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Abstract

In Air Traffic Management (ATM), accurate flight trajectory prediction is crucial for evaluating op-

erational concepts and assessing fuel consumption, environmental impact, and other performance

metrics. This prediction typically relies on Flight Management Systems (FMS), which use flight plans

as input and provide critical information on fuel burn, aircraft weight and other performance parame-

ters. However, common air traffic data sources such as Automatic Dependent Surveillance-Broadcast

(ADS-B) often only provide 4D waypoints and do not include the original filed flight plan. At the same

time, the initial flight plan does not account for possible detours or controller interventions that would

be needed for a complete analysis. This paper addresses these gaps by proposing an algorithm that

reconstructs a suitable flight plan from a given trajectory, providing a complete representation of its

path. To achieve this, the algorithm first generates a candidate flight plan based on predefined routes.

Then, it compares the given trajectory to this candidate flight plan to identify possible detours, addi-

tional turns, or altitude constraints. The resulting flight plan combines these findings and provides a

list of lateral waypoints that guide the aircraft from departure to arrival, as well as a cruise flight level

estimate, altitude constraints, and additional information on turns. The algorithm was implemented as

an additonal feature within the Future Air Traffic Simulator (FATS), an advanced simulation platform

for the evaluation and validation of complex air traffic scenarios developed by the Institute of Flight

Guidance at the German Aerospace Center (DLR), and validated using both synthetic and real-world

data. The synthetic dataset consists of 862 short- and long-haul flights with introduced lateral and

vertical deviations, while the real-world dataset includes a smaller number of ADS-B trajectories from

the OpenSky Network. Using the trajectories as input, the algorithm successfully reconstructed suit-

able flight plans representing the entire flight path, including complex holding procedures. Accuracy

is evaluated by comparing the original trajectory and reconstructed flight plan on a discretized grid.

The results show a high level of agreement in the lateral dimension, whereas alignment in three di-

mensions is lower. This is mainly due to the current focus on level segments. Modelling the complete

climb and descent procedures with altitude constraints will be incorporated in future work.
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ABBREVIATIONS

ADS-B Automatic Dependent

Surveillance - Broadcast

ATC Air Traffic Control

FATS Future Air Traffic Simulator

FMS Flight Management System

MOT Mid of Turn

SOT Start of Turn

1. INTRODUCTION

The Future Air Traffic Simulator (FATS) is a

tool for simulating and analysing complex air

traffic scenarios. By combining air traffic and

meteorological data it creates a comprehensive

simulation environment [1]. For analyses of

fuel consumption or climate impact, detailed

trajectory information is required. While fuel

consumption can also be directly estimated from
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existing trajectories, the Flight Management

System (FMS) uses flight plans as input to gen-

erate consistent trajectories and provide detailed

information on fuel consumption, aircraft weight,

and other performance parameters along the

flight. The flight plan also provides detailed flight

path information, such as turn segments, cruise

flight levels, and waypoints, which can be easily

retrieved for each trajectory. While common

air traffic data sources, including Automatic

Dependent Surveillance - Broadcast (ADS-B),

provide four-dimensional waypoints, the original

filed flight plan is usually not included [2]. At

the same time, the originally submitted flight

plan does not take into account potential detours

due to traffic or weather conditions, or trajectory

changes made during the simulation. Such

changes may be required to resolve conflicts

or research new routing approaches within the

simulation. Therefore, reconstructing a suitable

flight plan from a given trajectory is essential

to enable accurate FMS-based simulations and

analyses.

Previous research on reconstructing flight plans

from trajectories is limited. Lee et al. [3] pro-

posed an algorithm to extract a possible flight

plan from recorded ADS-B data. In this ap-

proach, multiple candidate routes are generated

using information from the Aeronautical Informa-

tion Publication (AIP), which contains common

predefined routes and procedure data. These

candidate routes are then scored based on their

closeness to the original trajectory and the route

with the highest score is selected. The focus

of [3] is on identifying the originally filed flight

plan for HITL simulations, without considering

interventions by air traffic controllers due to

traffic, restricted airspace, or weather conditions.

