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Abstract—A new operational concept has been proposed in
Upper Class E airspace at or above 60,000 feet (Flight Level
/ FL600), which will allow operators of diverse vehicle char-
acteristics to cooperatively manage and share their operational
intents with neighboring operators to avoid conflict. There is
a consensus in the community that negotiation for strategic
deconfliction is needed, but there are no specific guidelines for
how the negotiation should be conducted. There is a need for a
structured and cooperative way to resolve the conflict between
a wide variety of aircraft projected to be operating in Upper
Class E for the negotiation to be carried out routinely. The
use of negotiation models are a promising solution that can
resolve conflict risks during flight in real-time while taking into
account the uncertainty of future vehicle positions and dynamic
business considerations. A two-party negotiation model has been
researched, but as the traffic demand grows, there is a higher like-
lihood of conflict involving multiple aircraft that would require
a method to handle multi-party conflict. This paper proposes
a cooperative multi-party negotiation model inspired by game
theory concepts for application to flight trajectory negotiation in
Upper Class E traffic management. This model can be applied
in flight with operators communicating directly after a potential
conflict is detected. Some of the model’s benefits include allowing
business costs to be private to operators, allowing operators to
collaborate together to find conflict-free flight trajectories, and
being compatible with different aircraft and operation types. This
model provides a structured procedure for conflict resolution
that can handle conflict involving multiple parties, assuming each
operator is willing to take on a small cost to themselves in order
to reduce the total cost to the group.

Index Terms—Negotiation Model, Air Traffic Management

I. INTRODUCTION

The aviation technology is expanding both figuratively and
literally into heights above 60,000 feet (Flight Level / FL600).
Currently, this airspace Upper Class E, is mostly used for
military operations and has no specific guidelines for civil
aircraft operations. Air traffic operations in Upper Class E
present unique challenges for a variety of reasons. There are
limited services provided by the current National Airspace
System (NAS) and there are a vast diversity of aircraft that
are expected to operate in the near future in Upper Class
E airspace. Supersonic transport, High Altitude Long En-
durance (HALE) fixed-wing vehicles, HALE balloons, high-
speed unmanned fixed-wing aircraft, HALE airships, and other
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vehicles designed for space launches will either operate or
pass through Upper Class E airspace [1]. These vehicles have
different levels of maneuverability, speed, weight, size, flight
duration, and control, making it difficult to find ways for
these vehicles to safely and fairly operate together in shared
airspace. Operations in Upper Class E airspace can often
have long missions and are usually associated with uncertainty
about predicted future vehicle positions. All of these unique
features lead to the challenge that it is nearly impossible
to adhere to strict flight trajectories while in this airspace,
and therefore planning conflict-free flights before entering or
exclusively reserving airspace for specific operations is not
feasible. Vehicles in Upper Class E airspace must deconflict
their intended flight trajectories strategically during flight.

To handle the challenges described above, a new Upper
Class E Traffic Management (ETM) concept has been pro-
posed to cooperatively manage the airspace, with operators
managing and sharing their flight intents. In accordance with
the version 1.0 ETM Concept of Operations provided by
the FAA [2], NASA, the FAA, and industry stakeholders
have been collaborating to develop a system for ETM, in
which the vehicle operators have the flexibility to negotiate
how they deconflict with vehicles that are projected to be in
conflict without the involvement of air traffic service providers.
Cooperative traffic and conflict management is a core tenet of
ETM concept. Although there has been a general consensus
to engage in good-faith negotiations for managing strategic
conflicts, no guidelines have yet been established. Ad-hoc ne-
gotiation has been suggested as an initial step, but a structured
approach that can provide guidelines for operators to follow
could ensure fairness and consistency.

A bilateral negotiation model [3] was developed specifically
for use in conflict resolution between aircraft in ETM. This
model is based on game theory and provides the structure
for operators to negotiate while ensuring a solution is found.
Although the two-party negotiation model proposed earlier
shows promise, it needs to be expanded to handle conflicts
involving multiple parties if it were to provide a complete
and more comprehensive solution in a high-traffic-density
environment. The model for a flight trajectory negotiation
proposed in this paper is based on the two-party negotiation



model but has been extended to handle conflict involving
multiple parties. For negotiation to be possible, a collaborative
air traffic management system will need to exist and operate
under the assumption that all operators within the airspace are
willing to cooperate and share operational intents. The two-
party model in [3] and this multi-party extension provide the
structure and rules for operators to follow during negotiation
to produce new conflict-free flight trajectory plans for all
operators.

One of the key features of this multi-party negotiation is
that while operational intents need to be shared, the details of
the operators’ mission, such as operation cost, can be kept
private. By using principles from game theory, this model
can guarantee that if an equitable solution exists, it will be
found given a reasonable time frame. Once an agreement is
reached, there is clear transparency to all the operators of the
new flight trajectory plans of their own and other operator(s)
have committed to. The solution set of the conflict-free flight
trajectory plans found through negotiation is mutually agreed
upon and equitable since all operators share the responsibility
and absorb partial costs. No single operator needs to take full
responsibility and cost.

