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A Common Trajectory Language

for New Airspace Domains

Russell A. Paielli∗

NASA Ames Research Center

Abstract

Revolutionary new aviation services are currently in development, including small package
delivery and short-range urban passenger transportation. These new services need a language to
represent and deconflict trajectories, and a common language will simplify coordination between
the new airspace domains as well as traditional airspace. A Trajectory Specification Language
(TSL) was previously proposed for traditional air traffic, and it can also serve as a common
language for the new aviation domains and services. The TSL specifies a reference trajectory
in 4D space along with spatial tolerances that determine a bounding volume at any given time
in flight. The tolerances are defined in terms of the route-oriented cross-track, along-track, and
vertical axes, and they are allowed to vary with distance along the route. This bounding model
can guarantee safe separation between flights as long as they are in conformance with their
assigned trajectories. The advantages of this model over the previously proposed Operational
Intent Volumes (OIVs) in terms of airspace usage efficiency are explained.

1 Introduction

A new aviation industry is currently developing new aircraft types and operational concepts for
several revolutionary new aviation service concepts, including small package delivery with drones
and short-range urban passenger transportation with air taxis. NASA and the FAA have several
programs to support the safe operation of these new services. Unmanned Aircraft Systems Traffic
Management (UTM) is for small drones that will fly at or below 400 feet AGL, mainly for small
commercial package delivery [1, 2, 3]. Urban Air Mobility (UAM) is a concept for short-range
passenger transportation using air taxis in urban areas in an altitude range of approximately 1,000
to 4,000 feet AGL [4, 5, 6]. Advanced Air Mobility (AAM) extends UAM beyond urban areas.
Upper Class E Traffic Management (ETM) is for high-altitude flight above 60,000 feet, including
supersonic flight, high altitude, long endurance (HALE) flight, and balloons [7].

These new airspace domains need a language to represent and deconflict trajectories, and
a common language for all domains will greatly simplify coordination between the new airspace
domains as well as traditional airspace. Inevitably, many flights will have to exit their “home”
airspace type and temporarily enter into a “foreign” airspace type. Air taxis may sometimes have
to fly into UTM airspace, for example, and air taxis may often have to enter the terminal airspace
around an airport. Indeed, overlaps between the airspace types may be unavoidable. Without a
common trajectory language across domains, coordination between domains will be unnecessarily
complicated.

A prototype Trajectory Specification Language (TSL) [8] was previously proposed for conven-
tional air transportation, and it can also serve as a common language for the new airspace domains.
The implementation details of the language are not critical, but the main requirement is able to
specify a reference trajectory in 4D space along with spatial tolerances that determine a bounding
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volume at any given time in flight. That bounding model can guarantee safe separation as long as
the flights are in conformance with their assigned trajectories. The tolerances should be defined
in terms of the route-oriented cross-track, vertical, and along-track axes and allowed to vary with
distance along the route.

The UTM concept of operations includes a trajectory bounding model for strategic airspace
management, and that model has been adopted as a baseline for early development in the UAM
and ETM programs. That model is based on the concept of Operational Intent (OI), which is in
turn based on the concept of Operational Intent Volumes (OIVs). The airspace allocated for a
flight is represented as an overlapping sequence of these bounding volumes, where each volume is a
polygon with an associated altitude range and a time range. This OIV model is a simplified form
of Trajectory Specification, and it has disadvantages in terms of airspace usage efficiency, which
will be discussed later in the paper.

The next section summarizes the Trajectory Specification (TS) concept and its underlying tra-
jectory bounding model, and the section after that discusses the OIV airspace allocation model and
its disadvantages compared to TS. The next section then briefly discusses the data communication
requirement of the two approaches, followed by a discussion of the application of TS to various
airspace domains, then a summary of key points to conclude the paper.

2 Trajectory Specification

The Trajectory Specification (TS) concept was first published in 2005 [9] and was later applied
to the terminal airspace serving a major airport [10, 11]. It can be applied to any airspace type,
including enroute and urban airspace. Like the UTM OIV airspace allocation model to be discussed
in more detail later, it is a method of specifying aircraft trajectories such that the position at any
given time in flight is restricted to a precisely defined bounding space, removing all ambiguity as to
where the flight is allowed to be. This bounding model allows safe separation between flights to be
guaranteed as long as they are in conformance. For urban air taxis, conflict-free trajectories would
be computed shortly before takeoff, after the passengers are secured, to minimize the uncertainty
in takeoff time.

