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1. Abstract

A set of eight flight tests onboard a Cessna 182 aircraft were conducted during daytime
conditions using a fixed infrared camera to evaluate the GNSS-denied performance of a VINS
(Visual Aided INS) when integrated with Vantor’'s Raptor SDK. One of the flights was performed
with the Visual Inertial Unit mounted at a 45° angle (F5), with the rest mounted nadir.

The system utilized Inertial Labs Visual Inertial Odometry (VIO) and Vantor’'s Raptor Guide
Vision-Based Positioning Software, referred to as the Visual Positioning System (VPS).

The system used VIO and VPS aiding to maintain navigation and position accuracy at a frame
rate of 1 Hz during GNSS-denied flight segments.

During this phase, all GNSS updates were disabled. The VINS 3D positional error compared to
the GNSS-enabled reference reported an RMS value below 9 meters for half of the flight's
tested, and a mean error of 12.20 meters RMS across all eight flights. This RMS value represents
a single global error metric and is neither time nor distance dependent. The system maintained
an average CEP50 of 9.31 across the flights and a CEP95 of 25.81, depicting steady and reliable
position performance during GNSS-denied flight. Most flights remained stable and bounded
for the entire duration of the GNSS-denied segments, demonstrating robust error containment
throughout dynamic flight conditions.

The flights occurred between 10/01/2025 and 11/24/2025 and were performed over visually
challenging terrain, including mountainous regions, rivers, and agricultural zones, which

are known to be difficult for vision-based systems. The demanding terrain further tested

the integration of VINS with Vantor’s Raptor Guide Vision-Based Positioning Software.
Moreover, the flights were conducted at an average speed of 120 knots, or 62 m/s, proving VINS
capability. The onboard infrared camera featured a 95° horizontal by 82° vertical field

of view, contributing to visual perception across diverse landscapes. Table 1.1. summarizes

the performance evaluation numbers that are analyzed from the flight tests with respect

to ground truth references.

Table 1.1. Performance Table

Flight Position Error | Maximum | Average | Flight ::r:igrl!lgg-lni;:ni ed %ﬂgg_c; e1l;riae\$led
Number | RMS (m) AGL (m) |AGL (m) | Duration (min) (min) (km)
F1 7.87 783.23 49579 2118 12.90 4272
F2 15.62 840.32 701.49 38.65 24.33 95.72
F3 14.43 384.98 229.49 29.21 19.59 69.55
F4 23.02 1002.47 593.68 29.01 19.36 7794
F5 7.02 493.52 262.22 26.98 16.09 57.40
F6 8.69 382.74 183.99 2710 19.45 68.96
F7 7.10 57715 379.49 35.79 18.39 68.71
F8 10.94 45763 184.38 13.35 8.52 31.22
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2. Introduction

This report presents an analysis of aerial GNSS-denied navigation performance of the VINS
using Vantor's Raptor Guide Vision-Based Positioning Software fused with Inertial Labs’ visual
odometry to determine absolute position by comparing real-time imagery with onboard
satellite-based 3D maps.

The purpose of this study is to display the sensor fusion performance in GNSS-denied
conditions of Inertial Labs VINS with VIO and VPS real-time visual map-matching SDK

in various mountainous terrains. The SDK can provide absolute 3D positioning aiding data
estimates to the INS's extended Kalman filter, resulting in highly accurate PNT information
to end user applications.

The following paper will depict results from tests performed on a fixed wing, single engine
vehicle. Table 2.1 depicts the IMU and aiding data input sources that were used for the VINS
platform during the test.

Table 2.1. INS Variant and Aiding data information

INS Variant IMU Variant Aiding Data Input

VINS MiniAHRS (K100 IMU + Magnetometer) VPS + VIO

2.1. Description of Aiding Data Input

VINS utilizes Vantor's Raptor Guide Vision-Based Positioning Software to estimate an aerial
vehicle's absolute 3D position by applying computer vision principles to compare features
captured from an onboard infrared camera with onboard satellite-based 3D maps for the VPS.

