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Section 1

Error Budgets with Lidar
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Laser Precision 
Errors
• Livox Avia Scanner has a precision of .78 inches (1.98 

cm) at 65 feet (19.8 m). 

• Linear Scale – the sensor only has a precision of 4.9 
inches (12.446 cm) when flown at 400 feet (121.92 m).

100 ft | 30.48 m 1.2 | 3.048 cm

Altitude (ft | m) Laser Accuracy (in | cm)

200 ft | 60.96 m 2.4 | 6.096 cm

300 ft | 121.92 m 4.9 | 12.446 cm

Livox Avia Accuracy
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GNSS Accuracy
Error
• GNSS systems will introduce 

positional error as low as 0.75 
inches and as high as 30 meters.

• Precise location requires 
synchronization either in real-time 
(RTK) or in post processing (PPK) 
with a static GNSS observation for 
high accuracy positioning.
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IMU and Optical
Flow Sensor Errors
• Orientation errors are a function of the 

quality of the IMU

• The IMU in the L1 is a MEMS IMU

• The accuracy of the IMU is ~0.03 deg. in 
roll and pitch and 0.08 deg. in yaw

• Yaw drift can be a major source of error. 
The optical flow system helps correct this.

• The higher you fly, the greater your angle 
errors will become.
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Sources of Error
• Every component of the system adds error to your system

• Total Potential Error is quite High

• It’s important to have a testing process to address each 
source of error

DJI L1 Sources of Error

100 ft | 30.48m 1.2 2.0 0.8 0.62 – 1.67 4.62 – 5.67

Laser
Accuracy (in)Altitude (ft)

GPS Elevation
Accuracy (in)

GPS Horizontal
Accuracy (in)

IMU Horizontal
Accuracy (in)

Total Potential
Error Propagation (in)

200 ft | 60.96m 2.4 2.0 0.8 1.25 – 3.35 6.45 – 8.55

400 ft | 121.92m 4.9 2.0 0.8 2.5 – 6.70 10.2 – 14.4
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Section 2

How do we test
Mapping Accuracies?
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ASPRS Vertical Accuracy/ Quality

ASPRS Tables B.7 – B.9 Vertical Accuracy/Quality Examples for Digital Elevation Data (feet/meters),
Legacy Standards, and Recommended Point Densities

Vertical 
Accuracy 

Class

Absolute Accuracy Class Relative Accuracy (where applicable) Contour interval 
comparisons Point Density/Spacing

RMSEz 
Non-Vegetate

d
(ft | m)

NVA at 95% 
Confidence 

Level
(ft | m)

VVA at 95th 
Percentile

(ft | m)

Within-Swath
Hard Surface
Repeatability

(Max Diff) 
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(RMSDz)
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(Max Diff)

(ft | m)

Equivalent 
Class 1 contour 

interval per 
ASPRS 1990 (ft | 

m)

Equivalent 
contour 

interval per 
NMAS

(ft | m)

Rec. Minimum 
NPD

(pls/m2)

Rec
Maximum NPS

(ft | m)

0.033ft | 0.010m 0.03 | 0.009 0.07 | 0.021 0.10 | 0.03 0.02 | 0.006 0.03 | 0.009 0.52 | 0.158 0.10 | 0.03 0.11 | 0.033 ≥20 ≤ 0.72 | ≤ 0.219

0.082ft | 0.024m 0.08 | 0.024 0.16 | 0.048 0.25 | 0.076 0.05 | 0.015 0.07 | 0.021 0.13 | 0.039 0.23 | 0.70 0.27 | 0.082 16.00 0.82 |  0.249

0.164ft | 0.049m 0.16 | 0.048 0.32 | 0.097 0.49 | 0.149 0.10 | 0.03 0.13 | 0.039 0.26 | 0.079 0.49 | 0.149 0.54 | 0.164 8.00 1.15 |  0.350

0.328ft | 0.099m 0.33 | 0.100 0.64 | 0.195 0.98 | 0.298 0.20 | 0.06 0.26 | 0.079 0.53 | 0.161 0.98 | 0.298 1.08 | 0.329 2.00 2.33 |  0.710

0.492ft | 0.149m 0.49 | 0.149 0.99 | 0.301 1.48 | 0.451 0.30 | 0.09 0.39 | 0.118 0.76 | 0.231 1.48 | 0.451 1.62 | 0.493 1.00 3.28 |  0.999

0.656ft | 0.199m 0.66 | 0.201 1.29 | 0.392 1.97 | 0.6 0.39 | 0.118 0.52 | 0.158 1.05 | 0.320 1.97 | 0.600 2.16 | 0.658 0.50 4.59 |  1.399

1.092ft | 0.332m 1.09 | 0.332 2.15 | 0.652 3.28 | 0.999 0.66 | 0.201 0.88 | 0.268 1.75 | 0.553 3.28 | 0.999 3.59 | 1.094 0.25 6.56 |  1.999

Examples for Elevation Data (feet/meters)
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“Standard Grade”
• A naming convention is required to allow for better conversations regarding desired accuracy outcomes.

