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A flexible interface for prescribing complex and diverse aircraft trajectories called GenProf was developed and tested on the Center TRACON Automation System (CTAS) software research platform. This interface models various pilot procedures, supports common
flight constraints imposed by air traffic control, and allows the building of trajectories in
accordance with new flight procedures. In addition to serving trajectory generation for
air traffic management decision support tools and concepts, the GenProf methodology has
enabled a variety of research and validation tasks to be performed. This paper describes
the interface and details these applications.
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I.

Introduction

he ability to generate accurate, application-specific aircraft trajectories is essential to Air Traffic ManT
agement (ATM). Trajectory-Based Operations (TBO) was identified as a key capability in achieving
the goals of the Next Generation Air Transportation System (NextGen) in the United States. Similarly

Downloaded by NASA AMES RESEARCH CENTER on January 28, 2015 | http://arc.aiaa.org | DOI: 10.2514/6.2015-0144

1

in Europe, the Single European Sky Air Traffic Management Research (SESAR) embraces the concept of
a 4-D trajectory as the core of the future ATM system.2 Ground-based Decision Support Tools compute
trajectories for tasks such as conflict detection (detecting a potential collision with another aircraft), conflict
resolution (redirecting the aircraft to avoid the collision), scheduling, and re-routing (due to weather, traffic,
airport conditions, etc.). Flight Management Systems (FMS), equipped by commercial jets, compute trajectories for aircraft flight planning and guidance. The systems performing these tasks are only as accurate as
the trajectory predictions they are based on.
Progress of ATM in recent years presents new challenges for trajectory generators. Firstly, advances in
avionics, navigation, and guidance technologies allow aircraft to fly more precise routes and vertical profiles.
These technologies encouraged the design of new flight procedures that can be more complex than previous
ones.3, 4 Secondly, trajectory communication/sharing between the ground, flight deck, and other components
in the system, requires flexible yet interoperable trajectory input.5 This drives a need for a common interface
to the trajectory generator that allows detailed specification of a flight’s intent.6 Thirdly, the Unmanned
Aircraft Systems (UAS) are expected to be integrated into the National Airspace (NAS) in the United
States in the near future.7 The great diversity in the flight envelopes and mission profiles of these UAS
can be difficult to accommodate by previous trajectory generators designed mainly for modeling commercial
flights. As the mission profiles become more complex, the advisory and prediction trajectories generated
for TBO such as scheduling and conflict avoidance will likely also become more complex. Therefore, a
trajectory generator must reduce its usage of assumptions and hard-coded rules to provide enough flexibility
to accommodate aircraft with diverse mission types, performance envelopes, and safety criteria.
Recent advances in the Center TRACON Automation System (CTAS)8 Trajectory Synthesizer (TS)
software9 have allowed flexible and detailed modeling of complex and diverse trajectories. The CTAS TS
was designed originally to predict meter fix and runway arrival times for the Traffic Management Advisor
(TMA).10 TMA provides air traffic controllers and Traffic Management Coordinators (TMCs) with a timebased metering function, arrival flow visualization and statistics, and runway allocation to increase capacity
and reduce delay. TMA is now deployed in all 20 en-route Air Route Traffic Control Centers (ARTCCs,
or Centers) and many major Terminal Radar Approach Control (TRACON) facilities in the US. Although
the TS in its original form, called “TS Original” here, has the flexibility to model any horizontal route, it
could only handle six distinct types of en-route climb and descent vertical profiles. This limitation prevented
the TS Original from handling new flight procedures and additional constraints, hampering its usability for
various ATM research areas. The Generalized Trajectory Profile (GenProf) framework11 was developed to
directly address this short-coming. The GenProf framework allows finer levels of granularity in trajectory
specification, which leads to higher fidelity of trajectories in many situations.
Successful applications of the TS and the GenProf interface in recent years include the modeling of descent
trajectories and advisories for arrival flight guidance,12–14 maneuver execution delay,15 Required Navigation
Performance,,4, 16 and flight path analysis.17 A previous paper documents the GenProf framework in detail
but not its application.11 The goal of this paper is to demonstrate the application of the TS and the GenProf
framework to various ATM research problems. Specifically, this paper will discuss the background of the TS
and GenProf framework and demonstrate its application to:
• Modeling of new flight procedures and pilot procedures
• Estimation of fuel burn from track data
• Validation of performance model for UAS
Each of these examples demonstrates a different and unique use case of modeling trajectories with various
complexity using the GenProf framework. These examples are just a few of the many possible research
applications enabled by GenProf.
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II.

