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Abstract—This work proposes a negotiation model, built upon
the sequential bargaining model, for strategic planning among
high-altitude operations. The definition of cost/utility, the setup
of time-dependent required cost, and the detailed negotiation
structure and process are developed. The sensitivities of ne-
gotiation strategies or preferences, response time, and limited
maneuverability are investigated to understand the behavior of
the proposed negotiation model. Results show that the proposed
model can serve the cooperative operation concept well: first, this
model ensures an agreement can be reached within a predefined
time window; second, operators can accurately express their
priorities without exposing their private business information;
third, the model encourages short response times and helps the
negotiation process converge; finally, the limited and unbalanced
maneuverability was found less of a concern for a fair negotiation
due to the long lead time available for strategic planning.

Index Terms—Negotiation Model, Strategic Planning, Air Traf-
fic Management

I. INTRODUCTION

To enable efficient and safe operations of new-entrant
vehicles and to alleviate the potential burden on air traffic
controllers, the concept of Unmanned aircraft systems Traffic
Management (UTM) [1]–[5] explored a different approach re-
quiring cooperative operations among operators/pilots through
operational intent sharing and coordination. This concept has
been extended and proposed by the community to handle
traffic management for high-altitude operations. While the
concept and basic system were tested in UTM, there are still
many critical capabilities needed for high-altitude operations,
such as how to share the airspace and resolve potential
conflicts between the operational intents of vastly different
vehicles.

There is a consensus in the community on developing cer-
tain flight rules like existing Instrument Flight Rules (IFR) and
Visual Flight Rules (VFR) for new-entrant vehicle operations.
Therefore, should any potential conflict happen, operators can
resolve it based on the new flight rules. The envisioned new
flight rules have been referred to as community-based rules [6],
digital flight rules [7], or automated flight rules [8] depending
on the circumstances. In addition to these flight rules, both the
UTM strategic deconfliction concept [2] and the Cooperative
Operating Practices (COP) concept [9] propose a negotiation
capability as a complementary means for resolving conflicts

during the strategic planning phase. However, no studies have
been conducted on how to structure and formulate such a
negotiation capability. This work develops a negotiation model
that can meet the need for upper Class E traffic management
and can be extended to other new-entrant operations as well.

This paper begins with a background of negotiation models.
Section III discusses the scope of negotiation for this specific
work. Section IV introduces the negotiation model, rules, and
procedures. Section V briefly describes the flight replanning
algorithm used in the negotiation experiments. Section VI
presents experiments and the sensitivity studies of key vari-
ables in the negotiation model. Section VII concludes this
work.

II. BACKGROUND IN NEGOTIATION

Negotiation or bargaining problems, where two parties
whose interests are neither completely opposed nor com-
pletely coincident, have been studied in Game Theory since
1950s [10]–[14]. In Game Theory, the negotiation process
is formulated mathematically with the minimum quantity of
information such that the process can be investigated, proper
rules can be defined, and better agreements can be reached.
Game Theory has been widely used in many fields, including
but not limited to economics, political science, computer
science, and statistics.

There have been a number of studies investigating game-
theoretic solutions to air traffic conflict management using
non-cooperative [15] and cooperative [16], [17] approaches.
Non-cooperative approaches ensure separation in worst-case
scenarios where no negotiation between agents occurs. Coop-
erative approaches involve negotiation between agents utilizing
incremental bargaining where offers and counter-offers are
exchanged through a common protocol.

In the cooperative approaches [17]–[19], two different mod-
els are typically applied. Menon et. al. [18] used the static
negotiation model: operators are assumed to generate a full
list of candidate flight plans associated with scores, and share
them to form a utility matrix. From this utility matrix, Nash
Equilibrium can be identified. Then a solution is selected from
the Nash Equilibrium. Since the utility matrix is static and
the number of candidate flight plans is limited, there will be
unnecessary extra deviation due to the discontinuous candidate



flight plans. Therefore, this type of model is neither efficient
nor flexible for conflict management in strategic planning.
Pritchett [16] developed a negotiation model based on the
sequential bargaining model for tactical conflict resolution
among air traffic. Revised trajectories in six dimensions (left,
right, up, down, slow, and fast) are required, and time con-
straints are used to ensure the negotiation process can finish
within a given number of steps. Our previous work [20]
investigated the sequential bargain model for high-altitude
operations, however, the focus was mainly on the conflict-
free trajectory optimization given the high-altitude vehicle
dynamics.

