then

L CanStayAndAccelerate = true;
else if CurrentSpeed > TargetSpeed and CanDecelerate then
L CanStayAndDecelerate = true;
else

Jalculate RelativeLaneCongestion in distance tx;
/* value of x determined by mechanism */
if CanMoveUp then

I_ Calculate RelativeLaneUpCongestion in distance tx;
if CanMoveDown then

|_ Calculate RelativeLane DownCongestion in distance tx;
MinCongestion = min(valid Relative LaneUpCongestion,
Relative LaneCongestion, Relative Lane DownCongestion);

/* break ties in favor of the higher lane */
TargetLane = the lane with MinCongestion;
TargetSpeed =

TargetSpeed — Objective Emphasis x (1 — MinCongestion);
if TargetSpeed < Target LaneMinSpeed then
|_ TargetSpeed = Target Lane MinSpeed,
if TargetSpeed > Target LaneM axSpeed then
|_ TargetSpeed = Target Lane M axSpeed;
if Target Lane = LaneUp then
CanMoveUpAndAccelerate = true;
CanMoveUpAndM aintainSpeed = true;

else if TargetLane = LaneDown then
CanMoveDownAndMaintainSpeed = true;
CanM oveDownAndDecelerate = true;
if CanAccelerate and CurSpeed '= LaneMaxzSpeed then
|_ CanStayAndAccelerate = true;
if CanDecelerate and CurSpeed '= LaneMinSpeed then
L CanStayAndDecelerale = true;
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1. The availability of atomic
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The actual ranking of feasible lane/speed actions is decided by rule sets for each objective taking into account the target
lane and speed, the current speed, the current traffic lane and its speed restrictions, and the physical availability of space
as determined by the neighboring agents. Travel Time (TT) and Emission Level (EL) vehicles strive to reach and maintain
their target lane and speed as determined by the agents’ relationships between preferred speed and objective emphasis).
Congestion Level (CL) vehicles act to reach their target lane and speed and then consider and compare neighboring lanes’
relative congestion levels. The least obstructed lane is selected as the new target lane and the level of objective emphasis is
used to determine the new target speed (lines 2.40-2.46). All players rank action combinations depending on where their
current speed setting and lane position are in relation to their targets.

These are the abstract concepts relevant to the test bed.

5. Simulation

The simulation of the presented mechanism for lane and speed allocation among driverless vehicles on a multi-lane
highway was written, tested, and verified in NetLogo.

5.1. Settings

In the current implementation the maximum number of lanes is set to 5, but that upper bound was chosen to represent
real world conditions and is not absolute. With small adjustments to scale up the legal value ranges of speed variables and
objective emphasis the mechanism was successfully tested for a section of road with 11 lanes one way, to mimic California
State route 22, considered to be one of the widest highways in the world. With appropriate small changes the model can
be applied to roads with an arbitrary (but realistic) number of lanes.

In the simulation, for simplicity, agents are assigned the same physical attributes even though in the real world vehicle
performance and structure characteristics influence and restrict the speed at which a vehicle can travel, the maneuvers it
can perform, and the emission levels it produces. Adding size and performance attributes to the model is a minor extension.

Each round (cycle) of the game lasts for 10 time slices (ticks). 2 ticks are used for mechanism operations, while the
remaining 8 are used for further forward progression, mechanism housekeeping, and as an adjustment period.

5.2. Happiness and patience

The simulation includes an indicator for happiness. “Happy” agents have reached their target lane and are travelling in
it at their target speed. What happens afterwards however, differs according to the governing objective. Happy TT and EL
vehicles strive to maintain these perceived ideal settings, only occasionally making overtake maneuvers where necessary, or
making mechanism sanctioned changes if there is conflict present and they did not win their highest valued actions. For CL
agents on the other hand, a happy state indicates that it is time to look to the neighboring lanes and see if it is possible to
make a switch to a lane less congested than their current one. In order for CL agents to not inadvertently deviate too far
from their original preferred speed due to traffic density circumstances, in the test bed their target speed and target lane
are reset back to the initial values every 10 cycles.