Background

Aircraft trajectory generation is based on diverse sources of information, including flight plans, flight
procedures, airspace constraints, weather forecast, aircraft performance data, airlines’ preferred speeds,
and the aircraft state. Many trajectory generators model each trajectory by a sequence of segments.6, 18
Typically, a segment begins at the end of the previous segment (except for the first segment which begins
at the aircraft’s current or initial state) and ends when certain criteria are met, e.g., the target altitude is
reached or a turn is finished.
Within each segment, a way of transitioning from the beginning state to the ending state must be
specified. In some situations, transitions are modeled by pilot procedures observed in real flights. Although
modeling of the real pilot procedures can potentially provide high level of fidelity for ATM purposes, in
many other situations the exact pilot procedure is unknown. In these cases, the transition is modeled by
typical pilot procedures with empirical parameters. These parameters can depend explicitly on the aircraft
performance envelopes. For example, a maximum-climb engine setting is typically used for modeling a climb
segment.
The TS Original and the TS integrated with GenProf interface (which will now be referred to as TS
GenProf) models an aircraft’s trajectory by considering the horizontal path and vertical profile in a decoupled
way.9 The horizontal path consists of segments of straight lines and arcs, whereas the vertical profile
consists of segments with distinct pilot control settings (to be explained in Sec. II.A). TS first calculates
the trajectory’s horizontal path using a list of waypoints derived from the flight plan and flight procedures.
Turns in the vicinity of a waypoint are characterized by turn types such as turning at the waypoint, turning
inside the waypoint, or ending the turn at the waypoint. Rough estimates of the airspeed at each turn, as
well as default bank angles are used to compute the turn radius around each waypoint. Alternatively, the
turn radii can be specified for each waypoint by the client. The horizontal path expresses the trajectory’s
horizontal coordinate as a function of the path distance along the horizontal path. Once the horizontal path
is determined, the TS then calculates the altitude and speed profile, refereed to as the vertical profile. The
vertical profile usually must satisfy a series of altitude, speed, and path distance constraints. The types of
constraints and the procedures for reaching these constraints can be very complex and diverse, depending
on the types of aircraft, mission, and requirements of the application. The GenProf Interface was designed
to handle such challenges presented to a trajectory generator.
II.A.

GenProf Interface

The GenProf Interface is the abbreviated name for the Generalized Profile Interface module. The GenProf
Interface was designed to provide a flexible language to describe vertical trajectory profiles and was intended
to replace and expand the older static set of predetermined vertical profiles that were part of the TS. With
GenProf, no presumptions about the number of vertical segments and the arrangement of these segments
are made. The language used by the GenProf interface bears similarities to the Aircraft Intent Description
Language (AIDL)19 but was developed independently. Although GenProf is currently implemented as a
programming interface for the TS, it can potentially be implemented as an interface for other trajectory
generators as well. More detail can be found in a previously published document.11
The GenProf description language uses a building block approach to provide flexibility. Each vertical
segment contains a target constraint, which can be an altitude, a speed, a time, or a path distance. The
procedure to achieve the target constraint, or capture the constraint, at the end of the segment is specified
by control settings such as speed, engine control, speed brake, vertical rate, acceleration, and the (inertial)
flight path angle. The choice of control settings can either reflect realistic pilot procedures or be purely
empirical. For each segment, two control settings are held fixed while the aircraft state is integrated with
respect to time. The following procedures are modeled most commonly for commercial flights:
• Fixed speed (Calibrated Air Speed (CAS) or Mach) and fixed engine control - for modeling large
commercial jets’ climb and descent. The engine control setting can be maximum climb, maximumcruise, or idle thrust
• Fixed speed and fixed flight-path angle (FPA) - for modeling small jets’ descent trajectories20
• Fixed FPA and fixed engine control - for modeling acceleration/deceleration in level and descent segments
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In GenProf terminology, a given aircraft state with a specified speed, altitude, path distance, and time
is called an “Anchor”. The target state to capture is called a “Stop”. The procedure that transitions the
aircraft state to achieve the “Stop” is called a “Profile”. There can be multiple Anchors, Profiles, and Stops
in a trajectory specification.
The diagram in Figure 1 shows a simple example of a GenProf trajectory specification. Note how multiple
Profiles and Stops can be chained together to specify a complex trajectory. To construct the vertical profile,