III. THE SCOPE OF NEGOTIATION

Understanding the application scope of negotiation in high-
altitude operations is important before developing a negoti-
ation model. Fig. 1 presents a notional timeline using an
example encounter scenario between a High-Altitude-Long-
Endurance (HALE) fixed-wing aircraft and a high-altitude
airship. As shown in the figure, both vehicles are sharing
their operational intents formulated based on their flight plans,
flight performances, and wind uncertainties [21]. Assuming
that the conflict probability of operational intents between
these two operations is predicted to reach an unacceptable
level at some future time Tx (shown as the red crossing mark),
the latest time T0 for any vehicle to maneuver to avoid the
conflict can then be identified [22]. When two vehicles have
different performances, the latest times for them to maneuver
to avoid the conflict will be different (shown as T0 and T 00
respectively). For example, in this sample scenario, the airship
requires longer lead time than the HALE fixed-wing aircraft.
The strategic conflict management phase, which is usually
defined to end some time before T0, consists of a negotiation
phase [23] (between TN and TF ) and a “fallback” conflict
management phase (between TF and T0).

Fig. 1. Timeline in Conflict Management

As shown in Fig. 1, a rule-based approach can be applied
through the entire conflict management period, whereas the
negotiation model will only be applied during a predefined
negotiation time window (between TN and TF as shown in the
figure). The negotiation takes place during strategic planning,

which includes both pre-departure planning and in-flight re-
planning as long as the re-planning happens long before any
potential conflict occurs (e.g. > 10 or 20 minutes before Tx).
The goal of negotiation is not to replace or compete with
the rule-based approaches (e.g. the community-based rules) in
conflict management. Rather, it is developed to complement
rule-based approaches by providing more flexibility and an
extra option, such that the operators can chose more efficient
solutions based on dynamically-changing operational needs at
the moment. The negotiation model is expected to provide
an efficient means for operators to share their needs and
exchange dynamically-updated operational intent information
through the process, such that the operators can achieve better
efficiency without sacrificing critical needs. For instance, when
there is an unacceptable level of risk between a high-altitude
airship and a HALE fixed-wing aircraft as shown in Fig. 1,
the community-based rules may require the HALE fixed-wing
aircraft to yield the right of way to the airship. However,
a negotiation model can help operators find a different but
more efficient resolution: if the airship operator thinks that
adjusting its heading won’t affect the mission (e.g. providing
communication services to the ground), the operator probably
will agree to yield the right of way to the HALE fixed-wing
aircraft.

IV. NEGOTIATION MODEL

In this work, a negotiation model is developed based on
Rubinstein’s sequential bargaining model [12] for strategic
conflict management in high-altitude operations. The follow-
ing sections describe the details of this model including
definitions of key metrics and parameters, requirements, and
procedure.

A. Cost and Utility

Utility is a standard terminology used to measure the
value of an action (or a proposed action) in a negotiation
model. Since Cost is usually easy to understand in conflict
management, this subsection starts from the definition of Cost,
and then a simple function will be introduced later to map
between Utility and Cost.

To help understand Cost defined in this work, Fig. 2 presents
the same encounter scenario, where fh0 and fa0 represent
the original flight plans for the HALE fixed-wing aircraft
and airship, respectively. Due to the uncertainty in future
positions, the mean closest points of approach are predicted
to be �Ph;cpa and �Pa;cpa for the HALE fixed-wing aircraft and
the airship, respectively. dcpa denotes the distance between
these two points. Assuming the original flight plans yield an
unacceptable level of risk1, if the HALE fixed-wing aircraft
has the full responsibility to maneuver to avoid any potential
conflict, then it needs to revise its flight plan to reduce the
collision risk to zero. The resultant flight plan is then called

1As mentioned before, operational intents that are generated based on flight
plans, flight performances, and wind uncertainties are actually used to compute
the collision risk. For simplicity, “flight plans” and “operational intents” are
used interchangeably here.



the response flight plan, represented as fhr(fa0) in Fig. 2,
as it is associated with the airship’s original flight plan fa0.
The new mean closest points of approach will be changed to
�P 0h;cpa and �P 0a;cpa with an updated distance d0cpa.

Fig. 2. Cost Definition

The cost of the original flight plan, Cost(fh0), is set to
zero, and the cost of any revised flight plan will represent
the extra cost compared to the original flight plan. This
extra cost can be built upon energy, time, or other business-
related cost, such as reduced custom coverage when providing
communication services, or low charging efficiency for solar-
powered vehicles. Allowing costs other than energy and time
provides the operator with the flexibility to measure their
needs, which is important to high-altitude operations.