• Most mapping products in the United States are designed to meet this accuracy/quality

ASPRS Tables B.7 – B.9 Vertical Accuracy/Quality Examples for Digital Elevation Data (feet/meters),
Legacy Standards, and Recommended Point Densities

Vertical 
Accuracy 

Class

Absolute Accuracy Class Relative Accuracy (where applicable) Contour interval 
comparisons Point Density/Spacing

RMSEz 
Non-Vegetate

d
(ft | m)

NVA at 95% 
Confidence 

Level
(ft | m)

VVA at 95th 
Percentile

(ft | m)

Within-Swath
Hard Surface
Repeatability

(Max Diff) 
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(RMSDz)
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(Max Diff)

(ft | m)

Equivalent 
Class 1 contour 

interval per 
ASPRS 1990 (ft | 

m)

Equivalent 
contour 

interval per 
NMAS

(ft | m)

Rec. Minimum 
NPD

(pls/m2)

Rec
Maximum NPS

(ft | m)

0.033ft | 0.010m 0.03 | 0.009 0.07 | 0.021 0.10 | 0.03 0.02 | 0.006 0.03 | 0.009 0.52 | 0.158 0.10 | 0.03 0.11 | 0.033 ≥20 ≤ 0.72 | ≤ 0.219

0.082ft | 0.024m 0.08 | 0.024 0.16 | 0.048 0.25 | 0.076 0.05 | 0.015 0.07 | 0.021 0.13 | 0.039 0.23 | 0.70 0.27 | 0.082 16.00 0.82 |  0.249

0.164ft | 0.049m 0.16 | 0.048 0.32 | 0.097 0.49 | 0.149 0.10 | 0.03 0.13 | 0.039 0.26 | 0.079 0.49 | 0.149 0.54 | 0.164 8.00 1.15 |  0.350

0.328ft | 0.099m 0.33 | 0.100 0.64 | 0.195 0.98 | 0.298 0.20 | 0.06 0.26 | 0.079 0.53 | 0.161 0.98 | 0.298 1.08 | 0.329 2.00 2.33 |  0.710

0.492ft | 0.149m 0.49 | 0.149 0.99 | 0.301 1.48 | 0.451 0.30 | 0.09 0.39 | 0.118 0.76 | 0.231 1.48 | 0.451 1.62 | 0.493 1.00 3.28 |  0.999

0.656ft | 0.199m 0.66 | 0.201 1.29 | 0.392 1.97 | 0.6 0.39 | 0.118 0.52 | 0.158 1.05 | 0.320 1.97 | 0.600 2.16 | 0.658 0.50 4.59 |  1.399

1.092ft | 0.332m 1.09 | 0.332 2.15 | 0.652 3.28 | 0.999 0.66 | 0.201 0.88 | 0.268 1.75 | 0.553 3.28 | 0.999 3.59 | 1.094 0.25 6.56 |  1.999
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“Max Grade”
• Sometimes referred to as “design grade” or ”survey grade” (both are terrible names).

• Very few remote sensing products in the United States meet this accuracy/quality

ASPRS Tables B.7 – B.9 Vertical Accuracy/Quality Examples for Digital Elevation Data (feet/meters),
Legacy Standards, and Recommended Point Densities

Vertical 
Accuracy 

Class

Absolute Accuracy Class Relative Accuracy (where applicable) Contour interval 
comparisons Point Density/Spacing

RMSEz 
Non-Vegetate

d
(ft | m)

NVA at 95% 
Confidence 

Level
(ft | m)

VVA at 95th 
Percentile

(ft | m)

Within-Swath
Hard Surface
Repeatability

(Max Diff) 
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(RMSDz)
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(Max Diff)

(ft | m)

Equivalent 
Class 1 contour 

interval per 
ASPRS 1990 (ft | 

m)

Equivalent 
contour 

interval per 
NMAS

(ft | m)

Rec. Minimum 
NPD

(pls/m2)

Rec
Maximum NPS

(ft | m)