Anchor!

Downloaded by NASA AMES RESEARCH CENTER on January 28, 2015 | http://arc.aiaa.org | DOI: 10.2514/6.2015-0144

FL 330!
Mach 0.8

Profile #1!

Stop #1!

Const Mach!
Const Altitude

20 min

Profile #2
Fixed Engine Control (Idle)
Constant Mach/CAS (0.8/280)

Stop #2
FL160

Figure 1. GenProf trajectory specification example.

the TS integrates each segment starting from the Anchor to the target constraint (Stop). When the target
constraint is met, the remaining aircraft state values (speed, altitude, path distance, and/or time) are
determined by integration. Once captured, the aircraft state at the Stop is completely solved, and this state
becomes the starting point for the integration of the next segment. The process repeats until all the segments
are solved for.
A trajectory specification can have multiple Anchors. For example, a cruise-descent trajectory request
ending at a meter fix, a point in space that has both altitude and speed restrictions, is specified with two
Anchors, one at the beginning and one at the end of the trajectory. The TS processing in this case would
involve both a forward integration (in time) of the cruise segment beginning from the start Anchor state
and a reverse integration beginning from the end Anchor state. Both integrations would meet at the top-ofdescent Stop. Continuity of altitude, path distance, and speed is used to connect the two segments at the
top-of-descent. See Figure 2 for an example. Additional Anchors can be defined for intermediate trajectory
points that have a specific altitude, path distance, and speed.

Anchor (start)! Profile #1!
FL 330!
Mach 0.8

Const Mach!
Const Altitude!
Forward Integration

Calculated!
Stop!

Profile #2
Fixed Engine Control (Idle)
Constant Mach/CAS (0.8/280)
Reverse Integration

Anchor (end)
FL160
CAS 280

Figure 2. GenProf trajectory specification example of forward and reverse integration.

The GenProf Interface assumes procedures and default speeds if they cannot be derived from the input
information. This may happen when the input information only has a modest amount of detail in regards to
intent information. For example, when using CTAS to predict trajectories in real time, the descent speed of an
arrival flight that is approaching its top-of-descent is modeled by an aircraft-type-specific, airlines’ preferred
descent speed. This is because the intended descent speed of a specific flight is generally unavailable in real
time. On the other hand, if the trajectory is generated from a speed advisory that has a prescribed descent
speed, then GenProf uses this speed in its trajectory generation. Other assumptions made by GenProf to
fill in the missing information include the Mach-CAS transition in the climb and descent procedures, fixed
flight path angle descent for arrival flights in the terminal area, etc.
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II.B.

Software Architecture
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From a software architectural perspective, GenProf provides an interface between applications and the TS.
Figure 3 shows the relationship between the tools and software modules. CTAS uses TS for scheduling and
conflict detection and resolution.21 A number of different internal support tools for software testing and
additional research also use the TS.20

Figure 3. Relationship Diagram of TS Modules and Application Tools.

One of these tools, the CmSimTrackComparer22 derives intent information from aircraft track data
and provides trajectory comparison capabilities. The CmSimTrackComparer plays an essential role in the
example applications discussed in sections III.B and III.C.

III.