To protect sensitive business information, a normalized cost
is used. The normalized cost of a flight plan fh is defined as
the ratio between its cost and the cost of the response flight
plan as in Eqn. 1.

c(fh) =
cost(fh)

cost[fh
r(fa0)]

(1)

In this work, the cost c(fh) is required to monotonically
increase with the distance between two closest points of
approach as in Eqn. 2 with c(fh) in the range of [0; 1].
To ensure that the negotiation process moves closer to an
agreement every round, the cost c(fh) just needs to increase
every step.

c(fh;i)�c(fh;j) () dcpa;i�dcpa;j (2)

In Game Theory, Utility is widely used to measure the
preference of the negotiator for a given action, and a high
Utility is always desired. Based on the definitions, a simple
function can be defined to map the Utility u(fh) to the Cost
c(fh), where u(fh) is between zero and one.

u(fh) = 1� c(fh); 0�u(fh)�1: (3)

B. Operator Preference or Strategy

To be more generalized, the distance between two closest
points of approach dcpa between two flight plans is further
generalized to a normalized deviation �� as shown in Eqn. 4,
where the normalized deviation for the original flight plan is
defined as zero (��(fh0) = 0) and the response flight plan with
full responsibility is one (��[fhr(fa0)] = 1).

��(fh) =
dcpa(fh)� dcpa(fh0)

dcpa[fh
r(fa0)]� dcpa(fh0)

�100%; �� 2 [0; 1]: (4)

Now, the cost will monotonically increase with the normal-
ized deviation as well, whereas the utility will monotonically
decrease with the normalized deviation:

c(fh;i)�c(fh;j) () ��(fh;i)���(fh;j) (5)

u(fh;i)�u(fh;j) () ��(fh;i)���(fh;j) (6)

In this work, during the negotiation process, the normalized
deviation �� is required to increase every step for each operator.
Specifically, �� is required to be proportional to the elapsed
negotiation time. The relationship between the utility/cost and
the normalized deviation essentially reflects the operator’s
preference and forms the negotiation strategy, which can be
defined before negotiation as a guidance by the operator or
analyzed after negotiation based on the negotiation history.

Fig. 3. Three Types of Negotiation Strategy

c(fh) = ��1=� (7)

Fig. 3 shows three sample negotiation strategies [14] based
on the relationship between the cost and normalized deviation
(as shown in Eqn. 7): Boulware (��1, in red), Conceder
(��1, in blue), and Linear (� = 1, in black). The Boulware
strategy doesn’t deviate much from the original flight plan
until the negotiation time is almost exhausted, whereas the
Conceder strategy gives in quickly in terms of deviation. The
Linear strategy behaves somewhere between Boulware and
Conceder.

The operator preference or strategy curve reflects the nego-
tiator behavior, no matter if the strategy is decided by objective
business costs, or subjective characteristics, or a combination
of both objective and subjective factors. Because the goal
of this negotiation model is to provide an efficient way for
operators to share their needs, it’s assumed that both parties
want to find a reasonable and flexible solution that is better
than the fallback solution. Thus, operators are expected to
construct their strategy curves based on objective business
costs; however, it is not guaranteed unless operators are willing
to share their private business information.



Separation requirements are often represented by cylinders
(or ”hockey pucks”) in vertical and horizontal dimensions,
which are usually uncorrelated. The normalized deviation
should have these two dimensions as well, so that the nor-
malized deviation becomes a generalized parameter that can
connect any types of maneuvers as long as they can compen-
sate each other in the same dimension. For instance, heading
change, speed change, or combined heading and speed change
can all contribute to increase the minimum horizontal separa-
tion between two flight plans2. And climbing, descending, or
other combinations can contribute to the vertical deviation.

With the normalized deviations, the maneuver in the re-
sponse flight plan doesn’t need to be the same type as
the one in the proposed flight plan, as long as they are
in the same dimension (vertical or horizontal). Using the
normalized deviation, there is no need to propose and respond
in six dimensions (turning left, turning right, speeding up,
slowing down, climbing, and descending) as requested in
Pritchett’s work [19]. The horizontal and vertical deviations
are independent from each other in conflict resolution. There
is not much to negotiate if one vehicle can only maneuver
vertically and the other can only maneuver laterally, because
the operators can only choose between full responsibility
and zero responsibility3. Thus, proposing and responding in
two dimensions—lateral and vertical—would be sufficient. In
this work, the operator is only required to propose in one
dimension, and the second dimension is optional.