The remainder of this paper is organized as follows. In
Section II, related work is introduced, providing a background
for both conflict resolution in ETM and multi-party game
theoretic models, as well as highlighting the need for a multi-
party negotiation. Then, Section III outlines the key concepts
and details for this negotiation model. Section IV presents
an example that validates the model’s effectiveness in real-
world air traffic scenarios involving three operators. Finally,
a summary is provided at the end in Section V with remarks
for the direction of future work.

II. BACKGROUND AND LITERATURE REVIEW

Currently, many conflict resolution methods are available for
air traffic management, but those methods are neither suitable
for ETM nor handle situations with more than two operators. A
simple multi-party conflict scenario with three vehicles could
have all three vehicles coming into conflict simultaneously.
Another way to consider multi-party conflict is with three
vehicles having only pairwise conflict at different instances,
but solving the conflict with pairwise methods between only
two of the three operators could potentially affect or worsen
the conflict involving the third operator. To develop a conflict
resolution method that is suitable for ETM and multi-party, we
extend the research from [3] and incorporate ideas from multi-
party game theory models. This section will cover some of the
current conflict resolution methods for traffic management and
some relevant multi-party game theory models.

A. Current Conflict Resolution Methods for Traffic Manage-
ment

Many cooperative conflict resolution methods have been
explored in previous studies [3]-[9] for their use in air traffic
management. Many of these studies [3], [5]-[7] can only
handle conflict scenarios with two operators, and those that

can handle multiple operators [4], [8], [9] are insufficient to
meet the needs of ETM. A paper by Park [4] proposes a
multi-party negotiation model but only covers aircraft merg-
ing from two paths to one. [9] also proposes a multi-party
model but treats the conflict as multiple two-party cases.
[8] proposes a multi-party negotiation model that relies on
a centralized, third-party arbiter to make decisions. In such
studies as [4], [7], [8], negotiation is done through mediation
where operators do not negotiate directly with each other.
Communication done through a mediator could potentially
create a communication delay. Several other studies [4]-[6]
require that, at each step, operators generate 6 alternative
flight trajectory plans corresponding to heading changes (turn
left/turn right), altitude changes (climb/descend), and speed
changes (acceleration/deceleration). This can be computation-
ally expensive when compared to the two-party cooperative
negotiation model in [3], where operators do not need to
generate more than one trajectory at each step, and operators
are not required to respond to specific dimensions as long
as their flight trajectory plan increases the distance from the
original flight trajectory plan.

The recent study in [3] introduces the details of the afore-
mentioned negotiation model that does not require operators
to propose flight trajectory plans in multiple dimensions, hides
private business costs, and guarantees a solution to be reached
in a given time frame. This two-party negotiation model
guarantees a solution and forces operators to make fair offers
and accept fair responses. This model is ideal for ETM but is
only for two parties and does not have a defined way to solve
conflict if multiple operators are involved, which highlights
the need for a multi-party model specific to ETM. The multi-
party situation can include scenarios in which all the operators
have a potential conflict or only two operators conflict with
each other, while the negotiated solutions for their conflict
might cause a potential conflict with another operator nearby.
By extending the two-party model to multiple parties, we
can create the framework for three or more operators to find
conflict-free flight trajectory solutions in a variety of situations.

B. Related Work in Game Theory

Game theory models determine how actions and strategies
affect outcomes of situations by applying principles of game
theory to conflict resolution, where we can ensure certain
outcomes based on several assumptions and given that a
solution exists. The ideas in game theory methods can be
used to define rules and structure in negotiation involving
multiple operators. Currently, there is no theoretical multi-
party negotiation model that can be directly applied to conflict
resolution for air traffic management in ETM. Instead, ideas
and concepts from multiple models are combined to develop a
negotiation model capable of handling conflict scenarios with
more than three operators in this research.

Multi-party conflict resolution in ETM can also be classified
as a multi-issue problem, in which there is more than one
single problem to solve and negotiate over. Each pair of
operators will have a minimum distance between each other to



maintain, which can be regarded as separate issues that need to
be negotiated over. Previous work has not been able to cover
multi-party, multi-issue negotiation in which the solution to
each issue will interact with the solution of all other issues.
Some bilateral multi-issue models [10]-[12] can give insight
into how to handle multiple issues simultaneously. One option
could be simplifying an issue into solving multiple bilateral
negotiations in [10]. Bac and Raff [11] developed a bilateral
model that allows players to make an offer on either one
issue at a time or all issues in a package. Once an issue
is resolved, it is removed from the set of negotiable issues.
Fershtman [12] proposes handling separate issues one at a
time by first deciding a pre-determined order to solve each
issue. This is not ideal for air traffic management because
these solutions do not consider the interactions between each
issue. If one bilateral conflict is solved without consideration
of other nearby conflicts, then the solution to the first conflict
could increase the risk of the second or potentially cause a
new conflict.