The reconstruction algorithm presented here

follows a similar approach. It uses predefined

routes to generate candidate routes, but also

evaluates the given trajectory directly. This

allows to detect additional turns, level segments,

and changes in cruise altitude. Where neces-

sary, synthetic waypoints and connections can

be created to capture the actual flight path more

accurately. In this way, the reconstructed flight

plan accurately reflects the entire trajectory,

including any potential deviations caused by

operational constraints or changes made during

the simulation.

Following the introduction, Section 2 briefly out-

lines the information contained in a flight plan

and its representation in FATS. Section 3 then

provides a detailed description of the proposed

flight plan reconstruction algorithm. The valida-

tion methodology and results are presented in

section 4. Section 5 concludes with a discussion

of the algorithms limitations and potential future

improvements.

2. BACKGROUND: FLIGHT PLANS

For most flights, operators are required to sub-

mit a flight plan to the appropriate Air Traffic

Control (ATC) unit prior to departure. A flight

plan typically contains flight-specific information

(e.g., aircraft identification and equipment),

aircraft-specific information (e.g., type and wake

turbulence category), and routing information

that specifies the intended path of the flight [4,5].

The routing component consists of a lateral path,

describing the geographical route, and a vertical

path, defining altitude and speed constraints

along that route. The vertical profile is influenced

by the aircraft’s performance, configuration, and

location-specific restrictions [6]. While flight-

and aircraft-specific information can usually

be obtained directly from air traffic data, the

intended route must be reconstructed from the

observed trajectory. Therefore, the following

sections focus on routing information rather than

on complete flight plans.

Within FATS, routing information is represented

by a structure called a Constraint List. This list

specifies the departure and arrival airports and

runways, as well as a sequence of spatial points

defining the lateral path. These points may cor-

respond to named waypoints or navigation aids

from a navigation database, or to synthetic way-

points used only within the simulation. Each point

is defined by a name and geographic coordinates

and may include constraints related to altitude,

time, or speed. These constraints can be speci-

fied either at the point itself or between two con-

secutive points. The segments connecting con-

secutive points are referred to as legs and are

approximated as great-circle segments. Further

details on filling the Constraint List are given in

Section 3.
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3. METHODOLOGY

To reconstruct a suitable flight plan from a given

trajectory, the algorithm first identifies suitable

departure and arrival runways, along with their

corresponding airports. Based on this informa-

tion, a preliminary flight plan is calculated using

the navigation database within FATS. This flight

plan is derived from predefined waypoints and

routes and only acts as a reference, since it

may not fully align with the original trajectory.

In order to quantify the similarity between the

proposed flight plan and the observed trajec-

tory, both are rasterized using the Bresenham

algorithm [7, 8] and then compared. This way,

it is possible to identify all segments where the

trajectory and the proposed flight plan coincide

and all the segments where they differ. Based

on this comparison, a refined flight plan is

constructed: matching segments are retained

from the proposed flight plan, while differing

segments are updated with new waypoints and

altitude constraints. Despite these adjustments,

some discrepancies may remain as the final

flight plan may not fully capture the complexity

of the original trajectory. The overall workflow

is summarized in Figure 1, while the following

sections describe the individual steps of the

algorithm in detail.

3.1. Identification of airports and runways

To determine the most suitable airports and

runways, complete trajectories that include both

departure and arrival procedures are considered.