C. Time-dependent Required Cost

Rubinstein [12] introduced time constraints to ensure the
negotiation results in an agreement by the deadline. There are
two types of costs in Rubinstein’s model: fixed bargaining cost
(by adding a cost at each round) and fixed discounting factor
(by multiplying a factor at each round).

Fig. 4. Time-dependent Required Cost

Pritchett et. al. [19] used a fixed bargaining cost to guarantee
that the negotiation can be concluded within a fixed number
of steps. Since Pritchett’s work focused on tactical conflict
resolution, the response time, which refers to the time spent re-
ceiving and evaluating a proposal and proposing and sending a

2It should be mentioned that climb with non-zero horizontal speed can also
change the horizontal separation.

3The vertical maneuver here refers to a 90� climb or descent with zero
horizontal speed

new proposal, wasn’t taken into account. For strategic planning
in high-altitude operations, the communication and vehicle
control response times could be long and may vary among
different vehicles and operators. A fixed additive bargaining
cost would essentially penalize quick responses and favor slow
responses (shown as the blue curve in Fig. 4).

�c =
�t

TF � TN
(8)

creq(t) =
t� TN
TF � TN

(9)

To construct a fair negotiation process, a time-dependent
additive cost is proposed as in Eqn. 8. Then the Required Cost
at any time t, creq(t), will increase proportionally to the time
used (Eqn. 9). The Required cost will be imposed every time
when a negotiator proposes a flight plan/operational intent,
which means that the cost of the proposal must be greater
than or equal to the required cost at the moment. This will
incentivize quick responses and penalize slow ones and help
construct a fair negotiating process.

D. Negotiation Work Flow

Once the terms critical to negotiation are defined, the work
flow of the sequential bargaining negotiation is as follows:
� If the predicted conflict risk exceeds a threshold and

the current time is within the defined negotiation time
window between TN and TF , then move to Step 1 and
the negotiation starts.

� Step 1: Operator A calculates response operational intents
(or flight plans) and associated costs, given the opera-
tional intents from Operator B.

� Step 2: Operator A checks the response cost against the
Required cost. If there are multiple response costs then
pick the minimum cost. If it’s less than or equal to the
Required Cost, then an agreement is reached, jump to
Step 7. Otherwise, go to Step 3.

� Step 3: Operator A proposes revised operational intents
and makes sure their costs are higher than or equal to the
Required Cost.

� Step 4: Operator B calculates response operational in-
tents and associated costs given the proposed operational
intents from Operator A.

� Step 5: Operator B checks the response cost against the
Required cost. If there are multiple response costs then
pick the minimum cost. If it’s less than or equal to the
Required Cost, then an agreement is reached, jump to
Step 7. Otherwise, go to Step 6.

� Step 6: Operator B proposes revised operational intents
and makes sure their costs are higher than or equal to the
Required Cost, then go to Step 1.

� Step 7: An agreement is reached, the final proposed
and response operational intents are then finalized and
submitted.

Fig. 5 presents the negotiation loop, within which the
Required Cost or Time-dependent cost requirement steadily



increase with the normalized deviation (essentially with the
elapsed negotiation time).

Fig. 5. Negotiation Flow

E. Recap of Core Negotiation Requirements

Core negotiation requirements for this work are summarized
below:
� The operators should construct their strategy curves or

preferences based on their objective business costs.
� The operators must propose revised flight plans or oper-

ational intents with corresponding costs higher than the
time-dependent Required Cost defined by Eqn. 9.

� The time-dependent Required Cost must monotonically
increase with the normalized deviation defined by Eqn. 4
and Eqn. 6, which is set to be proportional to the elapsed
negotiation time.

V. FLIGHT REPLANNING ALGORITHM

In order to perform experiments for the negotiation model,
a flight replanning algorithm is needed. However, it should be
noted that the negotiation model and its performance should
be consistent regardless of the flight replanning algorithm.

To develop a flight replanning algorithm for high-altitude
operations, two functions are required: a function to adjust the
flight plan to ensure its minimum four-dimensional distance to
another flight plan is higher than a given value, and a function
to adjust the flight plan such that the risk or probability of
conflict 4 with another flight plan does not exceed a specified
maximum risk level.