Research Applications

The GenProf Interface enables the modeling of a variety of procedures and constraints used in Air Traffic
Control (ATC) procedures. The next sections describe application of the TS and the GenProf Interface to
various modeling tasks. They are presented in order starting with the least complex, progressing to more
complex usage of the GenProf Interface.
III.A.

Modeling of Flight and Pilot Procedures

III.A.1.

Altitude Restrictions in the Center Airspace

TS with GenProf allows the specification of an arbitrary number of altitude and speed restrictions along a
flight’s route. This capability is crucial for accurate modeling of modern flight procedures. For example,
in recent years many Standard Terminal Arrival Route (STAR) procedures for major airports have been
redesigned to have multiple altitude and speed restrictions at waypoints along the route. A specific example
is the Optimized Profile Descent procedure for the Los Angles Airport,3 designed to achieve fuel-efficient
descents, that specifies multiple altitude and speed restrictions, some even involving altitude ranges.
Figure 4 shows the radar track of a Boeing 767 flight arriving to the JFK airport following an arrival
route called the KINGSTONa STAR. This arrival route has an altitude constraint of Flight Level (FL) 200
at the waypoint LOLLY. After LOLLY, there are altitude and speed constraints of FL190 and 250 knots
CAS, respectively, at LENDY. Prior to its top-of-descent, the aircraft received an altitude clearance of FL280
from ATC.
Figure 5 shows the trajectories generated by TS Original and TS GenProf for the arrival flight down to
the waypoint LENDY, the boundary at the terminal area. Wind forecasts from the Rapid Update Cycle
by National Oceanic and Atmospheric Administration (NOAA) were used for computation of the predicted
trajectories. For both TS Original and TS GenProf, the descent segments were modeled by fixing the engine
setting to idle thrust and company-prefered descent CAS. Although TS Original can handle the temporary
a KINGSTON

is the name of a radio navigation station
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Figure 4. Radar tracks of an arrival flight to JFK that followed the KINGSTON STAR.

altitude of FL280, it cannot handle additional altitude restrictions at LOLLY. TS GenProf, on the other
hand, allows the specification of multiple altitude constraints and therefore was able to create a trajectory
that satisfied the altitude constraint at LOLLY. These improvements reduced the altitude error at LOLLY
by 8,000 ft, which can be crucial if the trajectory is to be used in conflict detection. Note that the aircraft
did not stay at FL280 because it received another clearance prior to reaching FL280 to change its target
altitude to FL200.

Figure 5. The TS GenProf handling an altitude restriction at LOLLY.

III.A.2.

Fixed-FPA Descent with Deceleration

Another modeling task that would not be possible without the TS GenProf is the trajectory generation for
a flight trial conducted at Denver in 2010. The objective of the flight trial was to evaluate the execution
of the Three Dimensional Path Arrival Management clearances by regional jets in the transition airspace.14
Descent planning for these regional jets typically utilizes the FMS Geometric Flight Path Angle capabilities.
For each arrival flight, prescribed speed clearances were issued, and pilots used a predefined speed-FPA table
to determine the appropriate FPA. On-board data and radar track data collected for the vertical descent
profile were compared against predicted trajectories to quantify sources of error.
For each participating arrival flight, controllers issued a speed clearance, asking the aircraft to maintain its
cruise Mach number and transition to an issued descent CAS during descent. The clearance also instructed
6 of 12
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the aircraft to descend to a waypoint with altitude and speed constraints. In one flight, the aircraft was
asked to descend at 300 knots CAS and cross the waypoint, RAMMS, at FL190 with a speed of 250 knots
CAS. The FPA for the descent was 2.5◦ for the descent speed of 300 knots CAS. The vertical profile of this
flight was modeled by TS GenProf as consisting of the following four distinct segments:
1. A constant Mach level segment
2. A constant Mach, constant FPA descent segment
3. A constant CAS, constant FPA descent segment

Altitude (102 feet)