Many multi-party models [10], [13]-[16] in game theory
require players to make offers on behalf of other players. But
for this research, an operator or player can only make offers of
their own flight trajectory and cannot suggest a flight trajectory
for another operator to fly with. A multi-party negotiation
and planning model used in a robot movement [15] does not
require players to make offers on behalf of others, which may
provide a framework that could be used in our problem. In
their model, agents take turns making partial offers specifying
only how they will move. Once an offer is revealed, all other
agents calculate their utilities based on how they must move
in response. Players will not know the cost or utility of their
plan relative to other players until after it has been revealed
and other players have calculated their responses. In the exit
game model [14], a player who agrees to a proposal has their
utility fixed at that offer for all subsequent rounds. The player
can then disregard the following rounds since they have a
fixed utility. This is also referred to as the player ’exiting’
negotiation, which is also used in [15]. This idea could be
used to negotiate conflict-free flight trajectories by allowing
negotiation to occur in rounds, and operators can have their
flight trajectories and utilities fixed for one round. Once an
operator submits a response, they will not be affected by
subsequent responses in the same round. However, operators
will not be able to exit all rounds of negotiation early since
a fixed flight trajectory might introduce a constraint to other
operators that will force them to take a higher cost or block a
potential solution. Operators will need to stay in negotiation
until a final solution is reached that is agreeable to all players.

III. MULTI-PARTY NEGOTIATION MODEL

Before introducing the negotiation model, this section first
relates the negotiation to concepts introduced from game
theory. The key concepts to game theory, such as cost and
utility, as well as concepts relevant to air traffic management,
such as conflict risk assessment, are described, after which the
specifics for the cost and utility functions of the negotiation

model are introduced. Then, we will define the model assump-
tions, followed by details of the specific actions that can be
taken during negotiation. Finally, the formal model for the
negotiation process is described. Table I defines the notations
used in the following sections.

TABLE I: Definitions and notations used

nez The number of operators in negotiation.

ke Z The number of operators active in the current round,
where 0 < k < n.

rc € R The required cost, constrained by 0 < rc < 1.

T; The ith operator, where 7 = 1,2,... n.

fi A new trajectory associated with the ¢th operator.

fi0 The original trajectory for operator x;.

fi.B The baseline trajectory for operator x;.

Fp The set of size k, containing trajectories in the
current proposal.

Fo The set of size m, containing all the original trajec-
tories for each operator.
The set of size n, containing all operators in nego-
tiation, O = {z1,z2,...,Zn}.

A The set of size k, containing operators still active in
the current round.

D The set of size n — k, containing inactive operators
in the current round.

CR; The set of the response costs for operator x;.

CP; The set of the proposal costs for operator x;.

d; The normalized flight distance of operators x;.

A. Game-theory Motivated Modeling Approach

In our research, we assume that negotiation occurs simul-
taneously in rounds in which an operator proposes a new
flight trajectory, and all other operators sequentially calculate
their response flight trajectory and its associated cost and
utility. The cost and utility are concepts in game theory that
measure how much a player loses or gains from any given
offer [15]. Agents take turns revealing offers, and once an
offer is revealed, all other agents calculate their utility. Once an
operator submits a response flight trajectory, they temporarily
’exit’ negotiation, and their cost and utility are fixed at that
flight trajectory until the current round ends. This is similar
to the exit game model in [14] and is also used in [15] where
once a player agrees to a proposal, their utility is fixed, and
the player ’exits’ negotiation. By fixing utility or cost in each
round, operators can respond asynchronously. This may make
responding earlier advantageous to operators.

B. Key Concepts

The concepts covered in this section include cost and
utility, conflict risk assessment, and different kinds of flight
trajectories used in negotiation.

1) Cost and Utility in Game Theory: Cost and utility in
game theory quantify how much a player gains and loses in
each offer. By defining a cost and utility function, we can make
conclusions about whether a solution can be reached or not.
In our model, we impose a constraint on the cost function,
to be defined later, that specifies the minimum amount of
cost a player must incur in their current offer. This constraint



increases with time, forcing operators to make higher conces-
sions for each round. This follows the multilateral monotonic
concession protocol from [17] in which, in the first round of
negotiation, players are free to make an initial proposal at any
cost, and in each of the following rounds they must either
remain at their current proposal or make a new proposal at a
higher cost. This process repeats until no agent is willing to
make a new proposal or an agreement is reached.

2) Conflict Risk Assessment: Before operators can enter a
negotiation, conflict risk needs to be assessed during flight.
Conflict between two vehicles can be defined with an associ-
ated probability of conflict surpassing a predefined threshold.
A probabilistic operational intent model from [18] can be used
to detect potential conflict probability by checking for conflict
within overlap in predicted operational intents. If desired, risk
can be incorporated into our model to determine a combined
measurement for both the likelihood of an undesired event
and the harm-based risk associated with the undesired events
[19]. Then, negotiation can be triggered by the risk threshold
being surpassed. This probability would determine the risk of
the two vehicles coming into contact sometime in the future.
When more than two operators are involved, each aircraft pair
will have separate conflict probabilities.