The position updates are computed at a data rate that varies based on the processor

and are supplied as an aiding data source to the INS sensor fusion algorithm for correcting
the INS position and velocity within GNSS-denied environments. In the case of an absence
of VPS, it relies on the VIO velocity estimation to estimate position.
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3. Aerial Test Platform and Setup

Attached below are the figures that showcase how GNSS antennas and other subsystems
were mounted onto the test aircraft for the VINS flight test. All flights were conducted using
a Cessna 182 Skylane aircraft, which served as the primary aerial test vehicle.

Figure 3.1. Mounting of GNSS Antenna

\EE]
Inertial Unit (VIU)

Visual
Processing Unit (VPU)

Figure 3.2. Interface Connection Diagram and Setup of VINS

5 VINS Integrated with Vantor's Raptor Guide Vision-Based Positioning Software



Technical Report

Figure 3.3. Mounting of Visual Inertial Unit on the Wing Strut

The Visual Inertial Unit was mounted on a wing strut, while the Visual Processing Unit
was secured inside the aircraft cabin. Test flights were carried out at altitudes ranging from 100
to 1000 meters above ground level to ensure sufficient distance from the ground for optimal

ground speed performance while maintaining a safe margin from low-altitude hazards. Flying
higher minimized noise in the camera data.

6 VINS Integrated with Vantor's Raptor Guide Vision-Based Positioning Software



Technical Report

4. Flight Procedures

4.1. Initial Setup

Before takeoff, the aircraft remained stationary to allow the INS to complete a precise initial
alignment. Using the web interface, the INS, GPS, and Camera systems were activated,

and the initial altitude and current temperature were entered. These inputs were crucial
for estimating atmospheric pressure and obtaining accurate barometric altitude readings.

4.2. Magnetometer Calibration

After takeoff, a figure-eight maneuver was performed at around 300 meters AGL to calibrate
the magnetometer. This ensured accuracy by compensating for environmental magnetic
interference, which is critical for precise heading estimation. The maneuver was conducted
at this altitude to comply with safety regulations and the proximity to Class B airspace.

4.3. GNSS-Denied Simulation

Following calibration, the aircraft climbed to the cruising altitude and aligned along
pre-planned routes connecting local airports. Once stabilized on course, the GNSS

input to the INS algorithm was disabled to create GNSS-denied environments. This allowed
the Visual Inertial Unit to serve as the primary source for position estimation, enabling

an evaluation of the system’s performance without GNSS support.
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5. Performance and Analysis

8 different datasets were analyzed, with a focus on the GNSS-denied portions of the flight
where the VINS operated without GNSS updates. Figure 5.1 shows the various flight paths
with VIO and VPS integration during GNSS aided and denied flight. The Visual Inertial Unit

in Flight Path F5, shown below, was mounted at a 45° angle. This configuration enabled

a direct comparison with the results from the nadir-mounted units. The cyan path

is the solution of active GNSS, whereas the brown line is the deactivated GNSS. The dark blue
line is the GNSS position during the flight test and overlaps with the cyan line as expected
because both are showing GNSS position during flight. The Raptor estimates are shown

with a color scale indicating the Confidence score, which is displayed on the right. The higher
Confidence values correspond to higher certainty in the position estimate provided

to the INS by Raptor.

Across all datasets, the VINS trajectories remained closely aligned with the expected path,

as shown in Figure 5.1. The system maintained its performance across varying flight attitudes
and altitudes indicating that map matching and visual inertial odometry remained reliable
and constrained drift despite dynamic motion and rugged environments. Note that most

of the landing sections of the flights have been removed due to free inertial drifting.