As applied to conventional commercial aviation, the full TS concept is a far-term concept that
requires new aviation standards and new onboard flight-control computers. For UAM and ETM,
those standards are still in development, so TS could be incorporated into the standards earlier.
But TS also has a potential near-term application for modeling trajectory uncertainty for conflict
detection, and that application requires no new avionic equipment or communication with aircraft.
In other words, the full TS concept requires flights to stay in conformance with their assigned
trajectory to within the specified tolerances, but the simplified, near-term application of TS does
not. Instead, the tolerances are used to model the uncertainty of the trajectory prediction to some
estimated level of probability.

In the TS concept, the bounding volume at any given time in flight is determined by the route,
the reference trajectory, and the spatial tolerances. The route is fully specified as a sequence of
waypoints and an explicit turn radius associated with each waypoint. The reference trajectory is
specified as a sequence of discrete points in 4D space. The tolerances are defined in terms of the
route-oriented cross-track, vertical, and along-track axes and can be a piecewise linear function of
distance along the route, allowing them to vary as needed. The tolerances usually increase with
distance during departure, but they usually decrease for arrivals in busy terminal airspace as the
flights slow for landing and the spacing between them decreases. During level cruising flight, the
vertical tolerance is constant and the along-track tolerances usually increase with time and distance
along the route.

Simple linear interpolation between discrete points of the reference trajectory in 4D space
makes the trajectory effectively continuous. The bounding volumes follow the reference trajectory
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and are therefore also effectively continuous in the sense that they can be calculated as needed for
any given time in flight for purposes of conflict detection. They are not explicitly communicated
to or from the aircraft in terms of polygon vertices, altitude ranges, or time spans.

The top diagram of Figure 1 shows an example of a plan view of trajectory bounds at an
instant in time. The cross-track bounds are stationary, and the along-track bounds are dynamic,
moving with the aircraft. The lane width is twice the cross-track (lateral) tolerance. The along-
track bounds at a given time are vertical rectangles normal to the route direction (which appear
as line segments in the plan view) and are defined by the along-track tolerances relative to the
reference position at that time. The along-track bounds combine with the cross-track bounds to
form a bounding area in the plan view that is a rectangle in the straight segments, an annular area
in the turns, or a combination of the two, as shown in the figure.

The bottom diagram of Figure 1 shows an example of a side view of trajectory bounds at an
instant in time during a climb. The vertical bounds are stationary and, together with the cross-
track bounds, form a stationary bounding tube in three-dimensional space. The along-track bounds
combine with the vertical bounds to form a shape with straight vertical sides and curved top and
bottom in the longitudinal plane. In level flight, the top and bottom are also straight.

Figure 2 shows a side view of an example of a transition from level to non-level flight and
back. For conventional commercial aviation, the vertical tolerances in level flight could be ±100
ft or ±200 ft, but in climb or descent they would usually be much larger, perhaps ±1000 ft or
more, depending on the traffic situation, because altitude is more difficult to predict and control in
non-level flight, particularly in climb. Note the tapered transitions between the level and non-level
segments and the cutoff of overshoots. Note also that the start of descent is clearly bounded. Lack
of such bounds is well known to cause significant problems for automated conflict detection for
traditional aviation, significantly diminishing airspace capacity.

The prototype Trajectory Specification Language (TSL) [8] was developed to serialize a trajec-
tory with tolerances for communication and storage. The language is based on XML, but neither
that fact nor the details of the prototype XML implementation are critical. The main requirement
is that the language should be able to represent a reference trajectory with tolerances so that a
bounding volume is determined at any given time in flight. The tolerances should be specified
in terms of the route-oriented cross-track, vertical, and along-track axes and are allowed to vary
with distance along the route. The language could perhaps be implemented as an application of
the globally standardized Flight Information Exchange Model (FIXM), but the feasibility of that
alternative is unclear.

3 Operational Intent Volumes

Flight missions can be generally categorized as either point-to-point or area-based. Point-to-point
missions are to get from point A to point B through a sequence of waypoints. Point-to-point missions
include passenger transportation and package delivery. Area-based missions, on the other hand,
are extended missions over an area, where the detailed trajectory within the designated area is left
unspecified. Examples of area-based mission types include aerial surveillance and photography, crop
dusting and monitoring, atmospheric monitoring, wildfire and disaster management, search and
rescue, and mapping. Point-to-point missions are much more common than area-based missions.
Note also that area-based missions usually require a point-to-point mission to get to and from the
area of the mission.