3) Original and Baseline Flight Trajectory Plans: The
original flight trajectory of an operator x;, f; o, is the plan that
the operator is currently flying at the start of a negotiation. The
baseline flight trajectory of an operator x;, f; g, is the plan that
the operator must fly to avoid conflict with all other operators
fully, assuming no other aircraft can change from their original
flight trajectory plans. This paper uses these two types of
flight trajectories for comparison since the ideal situation for
any operator would be to continue with their original flight
trajectory. The least favorable option for any operator would
be to have to fly their baseline flight trajectory. Our model is
applied to find a reasonable path for each operator somewhere
in between their baseline and original flight trajectory.

C. Specifications of Cost and Utility Functions

Every operator in the negotiation has a set of costs asso-
ciated with their own flight trajectory. A single operator has
one cost and one normalized flight distance; normalized flight
distance is defined in the following section in negotiation.

1) Normalized Flight Distance: This model allows oper-
ators to keep their true business costs private by building a
relationship between the amount an operator maneuvers from
their original flight trajectory and cost. The flight distance
is normalized to a percentage where a 0% normalized flight
distance represents the original flight trajectory of the operator,
and 100% is used for the baseline flight trajectory. The
normalized flight distance of an operator x; can be written
as 0; where the input f; represents a new flight trajectory
of operator x;. D(f;) is defined as the new distance of the
operator x;. To find the normalized flight distance of any flight
trajectory f; for operator z;, we find the flight path distance
of the original plan (f; ), the new plan (f;), and the baseline
plan (f; g) [20]. The normalized flight distance is the ratio of

the additional flight distance in this proposal over the extra
flight distance that would have been incurred in the baseline
flight trajectory, as shown in the equation below.

52(‘]0“]1-1 O) _ D(fz) - D(fz,O)
’ D(fi,s) — D(fio)

2) Cost and Utility: Under the assumption that the baseline
flight trajectory will have the highest cost and that the original
flight trajectory will have the lowest cost, we can represent the
true cost to be a percentage in which 100% cost is the cost
to fly the baseline flight trajectory and 0% cost is the cost to
fly the original flight trajectory. This cost percentage can be
denoted by c;, where the cost is defined for operator x; to solve
conflict with operator x;. We assume that the original flight
trajectory has the lowest cost because we want to measure the
additional cost to the operator solving conflict; therefore, by
staying on their original flight trajectory, the additional cost is
0%. We also define utility as 1 — ¢;. Each time an operator
takes on more cost, their flight distance becomes larger, and
the process will move closer to reaching a final agreement.
The relationship between cost and normalized flight distance
represents how the operators value the cost of maneuvering
from their original flight trajectory. Some operators may have
a higher true cost at the same normalized flight distance as
others. To account for this, we introduce the [ variable to
measure how much each operator values the normalized flight
distance cost. The equation is shown in (2) which describes the
relationship between cost and normalized flight distance. For
different values of 53, the relationship can translate to operators
valuing each percentage of normalized flight distance at a
higher or lower cost percentage. Fig. 1 shows how the value of
[ affects the relationship between cost and normalized flight
distance.

(D

c; =467 ()

3) Required cost: To ensure a solution is found, the
minimum cost an operator must incur in each proposal is

Relationship Between Cost and Normalized Flight Distance
T T T T

— — L L T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Flight Distance

Fig. 1: The relationship between normalized flight distance and cost for
different values of f.



constrained by the required cost variable rc. This variable is
common among all operators and is based on the current time
and the time given to negotiate. It also forces an operator to
accept an offer if their response cost is lower than the rc [3].
To find rc, first define the negotiation window with a given
start time tg,,+ and end time ¢.,4. This start time should
be when all operators enter a negotiation, and the negotiation
time window must end before the first aircraft loses the ability
to avoid conflict. The duration of negotiation is then equal to
tend —tstart. For any interval ., between the start and ending
time such that tsiort < tewr < tend. The rc is defined as a
function of the current time shown in (3). The rc is constrained
by 0 < rc < 1, where the value of rc will be 0 when t.,, =
tstart and 1 when teyp = teng.

tewr — 1
Pty ) = 2 —start "
tend = tstart

D. Model Assumptions

Our negotiation model relies on several assumptions. The
following assumptions are needed to predict the behavior of
operators and ensure a solution is found. The negotiation
model can only operate properly when these assumptions can
be reasonably made.

o Operators are rational and have the goal of minimizing
their own costs and maximizing their utilities.

o Operators will always consider the lowest cost response
flight trajectory plan.

o Current and proposed flight trajectories are shared among
all operators in negotiation.

o Operators are not aware of the strategies of other opera-
tors in the negotiation because the true cost is not shared.

o Operators are willing to cooperate and follow the required
cost constraint.

o The original flight trajectory has the lowest cost and is
the most ideal plan for every operator in negotiation.

o The baseline flight trajectory has the highest cost and is
the least ideal plan for every operator in negotiation.

« When an operator submits a proposal trajectory, it will
not create new conflict with other operators.

« No new operators enter the air space and join the nego-
tiation when the negotiation already started.