The altitudes seen during the landing sections are outside the operating range, and do not
align with the scope of the tests. Flight segments over large amounts of water were removed
to emphasize validation in land applications. Flight segments over rivers and lakes remain

in the datasets.
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Figure 5.1.1. Flight Performance in a GNSS-Denied Environment (Flight Path F1)
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Figure 5.1.2. Flight Performance in a GNSS-Denied Environment (Flight Path F2)
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Figure 5.1.3. Flight Performance in a GNSS-Denied Environment (Flight Path F3)

9 VINS Integrated with Vantor's Raptor Guide Vision-Based Positioning Software



Technical Report

Flight Path F4
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Figure 5.1.4. Flight Performance in a GNSS-Denied Environment (Flight Path F4)
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Figure 5.1.5. Flight Performance in a GNSS-Denied Environment (Flight Path F5)
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Figure 5.1.6. Flight Performance in a GNSS-Denied Environment (Flight Path F6)
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Figure 5.1.7. Flight Performance in a GNSS-Denied Environment (Flight Path F7)
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Flight Path F8
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Figure 5.1.8. Flight Performance in a GNSS-Denied Environment (Flight Path F8)

Most flights were conducted at low altitudes under 400 meters AGL to create

a more challenging operating environment and to replicate scenarios closely aligned

with the anticipated use cases of our customers. Figure 5.2 illustrates the range of altitudes
achieved, demonstrating the technology’s capability to operate effectively both at low levels
near the ground and at higher elevations, reaching up to 1000 meters AGL.

5 F1 5 F2
g \ Z6 El 1000
Z 391 =
s H 2394 -
2 2 = 900
W 39.05 © s
3% 082 78 -77.8 776 3 78 -71.8 -77.6 -T7.4 -17.2 -T7
Longitude (deg) Longitude (deg) 800
3 F3 = T Fa
D 39 @ 39 64 o 700
° ke .
s s i
3 304 5% S
= ] _ .y ]800 =
ki -76.8 -76.6 764 3 788 -786 -784 -782 18 -T1.8 5
Longitude (deg) Longitude (deg) 4 500 %
@
-
S F5 = F6 E
o o =
ﬁsg.z [ S 39 Ha00 <
g 301 s
g 2% 300
S 72 37 788 768 164 3 7 -76.8 766 -76.4
Longitude (deg) Longitude (deg) 200
— F7 = F8
o o
@ 392 o 392
=) k=) ‘
> 39.1 N 5 39.15 100
- . -
2 39 2 %941 .
S 772 77 768 -766 -764 -762 3 776 -T7.5 -T7.4 -T1.3 -T7.2 -T7A
Longitude (deg) Longitude (deg)

Figure 5.3. Easting and Northing Error
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Figure 5.3 presents the Northing and Easting position errors across the 8 GNSS-denied flight
datasets, plotted as a function of time. Each trajectory corresponds to a distinct test flight,

as indicated in the legend. These plots provide a quantitative view of how lateral position errors
evolved during extended periods of GNSS outage. In the Northing error subplot, it shows

that most GNSS-denied trajectories remain within 20 meters of the reference path for most
of the flight, with few spikes reaching +40 meters. The Easting error plot reveals a similar trend
with errors typically bounded within +25.

The error spikes are likely linked to scenarios in which aiding sources (e.g., map matching

or visual odometry) became less effective due to degraded visual conditions or poor visual
references. Despite the error in some cases, the datasets remain without any free inertial drift,
indicating that the integration of map matching and visual odometry provided consistent
correction throughout most of the trajectory. The bounded nature of the drift in all datasets,
with few exceeding 40 meters, further supports the system'’s robustness in GNSS-denied
environments, even under varying altitudes and motion dynamics.

Easting and Northing Error Analysis
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Figure 5.4. 3D Position Error Probability plot
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Figure 5.4 presents the probability distribution of the mean error position between Easting,
Northing and Up position point by point on each flight. This plot illustrates the overall likelihood
for different positional errors within each dataset, providing a statistical perspective

on the navigation system’s accuracy when relying on VPS+VIO.

Each curve represents the distribution of error values observed during the flight, with higher
peaks indicating that the error remained consistently bounded around a specific range,
while flatter, more spread-out curves suggest greater variability and less constrained drift.
Most datasets exhibit a prominent concentration of error below 25 meters, highlighting

that in typical scenarios, the position estimates remain tightly clustered and controlled.