The UTM OIV (Operational Intent Volume) model provides a way to represent the allocated
airspace for each of those two mission categories, as illustrated in Figure 3, which is reproduced here
from the UTM USS Interoperability Specification [3]. The basic rules of construction are essentially
the same for both categories. The allocated airspace or trajectory bounding space is specified as
an overlapping sequence of bounding volumes, where each volume is a polygon with an associated
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Figure 1: Top: Plan view of trajectory bounds in the horizontal plane; Bottom: Side view of
trajectory bounds in the longitudinal plane
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Figure 2: Simplified example of altitude bounds as a function of distance along route
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Figure 3: UTM OIV airspace allocation model (from UTM USS Interoperability Specification [3])

altitude range and time range. Technically, these volumes are right polygonal vertical prisms.
Normally the OIVs for one flight are expected to avoid overlapping in space and time with

those of another flight, but in some cases more than one flight can be allowed to share allocated
airspace. In that case, the operators (if they are not the same operator) must collaborate or use
other methods to avoid a conflict. The way this bounding model will ultimately be used in the
UTM operational concept is yet to be finalized. The deficiencies explained in this paper are based
on its potential use for strategic (mostly pre-departure) conflict detection and resolution. If it is
used only for coarse screening for potential conflicts or prediction of airspace overloading, these
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deficiencies are less critical than they would be otherwise.
The OIV model was originally designed for area-based missions, and it is appropriate for that

class of missions, but it is not well suited for conflict detection and resolution for point-to-point
missions in high traffic density. It is a simplified form of Trajectory Specification (TS), which
provides a more efficient trajectory bounding model for point-to-point transportation and delivery
missions as will be explained.

A distinction should be made between the basic OIV concept and a particular application
of it as illustrated on the right side of Figure 3. As mentioned earlier, the allocated airspace is
represented as an overlapping sequence of bounding volumes, where each volume is a polygon with
an associated altitude range and time range. The right side of Figure 3 shows a particular example
in which the bounding volumes are rectangles that overlap at the waypoints. The basic OIV concept
does not require that form, and changes can be made to improve the airspace efficiency, as will be
explained in this paper.

The problems with using OIVs as shown in the right side of Figure 3 are

• conflating time discretization and along-track bounds

• modeling turns inaccurately

• requiring uniform upper and lower altitude bounds

The first two of these problems can be mitigated by applying the basic UTM rules of construction
differently, as will be explained, but the third requires a generalization of the rules. These problems
may be acceptable if OIVs are used only as a simplified method of coarse screening for potential
conflicts or airspace overloading, but they are not acceptable if the objective is to maximize airspace
capacity. The following sections explain these problems in more detail.

3.1 Time Discretization

One problem with applying the OIV model as shown in the right side of Figure 3 is that it conflates
time discretization and along-track bounds. Ideally, the bounding volumes should move continu-
ously as they do in the TS bounding model. Since that is not possible with discrete OIVs, they
should follow sequentially in small time steps, and the time span of each volume should be the
same small time step. The longer the time span is of each volume, the more airspace is wasted.

For simplicity, consider first a route that is simply a straight line. In that case, the bounding
polygons should all be rectangles. In principle, one rectangle should move continuously with the
predicted position in 4D space, possibly changing length as it moves, and the time span should
be zero. In practice, for OIVs the rectangle must move in discrete steps to avoid having an
infinite number of them, of course. The width of each rectangle determines the cross-track bounds
(perpendicular to the direction of the route), which should normally be constant. The length of
each rectangle determines the along-track bounds (in the direction of the route) for the specified
time or time range, which may vary as a function of distance along the route. Adjacent rectangles
would (and should) overlap almost completely, with only a small perturbation between them.

The bounding rectangles shown in the right side of Figure 3 are spaced according to the
waypoints, which could be at least a few minutes and a few miles apart. The time span associated
with each rectangle could therefore be a few minutes or more. That means that each rectangle
allocates its area of airspace for a few minutes, but that is wasteful of airspace because the area at
the beginning of the rectangle is no longer needed at the end of the time span, and vice versa. The
longer the time span is, the more airspace is wasted.