In GenProf terminology, an Anchor for the aircraft’s initial state and another Anchor for the RAMMS
waypoint were defined, similar to the diagram shown in Fig. 2.
Figure 6 compares the predicted trajectory from TS GenProf to the actual trajectory recorded by the
on-board Quick Access Recorder (QAR). The X-axis for all three plots represents the path distance of the
aircraft from the waypoint RAMMS. The top plot in the figure indicates an excellent agreement between
the predicted and actual trajectories in the location of top-of-descent and the descent profile above FL250.
For the descent below FL250, the actual trajectory descended with a slightly steeper FPA and captured
19,000 ft at about two nautical miles before RAMMS. The middle plot shows comparison of CAS values.
The four vertical segments of the predicted speed profile described above capture the essence of the actual
speed profile. The actual speed profile shows a larger deceleration compared to the predicted, suggesting
the use of speed brake not modeled in the pilot procedure. The use of speed brake is a potential source of
prediction error since it is not a standardized pilot procedure. The trajectory generated by TS included fuel
burn, which is shown in the bottom plot and is compared to the actual fuel burn recorded by QAR. The
results show that the predicted trajectory overestimates the overall fuel burn by about 20% to 30%. This is
partly due to the fact that, although TS has high-fidelity fuel burn model for large jet types, its fuel burn
model for regional jets is not as accurate. An alternative fuel model, the Base of Aircraft DAta (BADA)
performance model23 has been integrated with TS22 and can potentially give a better agreement for regional
aircraft types.
350
300
250
200

CAS (knots)

320
300
280
Predicted
Actual

260
240

Fuel Burn (lbs)
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4. An idle thrust engine control, constant FPA descent segment for deceleration

400
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-80
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-40
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-20

-10

0

Figure 6. Comparison of predicted and actual trajectories for a flight in the 3D PAM flight test in 2010.

III.B.

Fuel Burn Analysis of Aircraft Track Data

Another application of the TS GenProf is to estimate fuel burn from aircraft track data. The track data
comprise of a series of track points:
ri = (xi , yi , hi , ti ) ,
(1)
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where i represents the index of a track point, r is a 4-D point of the aircraft, x and y are the Cartesian
coordinates of the horizontal position of the aircraft, h is the altitude, and t is the time. This methodology
creates a smoothed, synthesized TS trajectory based on the intent of the actual trajectory. A similar
approach was proposed for estimating the fuel burn of simulated track data,17 although the use of the
GenProf interface was more cumbersome. In the approach presented in this paper, the horizontal path of an
actual trajectory is fitted with a series of turn arcs and straight segments. The vertical profile of an actual
trajectory is fitted with a series of vertical segments. If necessary, the fitting can be refined iteratively to
reduce the difference between the synthesized trajectory and the actual trajectory. Due to noise in the track
data, adequate segment lengths must be chosen to avoid overfitting. This methodology is implemented in
the CmSimTrackComparer and is briefly described below.
For modeling of the horizontal path, turns and straight segments are identified along the actual trajectory.
The following parameters control the quality of the fitting:
• A heading change tolerance between a reference track point and the current track point is used to
determine if the aircraft is in a turn. This tolerance must be large enough to ignore heading noise and
small enough to detect real turns. An adequate value is determined with a few rounds of trial and
error.
• A maximum heading change is used to determine if a turn is finished. A smaller value results in finer
fitting at the cost of more segments. For example, a turn of 180 degrees can be modeled as one turn.
Alternatively, it can be modeled as two turns of 90 degrees each if the maximum heading change is set
to 90 degrees. In the latter case, the two turns can have different turn radii to better fit the actual
track points, which in general do not form a perfect arc.
Once the horizontal path is defined, a path distance for each track point is computed from its projection
onto the (smoothed) horizontal path:
si = s (xi , yi , horizontal path)

(2)