The ability of agents to reach (and maintain) a happy state depends on overall traffic. Once in its target lane, an agent
is more willing to make speed changes than to leave the lane. In order to avoid situations in which agents are stuck in an
inferior condition (in the target lane but driving less than the target speed) for a long time, the simulation also includes
the additional feature of patience for all agents. Patience reflects the sensitivity of agents to less than ideal conditions. For
each time slice during which the vehicle is blocked by a slower driving vehicle directly ahead, it loses a unit of patience. In
the time slice during which agents determine their feasible action valuations, if the patience level has dipped below zero
the agent will attempt an overtake maneuver. The test bed implements right-hand traffic and allows for passing of vehicles
both on the left (first choice) and on the right (only if passing on the left is not available at the moment). The pass on the
right option (overtaking on the inside) is easily turned off if local traffic laws prohibit it. In the simulation, the nine atomic
actions presented in Section 3.4 can be assigned a unique value between 0.1 and 0.9. When patience has run out, should
a move up or down be physically possible, the move up and accelerate or move down and accelerate action is assigned a
valuation of 1, signaling its precedence over all other possibilities. These actions are also coupled with a higher than usual
acceleration factor to achieve the goal of passing the blocking vehicle(s) quickly while disrupting traffic as little as possible.
For simplicity, the simulation does not currently evaluate the probability of successful completion of an overtake maneuver
before undertaking it.

5.3. Resolving conflict

Once the mechanism manager receives all bids, it evaluates them for conflict. Each agent that has an uncontested top
lane/speed action choice automatically receives approval for it, its inferior bids are deleted and the agent is excluded from
further consideration during the round. AVs with only one available action also receive automatic approval. The bids of all
other agents make up the conflict set, for which an allocation is to be constructed.
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Table 2
Mechanism Design for Lane and Speed Allocation Among Autonomous Vehicles on a Highway Model - 100,000 Cycle Test
Run Conflict-only Allocation Results.

Traffic Conflict Set Allocation Size Total Payment
Density Allocations Collected
2 agents 3 agents 4 agents 5+ agents
25% 1467 21 4 0 1492 342.0
50% 7392 264 277 19 7952 1842.5
75% 8629 452 450 32 9563 2341.6

Table 3

Mechanism Design Model 100,000 Cycle Test Run Speed and Happiness Results.
Performance Indicator Traffic Density

25% 50% 75%

Average happiness of TT and EL agents 88.2% 70.6% 66.0%
Minimum happiness of TT and EL agents 50% 11.1% 5%
Maximum happiness of TT and EL agents 100% 100% 92.5%
Time slices at 100% 175,678 38 -
Average happiness of all agents 72.7% 56.9% 54.1%
Average difference of current to target speed for TT agents -0.09 -0.49 -0.3
Maximum over/under difference of average current speed to average target speed for TT agents 1.25/2.63 0.61/3.57 0.65/3.8
Average difference of current to target speed for EL agents +0.02 +0.02 +0.1
Maximum over/under difference of average current speed to average target speed for EL agents 2/1.33 1.84/0.77 3.7/0.5
Average difference of current to target speed for CL agents +0.52 +0.5 +0.43
Maximum over/under difference of average current speed to average target speed for CL agents 3.5/1.92 2.65/1.42 1.85/1.65

During a cycle, conflict may be entirely absent or be present among any number of agents. When the set of incompatible
bids is not empty the system also calculates cost. If faced with conflict, to improve efficiency, the simulation only produces
the top allocation candidates. By sorting bids and continually truncating the search space the model guarantees to find the
social utility maximizing allocation in shorter time.

5.4. Test runs

The simulation was used for test runs of 1,000,000 time slices (100,000 full rounds) each at different levels of traffic
density. The number of vehicles was evenly split between agents adhering to the 3 different objectives. The legal range of
valuations of lane/speed actions and thus of price incurred was [0,1]. The size and number of constructed (conflict-only)
allocations and the amount of payment collected for each test run are summarized in Table 2.

Table 3 lists some of the simulation results for the happiness and speed attributes. Due to the different nature of a happy
state for CL agents, they were partially separated out. It is plain to see that as traffic volume increases, the ability of vehicles
to maintain goal positions and velocities diminishes. At 25% traffic density all TT and EL agents were simultaneously happy
17.6% of the time as opposed to a mere 0.0038% when half the road was occupied by vehicles. As shown in Table 2, when
traffic volume doubled, the level of conflict increased over 5 times as reflected by the total number of conflict-resolving
allocations triggered by agents’ wishes. Still, even at 75% traffic density, conflict that could not be resolved by preliminary
bid reduction was present in just 9563 rounds out of 100,000 (9.6%) and in the vast majority of these cases the simulation
successfully reduced the conflict set down to just two vehicles, which is trivial for the allocation function to resolve.