The first and last trajectory points are assumed

to be closest to the departure and arrival runways

and are therefore used for the search. Based on

the positions of these points, all runways within

a radius of three nautical miles are retrieved

from the FATS navigation database. This search

radius provides sufficient tolerance to account

for variability in the recorded trajectory data,

particularly in ADS-B datasets. Depending on

the data, ground movements may or may not be

included, and records can begin after takeoff or

end shortly before landing [9]. Allowing for such

variations ensures a sufficiently flexible search

for candidate runways. From the resulting list,

the most likely runway is selected by evaluating

two factors: the lateral distance between the tra-

jectory point and the runway centreline, and the

angular difference between the aircraft’s current

heading and the runway bearing. These discrep-

ancies are combined into a single error metric,

Input: 4D trajectory

Identify runways and airports

Create reference flight plan
based on navigation

database

Compare reference flight plan
and original trajectory

yes

no

Do flight plan and
trajectory match in this

segment?

Take waypoints and
altitude constraints from
the reference flight plan

for this segment

for each segment

Evaluate original trajectory to
identify waypoints, turns &
altitude constraints in this

segment

Combine information to
create final flight plan

Output: flight plan with
waypoints and altitude

constraints

FIG 1. Overview of the flight plan reconstruc-

tion. The algorithm generates a preliminary

flight plan, compares it with the observed

trajectory using Bresenham rasterization,

and refines the plan by updating deviating

segments.

and the runway with the lowest value is chosen.

Figure 2 illustrates the components of this error

metric, showing both the lateral distance to the

runway centreline and the angular difference be-

tween heading and bearing. Once the runways

are determined, the corresponding airports are

retrieved from the navigation database.
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FIG 2. Schematic representation of distance and

angle error for runway identification

3.2. Preliminary flight plan generation from

navigation data

Once the departure and arrival runways and

airports have been identified, the algorithm uses

the navigation database of FATS to work out a

feasible flight plan for this configuration. The

proposed flight plan is based on predefined

waypoints and routes stored in the database,

following standard departure (SIDs), en-route,

and arrival (STARs and approach) procedures.

However, it may not fully align with the original

trajectory. Therefore, it serves only as a refer-

ence to identify segments where the trajectory

matches the suggested flight plan and segments

with deviations. If no viable reference flight

plan can be generated, the final flight plan is

constructed only from the characteristics of the

observed trajectory. In this case, the next step —

measuring the similarity — is skipped, and the

algorithm proceeds directly to the identification

of waypoints.

Internally the proposed flight plan is stored in

the previously introduced Constraint List data

structure. The paths connecting the points of

the Constraint List are referred to as legs and

are represented by approximated great-circle

segments. Turns are always assumed to follow a

fixed-radius arc and can be represented by either

fly-over or fly-by waypoints. A fly-over waypoint

lies directly on the aircraft’s path and marks the

exact location where the turn is initiated. In FATS,

this point is referred to as the Start of Turn (SOT).

By contrast, a fly-by waypoint is not located di-

rectly on the flight path. Instead, the aircraft

begins its turn before reaching the waypoint. In

this case, the waypoint lies at the intersection

of the inbound leg, i.e. the segment leading

towards the waypoint and the outbound leg, i.e.

the segment leading away from it [10]. In FATS,

this point is referred to as the Mid of Turn (MOT).

The turn kind (SOT or MOT) and its turn radius

is included at each point of the Constraint List

as additional turn information. It should be

noted that all waypoints in the Constraint List

are labelled with a turn kind and radius, even if

there is no visible turn, because the waypoints

lie on approximated great-circle segments and

small deviations leading to non-zero turn values

are to be expected. In these cases, the waypoint

is also labelled as MOT and assigned a default

turn radius of 3 nautical miles during departure

and approach phases, and 5 nautical miles in

the en-route phase. This convention provides

consistency in the data structure and makes it

easier to process the data in a standardized way.

Each waypoint may contain altitude constraints,

which are represented as an altitude interval with

an upper and lower bound, as illustrated in figure

3. A flag specifies whether the constraint is

defined locally at the waypoint itself or between

two consecutive waypoints. Although time and

speed constraints are part of the data structure,

they are not yet handled by the current flight plan

reconstruction algorithm.