This region of overlap across multiple flights defines a performance envelope that can be used
as a benchmark for expected system behavior. For example, the narrow, high peaks of datasets
like F1and F5 reflect stable performance with minimal drift, while the broader curves seen

in datasets such as F4 reveal cases where the system experienced more challenging conditions.
The flight test performed in F5, with the Visual Inertial Unit mounted at a 45° oblique angle,
demonstrated that this orientation significantly improves estimation and positional accuracy.
The 45° tilt increases the VIU's forward field of view, allowing it to observe more of the environment
ahead rather than only the region directly below the platform.

This probabilistic view offers a valuable summary of expected positioning performance using VINS,
in GNSS-denied environments. It not only helps identify outlier conditions but also establishes

a commonly bounded error region within which future tests and customer deployments

are likely to operate. By observing where most datasets align, the plot provides practical
guidance for performance expectations and acceptance criteria in real-world applications.
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Figure 5.4. 3D Position Error Probability plot
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Figure 5.5 presents the global probability distribution of the Easting, Northing and Up position
across all eight test flights. The function demonstrates the probability of errors across
all combined flights. Shown is the mean error, which sits at 12.20 meters.

The distribution is positively skewed, meaning that smaller errors occur more frequently,
while larger errors, extending to nearly 50 meters, are rare and have very low probability.
This reflects that the VPS and VIO system led to generally high positional accuracy,

with deviations being far less frequent.
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Figure 5.5. Global Probability for Northing, Easting, and Up Error
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Figure 5.6 shows the percentage of positional error relative to the total distance traveled
for each GNSS-denied flight, offering insight into the system’s scalability and consistency
over long trajectories. Since the navigation system fuses VPS data with VIO, this plot helps
characterize how effectively the system maintains positional accuracy across increasing
distances. The error remains well-contained (typically below 0.15% Distance Travelled (DT))
for most of each dataset, indicating consistent performance for the full duration

of the flight routes.

A hyperbolic decay pattern emerges clearly, as expected, reflecting how the error per distance
traveled decreases when the system is regularly corrected by VPS updates. VPS aligns

the estimated position with known features, thereby bounding drift around a reliable
reference. Spikes in the plot, such as those seen in F4 and F7, correspond to intervals

where position drifted. However, both flight paths show that after spiking, the algorithm

can recover and restabilize below 0.05% DT.

These dynamics underscore the layered reliability of the navigation architecture: when VPS
confidence drops, VIO ensures continuity, and when both are compromised, the system
degrades to inertial dead reckoning. Despite these transitions, the system demonstrated high
robustness even over a 100 km flight, the total accumulated error remained slightly

lower than 0.05% (50 meters) before starting the approach to land. This validates the system’s
capability to combine multiple aiding technologies while maintaining precise and resilient
navigation in GNSS-denied environments.
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Figure 5.6. Error Analysis over Distance Traveled
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Figure 5.7 presents the probability of distribution of the normalized position error growth rate,
expressed as percentage per unit-distance travelled, across all datasets. Most datasets

were concentrated on lower percentage-per-distance values, indicating the capacity of VINS
with VPS and VIO to maintain high positional stability, with errors increasing only minimally
over the course of travel.

Broader or right-shifted distributions such as F8 suggest conditions where error accumulated
more rapidly, reflecting greater drift per unit distance. F5, performed on the 45° mount,
demonstrates the highest peak, showing the success of off-nadir mounting to increase
positional accuracy. The concentration of probability mass near low values establishes

a benchmark region of expected stability, while the tails of the distribution reveal fewer
common scenarios where performance was challenged.
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Figure 5.7. Probability Density vs % per Distance Traveled
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Figure 5.8 presents the Circular Error Probable (CEP50) results for the VINS solution

at increasing flight distances during GNSS-denied operation. The flight trajectory

was segmented into 5 km intervals from 5 km to 60 km, and a CEP50 value was computed

for each segment. Each subplot shows the horizontal position errors for its respective distance,
along with a circle whose radius corresponds to the CEP50 for that segment. The center

of the circles represent the true position, while the plotted data points represent the system’s
estimated positions. A smaller CEP indicates tighter clustering of position estimates, meaning
higher consistency and reliability of the navigation solution. Across all sesgments, the greatest
calculated CEP50 for these datasets was 14.14 meters at 60 km, and the least calculated CEP50
was 6.80 meters at 55 km. Eight of the twelve segments have an error under 10 m.