E. Negotiation Actions

The negotiation process comprises a series of rounds that
build a final set of conflict-free flight trajectories. The set of
all operators in negotiation can be represented by O, which
has size n. In each round, an operator can only propose or
respond once. After an operator submits their response or
proposal trajectory, they become inactive for the remainder
of the round. The active and inactive operators in the current
round are denoted by .4 and D, respectively. The relationship
between O, A, and D can be defined mathematically as
O = AUD. Each round is started by an operator proposing
a valid flight trajectory. The set of flight trajectories that have
been submitted by all operators at the time in set D in the
current round can be denoted by F,. Once a proposal is

submitted, the proposing operator is removed from set .A and
joins set D, i.e., a group of operators who have submitted flight
trajectory plans and are silent observers until the round ends.
Each time an operator submits a response flight trajectory,
they become a silent observer joining set D, leaving set .4, and
their submitted flight trajectory is included in set F,,. All other
operators who have not submitted a flight trajectory or made
the initial proposal are considered active in the negotiation
round and are included in set \A.

A round can end either by any operator rejecting the
proposal or by an agreement being reached. If an operator
rejects a proposal, the round will end, and a new one can begin.
A round ending means all operators are active again, i.e.,
A« O, D+ {}, and the set of submitted flight trajectories
become empty F, < {}. An agreement is reached once the
last active operator submits a flight trajectory while all other
operators have successfully submitted valid flight trajectories
without rejecting the proposal. At this point, the set of active
operators will be empty, and the sets of inactive operators and
the set of flight trajectories will be of size n. The remainder of
this section will cover the details of the proposal and response
flight trajectories.

1) Proposing: A new negotiation round begins with a pro-
posed flight trajectory. Any operator can propose the first flight
trajectory if it meets the required cost constraint, ensuring that
the cost for the flight trajectory for the proposing operator is
higher than the required cost [3]. When an operator proposes, it
generates some proposal trajectories and the trajectory with the
lowest associated cost will be selected. The chosen trajectory
is then submitted into the set JF,, forming the joint offer
that could potentially be the final solution for the negotiation
round. With the submission of only one proposal F, = {f;},
the operator x; is now considered inactive for the remainder
of the current round. This step marks a critical point in
the negotiation process as it sets the stage for subsequent
responses and adjustments by other active operators.

2) Responding: Once a round has started, only active
operators that conflict with inactive operators can submit a
response flight trajectory. The operator must calculate a flight
trajectory that resolves conflict with all the valid submitted
flight trajectories from the inactive operators. The response
flight trajectory also meets the required cost constraint, mean-
ing the response cost is lower than the required cost. Operators
can generate multiple response trajectories with associated
costs, and the trajectory with the lowest cost will be selected.
During the response phase, the operator primarily focuses on
resolving conflicts. If the response cost is less than or equal to
the required cost, it must accept submitted flight trajectories.
There may be instances where the response cost is higher than
the required cost. Under these circumstances, operators can
reject the current offer, as they could potentially propose a new
plan with a cost lower than that from their current response
flight trajectory. If the operator chooses or is required to submit
their flight trajectory, then the operator is considered inactive
in the current round, and the flight trajectory joins the set D.



3) Simultaneous Process: In the negotiation model, instead
of randomly picking an operator and waiting for that operator
to finish its turn, a simultaneous mechanism can allow all oper-
ators to generate new proposals or response plans concurrently,
enhancing both the efficiency and realism of the process.
Basically, all operators are allowed to generate new trajectories
at the same time. Once there is an operator finishes generating
its plan, this operator will submit or reject its new plans
based on the cost constraint, and the remaining operators will
stop generating their new plans. All active operators without
existing conflicts with inactive operators can generate proposal
trajectories. Meanwhile, all those identifying conflicts with
inactive operators generate response trajectories to resolve
these conflicts. The operator z; that finishes generating its
new plan first submits it to J,, and then the operator z;
is considered inactive for the current round. This approach
significantly reduces negotiation time and efficiently supports
scalability by managing multiple operators. A simple method
is developed to determine whether the operator needs to gen-
erate a proposal trajectory or a response trajectory. Algorithm
1 in the Appendix provides the detailed logic of this method.

FE. Modeling of Negotiation Process

Once all parties have agreed to negotiate, a negotiation
window must be defined to calculate the required cost, and
the negotiation loop can begin at step 0. With the negotiation
actions and other details outlined above, the negotiation pro-
cess is shown in Fig. 2 and can be simplified as the following
list of steps.

Step 1: All active operators calculate a proposal flight tra-
jectory f; and their proposal costs CP;.

Step 2: Check if ¢p € CP;, ¢p > rc. If true, continue to
step 3; otherwise, repeat steps 1-2 until a valid flight
trajectory is found.

Step 3: Operator x; who submits their lowest cost proposal
plan first becomes inactive in the current round. Other
operators are signaled to stop their current actions.

Step 4: For every active operator x; that conflicts with x;,
x; generates response plans. For every active operator
x, that does not have a conflict with x;, z;, generates
proposal plans.