3.3. Measuring the similarity of trajectories

using the Bresenham Algorithm

Both the original trajectory and the trajectory

resulting from the proposed flight plan are raster-

ized onto a common grid using the Bresenham

line algorithm.
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FIG 3. Excerpt from a proposed flight plan for a

flight from Hanover (EDDV) to Paris (LFPG)

The Bresenham algorithm is a computationally

efficient method for approximating straight lines

on discrete grids by determining which pixels to

highlight between two points [7]. This enables a

pixel-level comparison of the flight paths.

To define when two trajectories are sufficiently

close or overlapping, maximum separation

thresholds are introduced: 100 m in the lateral

dimension and 50 m in the vertical dimension.

These thresholds determine the spatial resolu-

tion of the grid cells. If two trajectories occupy

the same grid cell, they are classified as identical

in that segment. By plotting both trajectories on

the grid, the algorithm can identify all pixels that

are occupied by both trajectories. This shows

segments where the trajectories overlap. For

this purpose, the Bresenham algorithm has been

implemented in both 2D and 3D within FATS [8].

Based on this comparison, a refined flight plan

is constructed. Matching segments are retained

directly from the proposed flight plan, while dif-

fering segments are updated with new waypoints

and altitude constraints.

3.4. Trajectory-Based Waypoint Extraction

In order to identify all necessary waypoints, the

2D Bresenham algorithm is applied as explained

in the previous section. Deviating segments are

simplified using a 2D Douglas-Peucker algo-

rithm, to reduce the number of trajectory points

while preserving the essential geometry [11].

This results in a trajectory with an increased

point density at turns and a decreased density

along straight segments, as shown in figure

4. Along straight segments, suitable waypoints

from the navigation database are simply as-

signed to the remaining trajectory points after the

simplification. If no predefined waypoint is found

within a 20-metre radius, a synthetic waypoint

is generated and added to the flight plan. Turn

segments, however, are handled differently by

the algorithm. This is described in more detail in

the following section.

FIG 4. Visualization of 2D trajectory simplifica-

tion. High point density is preserved at

turns, low density on straight segments.

3.4.1. Identification of turn points

Possible turn segments are identified by their

high point density after the previously mentioned

2D Douglas-Peucker simplification. Within turns

the distance between consecutive trajectory

points is low, while in straight segments they are

more sparsely distributed and therefore further

apart. However, the turn is also verified by

analysing changes in the heading of the aircraft.

For each valid turn segment, the Mid of Turn

point must be determined. As described in sec-

tion 2, the Mid of Turn lies at the intersection of

the inbound and outbound legs of the turn. Here,

the inbound leg is defined as the great-circle

segment that connects the last trajectory point

before the turn to the first point within the turn.

The outbound leg, on the other hand, is defined

as the great-circle segment connecting the final

point of the turn to the next point beyond the turn.

By extending both the inbound and outbound

legs, they intersect at the Mid of Turn point.

Figure 5 illustrates this principle. The algorithm

described in this paper typically attempts to

identify a suitable Mid of Turn point rather than

a Start of Turn, as this achieved better accuracy

in modelling the turns. Based on this principle,

the algorithm attempts to find a suitable waypoint

within approximately 20 metres of the intersec-

tion point using the navigation database.
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If a waypoint is found within this range, it is

added to the flight plan. If no waypoint from the

database is located at this position, a synthetic

waypoint is created and included in the flight

plan.

FIG 5. Intersection of Inbound and Outbound leg

to find Mid of Turn waypoint

In addition to the waypoint that defines the loca-

tion of the turn, the turn radius is essential for

accurately modelling the turn. The turn radius is

calculated using the inbound and outbound legs,

which can be considered tangents of the circle

representing the turn.