For modeling of the vertical profile, a series of change points are identified along the actual trajectory by
examining both altitude and speeds. These change points split the trajectory into segments. Each segment
is then modeled by a specific pilot procedure characterized by fixed parameters. There are more than one
way of selecting the change points and the pilot procedure. For the analysis in this section, the change
point and pilot procedure selection was intended to best fit the actual trajectory. With this purpose, a
change point was chosen by tracking the change of the acceleration and FPA along the trajectory until one
of them exceeded the user-selected tolerances. The acceleration was based on the track data’s estimated
true airspeed, using weather forecast if available. The pilot procedure for each segment was assumed to have
a constant acceleration and a fixed FPA. For each segment, the parameters of acceleration and FPA were
computed from the beginning and end track points of the segment:
ve − vb
te − tb


he − hb
,
γ = arctan
se − sb
a=

(3)
(4)

where b and e stand for beginning and end, respectively, γ stands for the FPA, and a and v stand for
acceleration and speed with respect to the air. In GenProf terminology, each Profile was characterized by
the acceleration and the FPA, and each Stop had the end track points path distance as a capture variable.
These vertical segments, combined with the horizontal path, specify a TS trajectory from which fuel burn
can be estimated.
The fuel burn estimation tool was applied to simulated track data generated in a Human-In-The-Loop
(HITL) simulation.24 The tool can work with radar track data as well, although tolerance parameters
must be adjusted to handle the greater noise in the radar track data. The goal of the HITL simulation
was to evaluate the impact of a trajectory predictor’s accuracy on controllers’ acceptance of the decision
support tools. The traffic scenario was time-based metering operations for arrival flights into the NorthWest corner of the Atlanta Airport terminal area. Controllers were required to deliver arrival traffic in
accordance with scheduled times over the meter-fix. The Multi-Aircraft Control System (MACS)25 was
used for both controllers’ automation system and the simulated aircraft. Since each arrival flight received
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multiple maneuvers involving both speed changes and altitude changes, the actual trajectory could have
complex speed and altitude profiles.
Figure 7 shows for one arrival flight the results of a synthesized trajectory, with a focus on the vertical
profile. This flight was a CRJ7 aircraft type, which transitioned from cruise phase at about 207 nmi away
from the meter fix to descend and crossed the meter fix at an altitude of 12,000 ft and 250 knots CAS. The
path distance in the horizontal axis refers to the distance from the meter fix. The top two plots show very
good agreement for altitude and ground speed between the synthesized and actual trajectories. In order to
meet the time at the meter fix, controllers’ multiple clearances guided the flight to reduce its CAS speed
from 300 knots to 260 knots, back up in stages to about 290 knots, and finally down to 250 knots when
crossing the meter fix. The progressive fuel burn was estimated by the synthesized trajectory and shown on
the bottom plot of Figure 7.
300
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Figure 7. Comparison of the synthesized and actual trajectories, the speed profiles, and the fuel burn of a flight.

III.C.

Validation of UAS Performance Model

The U.S. Congress mandated the “safe integration” of UAS in the NAS beginning in September 2015. To
support this goal, the Radio Technical Commission for Aeronautics (RTCA) is developing the technological
requirements and minimum operational performance standards (MOPS) for a UAS Detect-and-Avoid (DAA)
System. The ongoing research at NASA plays a critical role in development and validation of the MOPS
by conducting closed-loop and HITL simulations for various UAS missions and scenarios. These simulations
required developing aircraft performance models (APMs) for UAS. NASA and its research partners created
the APMs for several UAS types in the format of the BADA Operation Performance Files.23 These files
provide geometrical, aerodynamic, and physical aircraft parameters for calculation of aircraft trajectories for
nominal speeds and operational procedures. However, these nominal APMs may be difficult to use because
of large variety of UAS missions and operational procedures. This situation becomes even more extreme in
context of DAA system simulations that require a correct modeling of UAS collision avoidance capabilities. To
avoid a collision with another aircraft, a UAS would likely not use its nominal, but rather the fastest possible
rate of turn, climb, or descent. Hence, validation of APMs for both nominal and off-nominal conditions is
more important for UAS than it would be for commercial aircraft, and more challenging. Validation of the
BADA aircraft performance models for commercial aircraft was done by comparing predicted trajectories
and actual track data for thousands of flights recorded in CMSim files.22 However, the availability of track
data for UAS is limited. This section demonstrates how TS GenProf can be used to validate the APM for a
typical high altitude - long endurance UAS by comparison with track data for a single test flight.
The flight had a complex horizontal path with multiple turns, including a series of loops, and a vertical
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profile with many climbs and descents in rapid succession at different altitude levels. The CmSimTrackComparer tool was used to derive horizontal and vertical intent from track data. Hence, the effect of intent errors
on results of comparisons between TS predictions and track data was minimized. The remaining errors could
be caused only by the differences between predicted and observed rates of turn, climb, and descent.
The tool automatically extracted a noise-smoothed path from the horizontal path of the actual trajectory,
specifying the flight path by a sequence of turn-inside waypoints, as described in section III.B. As shown in
Figure 8, the predicted path was very close to the actual horizontal path.