In this case, the CEP demonstrates that even during extended GNSS-denied flights,

most positional errors remain within a constrained region, highlighting the system’s ability

to maintain stable tracking over long distances.
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Figure 5.9 presents the Circular Error Probable (CEP) as a function of flight distance

for the eight test flights. Each line represents how the accuracy of VINS evolves over distance
during GNSS-denied operation. CEP values were computed in 5-km segments up to 60 km,
using the 50th-percentile horizontal error within each segment. Across all flights, CEP remains
generally within the range of 5 to 15 meters for most distances, indicating that the VINS
solution maintains a consistent level of accuracy despite the increasing duration of GNSS
denial. Spikes on CEP as seen in F2 and F4 correspond to degraded visual results, however

the return of those flights to the 5-to-20-meter range demonstrate the system’s ability

to correct itself. Overall, this figure demonstrates that for most flights, the VINS system sustains
stable navigation accuracy over long-distance GNSS-denied operation, with occasional error
growth episodes that are flight-specific rather than distance-driven.
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Figure 5.9 CEP50 vs Distance

19 VINS Integrated with Vantor's Raptor Guide Vision-Based Positioning Software



Technical Report

Figure 5.10 presents the Circular Error Probable (CEP) as a function of flight distance

for both the CEP50 and CEP95, computed in 5-km segments up to 60 km. The CEP50
remained bounded between 5 to 15 meters for the distances, showing the VINS solution’s
ability to maintain low and stable positional error. For eight of the twelve flights, the CEP95
remained within 15 to 25 meters. Larger deviations occurred at 15, 35, and 55 km, however

most samples are within the 15-25 margin. The combination of these two metrics demonstrates
that the VINS system sustains stable navigation accuracy over GNSS-denied operation,

with error growth correlated to individual flight conditions rather than cumulative

distance traveled.
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6. Conclusion

Based on the results of the 8 flight tests, several key components can be drawn regarding

the performance of the integrated VINS with Inertial Lab’s VIO and Vantor’s VPS. Overall,

the system achieved a reported RMS error of below 9m for half of the flight's tested, and a mean
error of 12.20 meters across all 8 flights, with the infrared camera solution. Furthermore,

the system achieved an average CEP50 of 9.31 meters, and an average CEP95 of 25.81 over the 12
sampled distances underscoring its ability to deliver consistent accuracy. The system maintained
reliable tracking performance across a wide range of altitudes and under diverse GNSS-denied
conditions, demonstrating robustness and operational sustainability for contested

and constrained environments.

Table 6.1. Flights performance

Flight Position Error | Maximum | Average | Flight r;ig?ltsgi-lrginied gﬂgg_ﬁemae‘gled
Number | RMS (m) AGL (m) |AGL (m) | Duration (min) (min) (km)
F1 7.87 783.23 49579 2118 12.90 4272
F2 15.62 840.32 701.49 38.65 24.33 95.72
F3 14.43 384.98 229.49 29.21 19.59 69.55
F4 23.02 1002.47 593.68 29.01 19.36 7794
F5 7.02 49352 262.22 26.98 16.09 57.40
F6 8.69 38274 183.99 27.10 19.45 68.96
F7 710 57715 379.49 3579 18.39 68.71
F8 10.94 45763 184.38 13.35 8.52 31.22

In addition to validating the performance of the integrated system, the test demonstrated

its resilience in edge-case operations. This paper depicts how advanced platform-agnostic
sensor fusion algorithms can ensure continuous positional accuracy across high altitude

and velocity flight profiles within GNSS-denied and spoofed environments. The tightly coupled
integration between VINS with VPS and VIO allows the robust visual registration software

to create a significant advancement towards replacing traditional GNSS aided PNT systems.
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