To calculate the radius, the centre of the circle is

identified first. This is achieved by constructing

perpendicular lines from the point where the

tangents touch the circle, since tangents to a

circle are always perpendicular to the radius at

the point of contact. The point where these two

perpendicular lines intersect defines the centre

of the circle. Once the centre is located, the turn

radius can be calculated and added to the flight

plan.

Combining these steps, the algorithm constructs

an adapted lateral flight plan, including the cor-

rect waypoints and turn information. Figure 6

shows the flight plan constructed in this manner.

The red frames indicate where changes were

made in comparison to the initially proposed

flight plan, shown in figure 3. Waypoints starting

with an ’@’ are synthetic waypoints that have

been added because no existing waypoints

were found in the navigation database at the

respective coordinates.

3.5. Identification of altitude constraints

After all relevant waypoints have been identified

and the lateral flight plan has been adapted

accordingly, the similarity between the adapted

plan and the original trajectory is evaluated once

FIG 6. Constructed flight plan assumed to be cor-

rect laterally

again, now using the 3D Bresenham algorithm.

This step highlights all segments where the

vertical profile still deviates from the original

trajectory and where altitude constraints must be

introduced. The cruise flight level is estimated

based on the maximum altitude reached by the

trajectory. It is assumed that flights are planned

efficiently and therefore reach their cruise level

as early as possible. As a result, climb and de-

scent phases are not considered in the algorithm

at this stage. Instead, the algorithm focuses on

identifying level segments and adding them to

the flight plan as altitude constraints.

To detect level segments, the original trajectory

is used in full resolution, as the simplified version

would not provide enough detail to capture the

vertical profile accurately. Once a level segment

is identified, it must be mapped to the nearest

waypoints in the flight plan. If the nearest way-

points are within 100 metres of the estimated

position, they can be considered close enough,

and the level segment can be defined between

them. For turns, the allowed distance to the

estimated position is extended to the turn radius.

However, if the waypoints are further away from

the estimated start and end points of the level

segment, synthetic waypoints must be added

to ensure the altitude constraints are set at the

correct locations. After the relevant waypoints

have been determined, the corresponding in-

formation is added to the flight plan. Level

constraints are defined between two consecutive

waypoints by setting the altitude constraint type

in the Constraint List to level. The altitude itself

is represented as an interval: the upper bound

corresponds to the identified level altitude, while

the lower bound is set 100 m below.
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This tolerance accounts for minor numerical

deviations and ensures that the constraint is

stored as a feasible altitude band rather than a

single exact value.

4. VALIDATION

The proposed flight plan reconstruction algo-

rithm has been validated by comparing the

reconstructed flight plans to the original trajec-

tories used as input. The objective is to assess

how accurately the reconstructed flight plan

represents both the lateral path and the vertical

profile of the reference trajectory.

4.1. Data

The validation is based on a set of 862 flights

departing from or arriving in Europe, including

both short- and long-haul operations.

These flights were originally generated using

the navigation database of FATS, but were later

deconflicted both laterally and vertically. This

process introduced deviations from the usual

routes, as well as additional level segments,

making the dataset a suitable test case for the

algorithm. As this synthetic dataset is free of

measurement noise and the trajectories are

available at a high temporal and spatial reso-

lution, it is useful for testing and validating the

overall concept.

In addition to this synthetic dataset, the algorithm

was also tested on a smaller set of ADS-B data

recorded and downloaded from the OpenSky

Network using the Python library Traffic [12, 13].

In contrast to the FATS data, the ADS-B dataset

contains measurement noise and outliers, es-

pecially in the vertical profile. This makes it a

valuable basis for evaluating the robustness of

the reconstruction under real-world conditions.

To minimize the most severe effects, a smooth-

ing filter was applied using the filter() method

provided by the Traffic library [12]. The filter

was applied several times with different kernel

values, specifically using altitude = 17 followed

by altitude = 53, to remove noise in the altitude

measurements.

Figure 7 shows an example of an unfiltered

vertical profile from the ADS-B dataset, along

with the corresponding filtered profile.