The diversity of speeds falling within the allowed range for a single lane results in some vehicles inadvertently blocking
others behind them and slowing them down. Before they adjust their travel pace, AVs entering faster lanes at speeds tem-
porarily at around or under the lane minimum speed can slow other lane occupants down as well. This resulted in Travel
Time objective agents moving on average at a rate slightly under their goal. However, the average difference between cur-
rent and target speeds for TT agents was still less than half a unit (on a 1-10 scale), so the mechanism did a good job of
creating allocations benefiting the collective good that did not overly impede traffic. Emission Level agents travelled on av-
erage slightly above their target speed due to speeding up for overtake maneuvers they performed when blocked by slower
vehicles for a period of time long enough to run their patience level down. By design CL agents varied their targets but the
test run results showed that on average they too were able to travel very close to their goal. Even with restricted movement
at 75% traffic density, the average happiness of agents was still high. Recall that a state of happiness was only indicated for
vehicles currently travelling according to their exact wishes so agents who were only marginally removed from their happy
state were not recorded. The mechanism as designed, achieved satisfactory outcomes for the whole group.

Fig. 4 shows a test run at the completion of the millionth time slice. Vertical lines denote just implemented lane changes,
smiley face avatars denote vehicles in a happy state.
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Fig. 4. NetLogo Simulation at a Completed 1000,000 Time Slice Test Run for Traffic Density of 50%.

5.5. Time complexity, optimization, and scalability

In the simulation’s current iteration, bid creation takes place simultaneously for all n agents in runtime O(1) for each
agent. Each of the n agents has at most m bids, where m is a constant. For the 2-dimensional speed/lane case discussed
here, m = 9.

Agents insert their bids into the proper spatial order in a list for each of the [ lanes, where [ is a constant. This happens
in O(n) time with a conventional insertion strategy.

The current implementation of the mechanism’s conflict evaluation and resolution functionality contains two steps:

1) Bid reduction - the bid set is reduced by approving only-option and uncontested top-option bids and removing any subpar
bids for those agents,

2) Conflict-free allocation extraction - the remaining conflicted bids are arranged in the conflict-free configuration delivering
the highest combined utility

Lemma 2. The mechanism runs in O(n3) time (worst case).

Proof. During step 1, bid reduction, the mechanism iterates through each of the I lanes’ bid lists, looking for two kinds of
bids. For only-option bids, the algorithm looks to the bid’s left and right and deletes any other claims within the required
safety distance. For unconflicted best-option bids, the algorithm needs to consult at most 3 bids ahead and 3 bids behind
to find out if there’s conflict with others, including the same agent’s own bids. Subpar choices for all agents with approved
top-option bids are consecutively removed with a conventional search strategy.

These operations are currently implemented with nested loops. In the worst case, there are

i X 1 X X X
> E E + E + E + E iterations, where x is the number of bids. The combined
i=1] 3 : : i i

j=1 \k=j-1 p=j+1 j=1 j=1

only—option bid reduction) ~ top—option bid reduction  remove subpar bids

runtime is thus O(n?), since | = const and at most x = 1 % 3.

Step 2, conflict-free allocation extraction, is only executed when after step 1 terminates not all agents have received
approved actions. For the size of the conflict set ¢, the algorithm currently finds a conflict-free allocation in at most
i > =1 ke Zo 1 ZC J=1 iterations, bringing the worst case runtime of the whole mechanism to 0(n3). O

While 0(n3) runtime sounds like bad news, numerical analysis from test runs of the mechanism (see Section 5.4) shows
that the constraints of the environment and preliminary bid reduction strategies have an overwhelmingly positive effect on
the computational burden placed on the allocation function. Enforcing lane speeds and an appropriate buffer zone between
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vehicles minimizes the number of initial bids deemed feasible and thus limits the size of the bid set. Bid ordering ensures
that the only-option and top-option bid reduction operations usually terminate early. The test runs show what the bid
reduction strategy delivers a conflict free set over 90% of the time, so the computationally heavy allocation function does
not have to be executed at all. And because of local partitioning, the size of the conflict set has a low upper bound and is
minimal or trivial in the vast majority of cases.