The underlying problem here is that, as mentioned earlier, time discretization is being conflated
with the along-track bounds. At any given time, the difference between the length of the allocated
volume for that instant only, as opposed to a non-zero time span, is essentially wasted airspace.
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Figure 4: Route cross-track and horizontal bound in a turn, showing an OIV polygon approximation
of the turn
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The key to minimizing wasted airspace is, therefore, to make the time step small compared to
the time uncertainty of the trajectory. For example, if the uncertainty in time at a given point
along the route is 30 sec, then the time step should be less than, say, 5 sec. But shorter time
steps require more computation, a larger memory footprint, and more communication bandwidth,
of course, so ultimately the time step size is a trade-off between airspace efficiency on the one hand
and computational and communication efficiency on the other.

3.2 Turn Modeling

Now consider adding turns to the hypothetical straight route discussed above. The right side of
Figure 3 shows rectangles still being used, but polygons could be used to model the turns more
accurately. Figure 4 shows a plot of a route cross-track bound, which is shown as a dashed blue
line. The plot also shows an OIV polygon approximation of the horizontal bounding area in a turn,
which is shown as a solid red line. The volume moves continuously along the route, following the
reference trajectory. This figure shows how the UTM polygon model can be used to model turns
more accurately than is shown in the right side of Figure 3.

To ensure that the polygon completely encompasses the actual bound, the outside bound of
the turn should be approximated with a circumscribed (outside) polygon, and the inside bound
should be approximated with an inscribed (inside) polygon as shown in Figure 3. The small red
circles in the figure encircle the vertices of the approximating polygon. Even with a fairly large
angular increment of 30 deg, as shown in this example, the polygon follows the actual bound fairly
accurately. If the angular increment is reduced to 10 or even 20 deg, the difference between the
two is barely noticeable.
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Figure 5: Unnecessarily allocated airspace due to UTM rule limiting altitude bounds for each
volume to a constant altitude (side view)
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3.3 Altitude Bounds

Now consider nonlevel flight. OIVs cannot allocate airspace efficiently during climb and descent
because they require a constant or uniform upper and lower altitude limit. Unlike TS, they don’t
allow for varying altitude ranges, so they cannot efficiently represent climb and descent.

Figure 5 illustrates the inefficient use of airspace that results from the OIV convention of
limiting the altitude bounds for each volume to constant altitude. The darker shaded area represents
a side view of the airspace that would be needed for a climbing segment following a short level
segment. The entire rectangle represents a side view of the OIV that must be allocated to cover
those segments using only an upper and a lower altitude bound for the entire along-track range of
the bounding volume. The lighter shaded area represents unnecessarily allocated airspace.

Unlike the previous two deficiencies of the OIV model that were discussed above, this one
cannot be mitigated by applying the basic rules differently. A generalization of the rules would be
required to allow for more general three-dimensional shapes than polygons with a single altitude
range. Such a generalization is certainly possible, but it would significantly complicate the geometric
modeling and the separation calculations for conflict detection.

This inefficiency for nonlevel flight is less important for UTM because small drones usually
takeoff and descend vertically and fly level in between. However, it could still be significant for
altitude changes that are made at cruise speed to avoid conflicts. In any case, given the lesser
importance of this particular inefficiency for UTM, along with the potential for using OIVs more
efficiently as explained in the previous two subsections, the OIV model may be sufficient for UTM.
Whether it is the best choice or not will depend ultimately on the traffic density and separation
requirements. It is arguably inadequate for other airspace domains, however, except perhaps as a
coarse screening for potential conflicts or airspace overloading.
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4 Data Communication Efficiency

The data communication requirements of the two approaches depend on various parameters. For
TS, the data communication load depends mainly on the temporal resolution (i.e., the size of the
time steps) of the reference trajectory; for the OIV model, it depends on the number of polygons
used. The TS reference trajectory typically has time steps of one to three seconds in dynamic
sections (turns or altitude changes) and perhaps 30 to 60 sec or more in steady-state flight. As
explained earlier, simple linear interpolation makes the TS reference trajectory and hence the
bounding volumes effectively continuous in time and space.

In the OIV model, on the other hand, a sequence of explicit polygons is needed, and the
efficiency of the airspace usage depends on how many are used. A detailed comparison will not be
done here, but for a given level of airspace usage efficiency, TS is likely to require less data to be
communicated than the OIV model – for the same reason that a circle is more accurately and more
efficiently represented as a center point and a radius than as a set of discrete points on the circle
(i.e., a polygon approximation).