Step 5: There are two cases:

o If z; finishes generating its plans first, whose costs
are greater than the required cost, continue to step
3. Other operators stop their current actions.

o If z; finishes generating its plans, f; resolves
conflicts with all submitted flight trajectories first,
then continues to step 6. Other operators stop their
current actions

Step 6: If the response cost from f; is less than or equal
to the required cost, proceed to step 9; otherwise, go
to step 7.

Step 7: Operator z; can choose to accept or reject the
current proposal. If chosen to reject, go to step §;
otherwise, if it is accepted, proceed to step 9.

STEP 0
Al operators calculate
baseline trajectories

Start
= Round

>
STEP 1 STEP 2a
All operators T generate

trajectories f valid?

False

z; becomes inactive

and remaining active

operators stop their
actions.

STEP 3b True
The operator z; submits

Jui € @, fi " True

o 1

False

STEP 3a
; fastest?

lowest cost proposal in f;

STEP 4a STEP 4b

Every conflicted active
operator z; generates
resolved response plans f;

Every unconflicted active
operator &, generates valid
proposal plans fj

STEP S
=, generales new
plans first?

STEP 6
1 valid?

True
True
STEP9
Operator z; submits its

lowest cost response plan in
J, and becomes inactive

False STEPT
———> & accepted
fiz

False sTEPS

All operator become active

Exit
———Round ——

| I

True STEP 10
remaining active
operator?

Agresment Reached

Fig. 2: The general process of negotiation. The main loop shows a single
round of negotiation. If the loop ends up in Exit Round, then a new round
can begin.

Step 8: Operator x; rejects the current proposal, all oper-
ators become active again, and a new round begins,
starting over from step 1.
Step 9: Operator x; submits f; and becomes inactive in the
current round.
Step 10: Check if all operators have submitted a flight tra-
jectory or, equivalently, that all operators are inactive.
If all operators are inactive, an agreement has been
reached, flight trajectories can be finalized, and the
negotiation ends; otherwise, repeat step 4 until all
operators have submitted a flight trajectory.
Algorithm 2 in the Appendix describes an active and fastest
operator’s approach to generate its new trajectory.

IV. ILLUSTRATIVE EXAMPLE OF MULTI-PARTY
NEGOTIATION

In this section, we conduct an example to illustrate the
negotiation process model in Upper Class E airspace when
three operators are involved.

A. Example Setup

We simulate a scenario within Upper Class E airspace
involving three distinct aircraft: operators A, B, and C. These
operators are projected to enter a shared airspace from differ-
ent vectors. Operator A’s flight path is designed to intersect



with operator B’s and operator C’s paths at different flight
trajectories. Therefore, we had two conflict sets (A, B) and
(A, C). An example of how a conflict set can be modeled in
a real-world scenario can be seen in Fig. 3, which shows the
original trajectories of three operators. In this case, all three
operators are operating a Global Hawk fixed-wing aircraft
at a constant speed of 340 knots with a mean value wind
sum of 0 knots. The conflict pairs (A, C) and (A, B) have a
negotiation t.,4 time budget of 52 minutes and 66.7 minutes.
Their relative likelihood of conflict are 99% and 100%, which
indicates an urgent need to resolve conflict, based on the
conflict assessment and risk reduction model from previous
work [20].

B. Walkthrough of the Negotiation Process

The following example provides a comprehensive walk-
through of the multi-party negotiation process as applied in an
ETM scenario. This detailed scenario illustrates the dynamic
interaction among three operators: A, B, and C, as they nav-
igate through successive rounds of proposing and responding
to flight trajectories with a left heading change (left plan)
and a right heading change (right plan) within a predefined
negotiation framework. The example emphasizes the practical
application of the theoretical concepts detailed in the “Negoti-
ation Actions” and "Modeling Negotiation Process” sections.
Each step is designed to reflect the negotiation dynamics,
highlighting how operators transition between active and in-
active states and make strategic decisions based on cost. This
walkthrough aims to bridge the gap between the theoretical
models and the real-world applications, providing a clear view
of the negotiation process in action and demonstrating the
complexity and strategic depth of multi-party negotiations in
ETM systems.

In this context, an iteration concludes once an operator
submits its new plan. A round finishes when all operators are
inactive. Therefore, a round can have a maximum of three

Bismarcks

Original Trajectory
Operator A: ————— Minneapoliss
Operator B: Pierre=
Operator C:

TORONTOX

DENVER-

Nashvilles
anta Fes Oklahoma,
City

99% of Conflict
o \,\

BRI -

100% of Conflict ATLANTA®

Jacksons

e hp New Orleanst

MONTERREY= MIAMIS

Fig. 3: The original trajectory of operator A, B and C.