There are several potential avenues for runtime reduction and optimization. When the mechanism governs a long stretch
of road, the conflict set can be split into disjoint local clusters, further reducing its size. The local conflict subsets can
be processed simultaneously to save time. As a matter of fact, after receiving the agents’ bids, the manager can run a
partitioning algorithm to subdivide its area of influence into smaller sets without overlapping bids to process separately.
The allocation function can be implemented to recognize duplicate allocations and ignore them, as well as to abandon
suboptimal allocations early. Depending on traffic density, the mechanism manager can set an upper bound on the number
of agents making up the conflict set. Should there be too much conflict, the manager can skip the allocation altogether,
assigning each conflicted agent the atomic action to stay in the same lane and maintain the current speed. Several seconds
of forward progression will inevitably result in a different configuration at the beginning of the next round. This work
focuses on the mechanism as a concept and does not further investigate its optimization.

As outlined, many factors contribute to conflict reduction on a scale sufficient enough to only necessitate firing the
computationally expensive allocation function in a small number of rounds. Vehicles regulate their own speed so if an
agent has to slow down because of a lane change made some distance ahead, it can do that without having to bid for it.
Speed and safety distance constraints further cut down the set of feasible actions. In lighter traffic, there are fewer total
bids and fewer conflicts. Denser traffic results in fewer feasible bids. Lane changes only affect close neighbors so the same
manager can divide its conflict set into multiple smaller local clusters and manage them separately. The preliminary bid
reduction strategy cuts down the size of the conflict set, in most cases eliminating it entirely. Should the allocation function
have to be executed, it is only run on the partitioned conflict set(s). The option to skip allocation when too much conflict is
present and the substantially diminished size of the local conflict subset greatly reduce the calculation burden and alleviate
scalability concerns connected to the Clarke pivot rule.

5.6. Additional features and future extensions

Additional features specific to the application domain can be added to the simulation while still keeping the integrity
of the underlying model. For added behavioral flexibility, agents could be allowed to switch between objectives at will.
Aucxiliary objectives can be modelled and included to represent AV intentions - e.g., maximizing fuel efficiency, following
a particular lead vehicle, etc. For progress improvement, agents could sense the feasibility of overtake maneuvers before
undertaking them. The current happiness metric can be extended by degrees of satisfaction. The patience metric and the
circumstances that cause it to decrease could be refined. The payment scale can be changed and monetary or other incen-
tives can be added to the resolution of utility ties. The allocation algorithm can be augmented with degrees of externality to
reflect the severity of imposition an approved action for an agent would inflict on others. The resulting scale can be used to
make more sophisticated allocation decisions or can result in the utilization of a multiplier for mechanism payment accord-
ing to the circumstances. The simulation should be equipped with attributes allowing for the diversity of agents in terms
of physical features. Those features in combination with current speeds should be taken into account when calculating safe
distances during travel. Next, inclusions can be made to add obstacles and special vehicles that can be treated as unavailable
road positions. If separate mechanisms to enable the utilization of highway on and off ramps are added to the model, the
mechanism can be fine-tuned to a potential real world deployment.

6. Conclusion

This work presented a game-theoretic multi-objective model for the allocation of lane positions and speed settings
among autonomous vehicles on a multi-lane highway. Rooted in mechanism design, the approach delivers a social utility
maximizing strategyproof mechanism for negotiation and conflict resolution. The localized nature of lane-changes ensures
the scalability of the model. The system also benefits from performance advantages granted to it by its deployment at the
edge of the Internet of Things.

A prototyped NetLogo implementation was presented equipped with a limited set of shared objectives governing patterns
of driving. The empirical model includes rule sets for determining action feasibility and for the ranking of eventualities. It
demonstrates the ability of the system to create allocations that resolve conflict in favor of the collective good. Features of
the system are adjustable to fit the deployment scenario.

Even though parts of the presented model are specific to the application domain, by making the context-appropriate
changes, the approach can be implemented and utilized in any field with similar demands on its resources. The proposed
mechanism heralds a step toward autonomous negotiation among machines and it equips interconnected smart cyber-
physical systems with efficient and meaningful ways to privately communicate preferences to an arbitrating body. The model
requires minimal resources and gives agents the ability to take part in a negotiation process free from manipulation and re-
sulting in a socially satisfactory outcome.
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