FIG 7. Vertical profile of an example ADS-B trajec-

tory before and after filtering.

4.2. Validation approach

In order to validate how well the final flight plan

fits the original trajectory, a new trajectory is

once again calculated from the final flight plan

and compared to the original one using the

Bresenham algorithm, which checks for overlaps

between both trajectories on a discretized grid.

Different maximum separation thresholds were

tested for both lateral and vertical dimensions.

4.3. Results

Table 1 shows the average matching percentage

in 2D and 3D between the original trajectory

and the final flight plan for different separation

thresholds for the synthetic dataset containing

862 flights. The results indicate that the average

match rate between the trajectories is high,

even when considering the smallest matching

distance of 100 m in the lateral dimension and

50 m in the vertical layer. As expected, the 3D

matching rate is consistently lower than the 2D

rate, showing current limitations in modelling the

vertical profile. The cruise altitude and level seg-

ments are typically successfully identified and

reconstructed, however, there are still discrep-

ancies in the climb and descent phases, since

these phases are not yet specifically modelled in

this algorithm.

TAB 1. Accuracy of the reconstructed flight plan

on synthetic data (862 flights) using differ-

ent separation thresholds

Separation Maxima 2D (%) 3D (%)

100 m lateral, 50 m vertical 97.06 70.27

100 m lateral, 100 m vertical 97.06 76.06

200 m lateral, 150 m vertical 97.93 80.82
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For the small ADS-B dataset, the matching

percentages are shown in table 2. Here, an

overall lower score can be achieved, however,

this dataset included more complex trajectories.

For instance, the ADS-B dataset contained tra-

jectories from a day with severe thunderstorms

around Milan Malpensa Airport (LIMC). Those

trajectories included holding patterns to delay

landings. As shown in Figure 8, the trajectory

based on the reconstructed flight plan success-

fully captures the behaviour laterally with only

smaller deviations of a few hundred metres:

the red trajectory corresponds to the original

data, the blue trajectory to the reconstructed

trajectory. The cruise flight level is estimated

correctly, however, the descent procedure is not

yet modelled by the algorithm, resulting in large

deviations here.

TAB 2. Accuracy of the reconstructed flight plan

on real-world ADS-B data using different

separation thresholds

Separation Maxima 2D (%) 3D (%)

100 m lateral, 50 m vertical 72.72 30.06

100 m lateral, 100 m vertical 72.72 32.01

200 m lateral, 150 m vertical 78.53 35.05

300 m lateral, 300 m vertical 82.93 42.48

5. CONCLUSION & DISCUSSION

In this paper, an algorithm for reconstructing flight

plans from recorded trajectories was presented

and validated using both synthetic flights and

real-world ADS-B data. The algorithm adapts the

lateral and vertical components of a candidate

flight plan to match the given trajectory. By

combining predefined routes and waypoints with

trajectory characteristics to identify turns and alti-

tude constraints, a flight plan can be created that

accurately reflects the entire trajectory, including

deviations caused by operational constraints or

simulation interventions. In this way, a matching

flight plan can now be reconstructed for any

recorded trajectory. This provides accurate flight

plans as essential input for reliable FMS predic-

tions, enabling a wide range of further analyses,

such as fuel consumption assessments.

The validation results show that the method

achieves a high level of accuracy, particularly in

reproducing the en-route phase of the original

trajectories.

However, there is still room for improvement.

In particular, altitude constraints need to be

handled more effectively by modelling climb and

descent procedures explicitly. Furthermore, inte-

grating speed and time constraints would enable

a more comprehensive reconstruction that better

reflects actual flight behaviour. Future work

will therefore focus on extending the algorithm

accordingly.

FIG 8. Example of a more complex trajectory with

holding patterns due to thunderstorms

near Milan. The original ADS-B trajectory

is shown in red, the reconstructed trajec-

tory in blue.
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belana.roman@dlr.de
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