In this work, the first function was built based on the
geometric conflict resolution algorithm developed by Bilimoria
[24]. Because Bilimoria’s algorithm was developed for tactical
conflict resolution with only a single flight segment involved,
improvements were made to extend it to multiple-segment
flight plans. This function will be utilized to revise a flight plan
and meet any given minimum distance requirement. For the
second function, a simple bisection method was added as the
outer loop of the first function to tune the minimum distance
to find the zero-risk flight plan. To calculate the probability of

4The separation standard hasn’t been defined for high-altitude operations,
however, to enable this study, a 5-nautical mile separation were used.

conflict intent, the algorithm developed in previous work [21]
was applied. Finally, a flight replanning algorithm consisting
of the first and second functions was used in the experiments.

VI. EXPERIMENTS AND ANALYSIS

Experiments are conducted to illustrate the negotiation
process and perform sensitivity analysis to examine possible
behaviors associated with this negotiation model.

A. Baseline Example

An example is presented to delineate the negotiation process
and to be used as a baseline for sensitivity studies in following
subsections. In this scenario, two Global Hawk fixed-wing
aircraft are negotiating to mitigate some undesired risk of
conflict. Both vehicles are assumed to fly at 340 knots (air
speed) and wind is southwest with a mean value of 20 knots
and std. of 5 knots. The conflict probability/risk is predicted
to reach 54% at 41 minutes from now and exceed 5% at 40
minutes from now, using the algorithm developed in previous
work [21].

TABLE I
SCENARIO PARAMETERS

Parameters Values
Risk threshold for negotiation 5%
Time to undesired event (Tx) 40 min.

Negotiation time window (min) [Tx-43, Tx-13]
Response time for both operators 3.0 min

Preference for both operators � = 4 (Boulware)

Maneuverability (Operator 1) Heading change
within [�60�, 60�]

Maneuverability (Operator 2) Heading change
within [�60�, 60�]

Table I lists parameters used in this negotiation scenario.
The threshold of risk to trigger the negotiation is set to be 5%,
the beginning time of the negotiation window TN is 43 minutes
before the potential conflict at Tx and the ending time of the
negotiation TF is 13 minutes before Tx. The response times
for both operators are 3 minutes. The response time refers to
the time needed for receiving and evaluating a proposal and
proposing and sending a new proposal every time. In addition,
both operators’ preferences are set to be Boulware with � = 4.
Because the risk exceeds the defined negotiation threshold and
current time is in the negotiation time window, a negotiation
process will be initiated.

Fig. 6 presents operators’ preferences (or negotiation strate-
gies) developed based on their own business costs (shown as
the blue and red curves). At each round, the proposed cost is
shown as a dot and the evaluated response cost is represented
by a square. The required cost at each round is shown as
the dashed line segment attached with the proposed cost. The
blue color represents the costs for Operator 1 and the red color
represents the costs for Operator 2.

Fig. 7 depicts the flight plan proposed by Operator 1 in black
dashed line, which is hard to see because not much deviation
is offered based on Operator 1’s preference setting. Operator
2 evaluates his/her response flight plan (shown as blue dashed



Fig. 6. Proposed, response, and required costs at each round

Fig. 7. Round One

curve) with a cost close to one, shown as the red square at the
top left corner in Fig. 6. Operator 2 thinks that the response
cost is too high, so it decides to propose a revised flight plan
(the black dashed line shown in Fig. 8) at a much lower cost of
0:2 ( shown as a red dot at the bottom right corner in Fig. 6).

This process continues until Round Seven (Fig. 9) when
Operator 2 finds out that his/her response cost will be lower
than the required cost (long dashed line in Fig. 6). Operator
2 accepts Operator 1’s offer, then an agreement is reached
(shown as a red dot enclosed by a red square in Fig. 6). This
figure also shows that, in this final agreement, Operator 1 takes
37% of the deviation compared to the deviation needed when
Operator 1 has the full responsibility to avoid the conflict,
while Operator 2 takes 57% of the deviation compared to the
deviation needed when Operator 2 resolves the conflict alone.
It is noticed that by sharing responsibility, the sum of the
normalized deviation is 94%, which is less than 100% when
only one party is responsible to resolve the conflict. Sharing

Fig. 8. Round Two

Fig. 9. Final Round

responsibility through negotiation helps improve efficiency.

B. Sensitivity analysis

This section performs sensitivity analysis for three key vari-
ables in this negotiation model: operator preference, operator
response time, and vehicle maneuverability. To simplify the
description, in this section Boulware means � = 4:0, Linear
refers to � = 1:0, and Conceder represents � = 0:4. Unless
specified differently, the default settings are the same as the
baseline in the previous section.

1) Impact of Operator Preference: To investigate the im-
pact of operator preference on the outcome of the negotia-