Figure 8. Horizontal trajectory of an UAS.

A detailed vertical profile, containing altitude and speed, along this horizontal path was generated by
running CmSimTrackComparer splitting the trajectory into segments of constant or monotonically changing
altitude with profile speeds for each segment determined from track data. This allowed TS to generate
predictions that closely followed the actual track. The vertical profile was constructed as follows:
• A series of procedurally distinct segments were extracted in a way similar to what was described in
section III.B. The difference is that only the altitude profile is examined here.
• For each climb or descent segment, a vertical segment with an altitude capture was added. Otherwise
a vertical segment with a path-distance capture was added, so path distances for the ending points of
all major cruise segments were aligned with actual track.
• If a descent immediately followed after a climb or the climb immediately followed after descent, a short
cruise segment with 30 second delta time capture was inserted to model a quick transition between
climb and descent. This situation is rarely observed for commercial aircraft but can be common for
UAS missions.
• For climb and descent segments, a pilot procedure with a constant engine setting and a constant speed
(Mach or CAS) was assumed. An engine setting of maximum thrust was used for all climb segments,
and idle thrust was assumed for all descent segments.
• CAS and Mach speeds for the climb and descent segments were determined from track ground speeds
at the start and end points of each segment using the weather forecast data for approximate time when
the test flight was performed.
Figure 9 shows a predicted altitude compared with track as a function of time. The predicted rates of
climb and descent are fairly close to track data for most typical climbs and descents. However, in the portion
of flight around 3500 seconds the actual aircraft used a faster climb and descent, and the TS substantially
underpredicted the rates of climb and descent. Several other times the actual aircraft used a slower climb
and descent resulting in large altitude prediction errors. It can be noted that a relatively small error in
predicted rates of climb and descent for the final climb (starting at 6700 seconds) and the following long
descent segment translated to altitude prediction error larger than the altitude itself at time greater than
8200 seconds.
A predicted ground speed profile is similar overall to the track as shown in Figure 10. This is to be
expected, since CmSimTrackComparer uses profile speeds extracted from track data. The biggest discrepancy
can be observed in the final descent segment due to a time shift caused by the overestimated rate of climb
10 of 12
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Time (seconds)
Figure 9. Altitude as a function of time of an UAS.

before the last descent (see Figure 9). Also, it can be noticed that TS predicts sharper peaks in ground
speed. As can be seen from this data, the TS tends to overestimate acceleration and deceleration. This to
some degree could be attributed to the use of the maximum thrust for acceleration and the idle thrust for
deceleration in level flight.

Time (seconds)
Figure 10. Ground speed as a function of time.

IV.

Conclusions

Trajectory-Based Operations, a key objective in the next-generation air transportation system, cannot be
realized without accurate modeling of the aircraft trajectories. The complex and diverse flight procedures,
airspace constraints, aircraft types, and mission types in the future system demand a flexible approach
by the trajectory generator. The TS GenProf provides a flexible interface that allows the specification of
horizontal and vertical profiles without hard-coded presumptions of the underlying procedures and profile
types. This has enabled various types of research and analysis to be performed, including the modeling of
new procedures, fuel burn estimation, and performance model validation example cases highlighted in this
paper. The future ATM environment will likely consist of new advisories, procedures, aircraft types, and
missions. With its flexibility, TS GenProf has the ability to adapt to the ever-changing research requirements
of ATM.
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