{ Time Step } { Operator A J | Operator B ‘ ‘ Operator C | { % of Conflict ]
Generate. Generate Generate . N
m proposal proposal proposal (AB):99 | (ACK 100 |(BC):0 7
2 D[Su“:u’::‘ (AB)-99 | (AC) 89 [(BC) O
Generate Generate
L5 response proposal
Submit N .
T proposal (AB)-77 | (AC) 89 |(BC) 0 ROUND 1
Generate
T response
6 “;ﬁ”q“‘;’ (AB):0 | (AC)O |(BC)O
— —— |
o Reject
J
Generate Generate Generate P N
T proposal proposal proposal “A'E) 91| (A'CJ 100 ‘(B c“ 0 1
— —
T pf:pki,'s":\ (AB):64 | (A.C) 100 | (B.C):0
Generate Generate
o response response (ROUND 2
Accept or — -
™ = (AB):0 | (AC) 100 | (BC) 0
T2 Reject J
Generate. Generate Generate B N '
Submit N N
T4 e (AB)-55| (AC) 100 | (BC) 0
s Generate ‘ Generats
response proposal
LR AB)- 0] (AC) 100 | (B.C) 0
T16 Reject (AB): 0] (AC) (B.C)
e -ROUND 3
r i (AB):01 (AC) 100 | (BCY O
T8 Generate
response
Accept or N
19 = (AB)-01 (AC) O |(B.C) 0
N -
T20 Reject
Generate Generate Generate B N
™ proposal proposal proposal “AE) 99 1 (A G 100 ‘(B CJ 0 1
— ——
2 jﬂ“gn";; (AB):39 | (A.C) 100 | (B.C):0
T23 ‘ Generate ‘ Generate
response proposal
— ——
T2e e (AB):39 | (AC) 22 | B.C)0
[ -
25 e (AB)-39 | (AC)22 [(BC) O ROUND 4
T26 Generate
response
Tor ;;‘su";:‘ (AB}:0 | (AC)O |(BC)O
— |
T2 (AB):0 | (AC)0 [(BC): 0
— J
Agreement Reached

Fig. 4: The process of negotiation.

iterations since we have three operators. Fig. 4 shows the
time steps, each operator’s action state, percent of conflict
likelihood in each iteration, an the number of negotiation
rounds. Table II presents the cost of each operator in each
round. The Table shows the required cost for each round and
the cost of each operator’s proposed or response plans for two
alternative paths (i.e. path taking left or right turn to avoid the
conflict). The bold highlight indicates the cost that was chosen
and submitted by the operator.



TABLE II: Costs in each round.

Round Required Cost Operator Left Turn Right Turn
1 0.0263 C 0.0860 0.036
1 0.0371 B 0.3824 0.0440
1 0.0837 A 1.1712 0.5621
2 0.0871 A 0.2742 0.0883
2 0.0993 B 1.4483 0.2213
3 0.1260 B 0.3824 0.1329
3 0.1360 A 0.7972 0.0719
3 0.1925 C 1.5740 0.7145
4 0.1935 B 0.3824 0.1943
4 0.2689 C 0.2719 0.2699
4 0.3069 A 1.3918 0.2131

Detailed step-by-step descriptions of the negotiation pro-
cess, as shown in Fig. 4, are as follows:

Round 1:

Round 2:

First Iteration (from T1 to T2 in Fig. 4):

o All operators simultaneously generate their pro-
posal trajectories.

o Operator C completes first with two plans. The
required cost is 0.0263. The left plan has a
proposal cost of 0.0860, while the right plan’s
cost is 0.036, shown in the first row of the Table
IL.

o Operator C submits the right plan with a cost of
0.036 and becomes inactive.

o Conflict percentage between operators A and B
is 89%.

Second Iteration (from T3 to T4 in Fig. 4):

o Operator A starts generating response plans to
resolve conflict with operator C.

e Operator B, not directly conflicting with C,
continues proposal plan generation.

e Operator B finishes first and submits its right
plan costing 0.0440, which is higher than the
required cost of 0.0371. Operator B becomes
inactive.

o Conflict percentage between operators A and C
is now 77%.

Third Iteration (from TS to T7 in Fig. 4):

o Operator A generates response trajectories to
resolve conflicts between operators B and C.

o The costs of its left and right trajectory exceed
the required cost, shown in the third row of
Table II.

o Operator A thinks the response costs are too high
and rejects the current proposal, which makes all
operators active again.

« A new round begins.

First Iteration (from T8 to T9 in Fig. 4):

o All operators generate proposal trajectories si-
multaneously.

o Operator A finishes first. Both costs exceed the
required cost of 0.0871.

e Operator A submits the right plan costing
0.0883.

« Conlflict percentage with operator B is now 64%.

Round 3:

Round 4:

Second Iteration (from T10 to T12 in Fig. 4):

o Operators B and C generate response trajectories
simultaneously due to conflict with A.

o Operator B finishes first; both plans exceed the
required cost, leading to rejection of the propos-
als and activation of all operators.

e A new round begins.

First Iteration (from T13 to T14 in Fig. 4):

o All operators generate proposal trajectories si-
multaneously.

« All plans have costs exceeding the required cost,
shown in the sixth row of Table II.

o Operator B submits its right plan, with a lower
cost, and becomes inactive.