TS is more complicated than the UTM OIV model, particularly for conflict detection, but it
has been optimized to be usable in real time. An accurate computation of the separation between
bounding spaces is needed only if it is less than or close to the minimum required separation. A
key to efficient computation, therefore, is to avoid unnecessary computation when the separation
is significantly larger than the minimum required, either horizontally or vertically. Reference [11]
explains the numerical methods used for TS conflict detection, which will not be discussed here.

5 Airspace Applications

Trajectory Specification (TS) can be applied to any airspace type, including conventional enroute
and terminal airspace as well as urban and high-altitude airspace. As mentioned earlier, the full
concept requires the participating aircraft to be equipped for it, meaning that the onboard flight
control computers must be able to understand the TSL language and fly the assigned trajectories
in conformance with the specified tolerances. That makes it a far-term concept for conventional
aviation. As mentioned earlier, however, the TS trajectory bounding model also has a potential
near-term application to model trajectory uncertainty for conflict detection without any explicit
participation by, or communication with, aircraft in flight.

Because UAM and AAM are new programs still in development, with no legacy fleet of aircraft,
the full TS concept could be applied early if the eVTOL aircraft manufacturers and operators agree
to it. The OIV model has been dropped for UAM, but a replacement has not yet been established.
One objective of this paper is to highlight the potential for applying the TS concept to UAM.
Perhaps the only reason not to use TS would be that the airspace capacity is expected to be
substantially more than will ever be needed for the ultimate vision of the program. Given the high
traffic densities envisioned in the long-term business models for UAM, however, that is not likely.

As for ETM at high altitudes, the full TS concept can be applied in the far term, but the
TS trajectory bounding model can also be applied in the near term to the conflict detection and
trajectory negotiation problem. The aircraft types in ETM vary widely from supersonic jets to
HALE (high altitude long endurance) aircraft and balloons. Balloons have no specified route to
follow, but a predicted route can be constructed based on the wind data, or the area-based OIV
model can be used, and TS methods of conflict detection can be adapted to work with it.

In the full TS concept, turns are fully specified by radius and cross-track tolerance, leaving
no ambiguity. In current aviation operations, however, turn parameters are not specified in the
flight plan, leaving the radius or the shape of the turn uncertain, particularly for larger turns.
That is an issue for applying the TS trajectory bounding model for conflict detection in the near
term to conventional aviation and ETM. However, the increased uncertainty can be accounted for
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by increasing the cross-track tolerance in turns or by otherwise allocating additional buffer space
around turns.

6 Summary

The revolutionary new aviation services that are currently in development, including small package
delivery and air taxis, need a language to represent and deconflict trajectories. Moreover, a common
language for all airspace domains would simplify coordination between domains, including UTM,
UAM, AAM, and ETM as well as traditional enroute and terminal airspace.

The Trajectory Specification Language (TSL) previously proposed for conventional air traffic
can also serve as a common language for the new aviation services. The implementation details
of the language are not critical, but the main requirement is the ability to specify a reference
trajectory in 4D space along with dynamic, route-oriented spatial tolerances that determine a
bounding volume at any given time in flight. This bounding model allows safe separation to be
guaranteed for as long as flights are in conformance.

The UTM OIV (Operational Intent Volume) airspace allocation model for strategic traffic
management was initially adopted as a baseline for the UAM and ETM programs, but it is an
inefficient way to allocate airspace for point-to-point transportation and delivery missions in high
traffic density, particularly if used as shown in the UTM concept of operations. Some of the
inefficiency can be mitigated by applying the volume construction rules differently than shown
in the concept of operations, but the rules would have to be generalized to realize full airspace
efficiency for nonlevel flight.

The OIV model is a simplified form of Trajectory Specification, which is based on a trajectory
bounding model that can allocate airspace more efficiently. Inefficient use of airspace will not be a
significant issue early in the development of UTM, UAM, and ETM while traffic densities are low,
but it will become an increasingly important issue as traffic volumes increase as envisioned in the
business models, particularly for UAM.

Unless airspace capacity is expected to substantially exceed the demand for a particular
airspace domain, even in the far term, serious consideration should be given to using the Trajec-
tory Specification model. For UAM in particular, that is not likely, given the high traffic densities
envisioned in the business models.
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