Second Iteration (from T15 to T17 in Fig. 4):

o Operator A generates response plans. Simulta-
neously, operator C generates its proposal plan
generation.

o Operator A finishes generating its plans first. Op-
erator A’s right trajectory has a cost of 0.0719,
which is lower than the required cost.

e Operator A submits its right plan and becomes
inactive.

Third Iteration (from T18 to T20 in Fig. 4):

o Operator C generates its response trajectories.

o Even though operator C’s new trajectories re-
solve the conflict, their costs are higher than the
required cost.

o Operator C rejects the submitted plans, making
all operators active again.

« A new round begins.

First Iteration (from T21 to T22 in Fig. 4):

o All operators generate proposal trajectories si-
multaneously.

o Operator B finishes generating its proposal plans
first.

o The required cost is now 0.1935. Operator B’s
right plan costs 0.1943, while its left plan costs
0.3824.

o Operator B submits this right plan and becomes
inactive.

o The conflict percentage between operators A and
B is 39%.

Second Iteration (from T23 to T25 in Fig. 4):

o Operator A starts generating response plans to
resolve conflict with operator B.

e Operator C generates its proposal plan.

e Operator C finishes first and submits its right
plan costing 0.2699, which is higher than the
required cost of 0.2689. Operator C becomes
inactive.

« The conflict percentage between operators C and
A drops to 22%.

Third Iteration (from T26 to T28 in Fig. 4):



o Operator A generates response trajectories to
resolve conflicts between operators B and C.

e Only its right plan, with a cost of 0.2131, is
lower than the required cost of 0.3069.

o Operator A submits this plan and becomes inac-
tive.

« Now, all operators are inactive, indicating that an
agreement has been reached and the negotiation
has ended.

Original Trajectory
Operator A:
Operator B:
Operator C:

New Trajectory

Fig. 5: The new trajectory of operator A, B and C

In this scenario, it takes four rounds for all operators to
reach an agreement that all operators are satisfied with their
new trajectories. This is an ideal solution since the proposal
costs are higher than the required costs, and the response costs
are lower than the required costs. However, if the last operator
was willing to accept the submitted plans, this negotiation
process might have ended earlier, potentially in the third round
or even as early as the first round. Therefore, the duration
of the negotiation process heavily depends on the operators’
willingness and capabilities.

V. CONCLUSION

This negotiation model offers a structured way to resolve
conflict between multiple operators in flight. The time-based
required cost and associated constraints for each conflict will
force a solution, if one exists, to be found. Since this model
provides flight trajectory calculations along with a decision
to accept or reject those plans, future work can utilize the
automation model developed within [20] to automatically
process this model. This also opens up the possibility of
performing a sensitivity analysis of the multi-party negotiation
model to determine the efficiency of the model. There can also
be a mix of manual and automated operators participating in
the same negotiation which will allow the level of autonomy
in negotiation up to the choices made by the entity carrying
out the operation. While this model has been developed to
meet the challenges and demands of ETM, the flexibility

of this model lends itself to potential uses in other areas of
air traffic management. There are potential applications in
strategic planning to determine equitable flight path planning.

Although the simultaneous process can help reduce nego-
tiation time, it can also significantly increase the time for
a large number of operators. Future multi-party negotiation
models could limit the number of times an operator can reject
the plans. In addition, more scenarios using the multi-party
negotiation model described in this paper need to be tested in
the future and compared with the baseline.
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APPENDIX

Algorithm 1 Check for Conflict with Inactive Operators
Input: z;, conflictPairs, D
Output: True/False //True : response, False : propose
Function Action (x;, conflictPairs, D):
for pair in conflictPairs do
if  (main_operator=pair|0
inactiveSet) or (main_operator=pair[l]
pair(0] € inactiveSet) then
return True

and  pair[l] €
and

end

end
return False

A simple method for determining whether the operator
needs to generate a proposal trajectory or a response trajectory.
The True output implies an operator needs to generate a re-
sponse trajectory, whereas the False output means an operator
needs to create a proposal trajectory.

Algorithm 2 Multi-Party Flight Trajectory Negotiation
Input: O,Fy,conflictPairs

Output: F,

Agreement Reached < False

while not AgreementReached do
A+ O

D+ 0
F,<«0
while not ISEMPTY(A) and not exit_round do
/+ Determine i1if submit a proposal
or response based on the conflict
status */
action < ACTION(x;, conflictPairs, D)

if action then

fi < GENERATERESPONSE(z;, D, F}, Fp) [20]
CR; <+ CALCULATERESPONSECOSTS(f;, A,
Fp) [20]

cr = min( CR;)

f* < argminy,cr, CR;

if c¢r < rc then

Fplwi] « f~

Move z; from A to D

end

else

if accept then

Fplzi] < f*

Move z; from A to D

end
else
| exit_round = True
end
end
end
else

fi < GENERATEPROPOSAL(x;, Fp) [20]
CP; < CALCULATEPROPOSALCOSTS(f;, A,
Fo) [20]
if Vep : ¢p € CP;, cp > rc then
f* < argminy,ecp, CP;
Fplz] « f*
Move z; from A to D

end

end

if ISEMPTY(A) then
AgreementReached < True

end

end

end
return F),