0.033ft | 0.010m 0.03 | 0.009 0.07 | 0.021 0.10 | 0.03 0.02 | 0.006 0.03 | 0.009 0.52 | 0.158 0.10 | 0.03 0.11 | 0.033 ≥20 ≤ 0.72 | ≤ 0.219

0.082ft | 0.024m 0.08 | 0.024 0.16 | 0.048 0.25 | 0.076 0.05 | 0.015 0.07 | 0.021 0.13 | 0.039 0.23 | 0.70 0.27 | 0.082 16.00 0.82 |  0.249

0.164ft | 0.049m 0.16 | 0.048 0.32 | 0.097 0.49 | 0.149 0.10 | 0.03 0.13 | 0.039 0.26 | 0.079 0.49 | 0.149 0.54 | 0.164 8.00 1.15 |  0.350

0.328ft | 0.099m 0.33 | 0.100 0.64 | 0.195 0.98 | 0.298 0.20 | 0.06 0.26 | 0.079 0.53 | 0.161 0.98 | 0.298 1.08 | 0.329 2.00 2.33 |  0.710

0.492ft | 0.149m 0.49 | 0.149 0.99 | 0.301 1.48 | 0.451 0.30 | 0.09 0.39 | 0.118 0.76 | 0.231 1.48 | 0.451 1.62 | 0.493 1.00 3.28 |  0.999

0.656ft | 0.199m 0.66 | 0.201 1.29 | 0.392 1.97 | 0.6 0.39 | 0.118 0.52 | 0.158 1.05 | 0.320 1.97 | 0.600 2.16 | 0.658 0.50 4.59 |  1.399

1.092ft | 0.332m 1.09 | 0.332 2.15 | 0.652 3.28 | 0.999 0.66 | 0.201 0.88 | 0.268 1.75 | 0.553 3.28 | 0.999 3.59 | 1.094 0.25 6.56 |  1.999
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Section 3

L1 accuracy 
performance over time
• All project listed utilized digitally leveled control 

with a vertical accuracy of ~0.01ft.

• All projects were ground classified using the 
Terrasolid L1 Wizard
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Accuracy Over Time Conclusion
Vertical accuracies suitable for “standard grade” and in some cases suitable 
for “max grade” topo.

ASPRS Tables B.7 – B.9 Vertical Accuracy/Quality Examples for Digital Elevation Data (feet/meters),
Legacy Standards, and Recommended Point Densities

Vertical 
Accuracy 

Class

Absolute Accuracy Class Relative Accuracy (where applicable) Contour interval 
comparisons Point Density/Spacing

RMSEz 
Non-Vegetate

d
(ft | m)

NVA at 95% 
Confidence 

Level
(ft | m)

VVA at 95th 
Percentile

(ft | m)

Within-Swath
Hard Surface
Repeatability

(Max Diff) 
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(RMSDz)
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(Max Diff)

(ft | m)

Equivalent 
Class 1 contour 

interval per 
ASPRS 1990 (ft | 

m)

Equivalent 
contour 

interval per 
NMAS

(ft | m)

Rec. Minimum 
NPD

(pls/m2)

Rec
Maximum NPS

(ft | m)

0.033ft | 0.010m 0.03 | 0.009 0.07 | 0.021 0.10 | 0.03 0.02 | 0.006 0.03 | 0.009 0.52 | 0.158 0.10 | 0.03 0.11 | 0.033 ≥20 ≤ 0.72 | ≤ 0.219

0.082ft | 0.024m 0.08 | 0.024 0.16 | 0.048 0.25 | 0.076 0.05 | 0.015 0.07 | 0.021 0.13 | 0.039 0.23 | 0.70 0.27 | 0.082 16.00 0.82 |  0.249

0.164ft | 0.049m 0.16 | 0.048 0.32 | 0.097 0.49 | 0.149 0.10 | 0.03 0.13 | 0.039 0.26 | 0.079 0.49 | 0.149 0.54 | 0.164 8.00 1.15 |  0.350

0.328ft | 0.099m 0.33 | 0.100 0.64 | 0.195 0.98 | 0.298 0.20 | 0.06 0.26 | 0.079 0.53 | 0.161 0.98 | 0.298 1.08 | 0.329 2.00 2.33 |  0.710

0.492ft | 0.149m 0.49 | 0.149 0.99 | 0.301 1.48 | 0.451 0.30 | 0.09 0.39 | 0.118 0.76 | 0.231 1.48 | 0.451 1.62 | 0.493 1.00 3.28 |  0.999

0.656ft | 0.199m 0.66 | 0.201 1.29 | 0.392 1.97 | 0.6 0.39 | 0.118 0.52 | 0.158 1.05 | 0.320 1.97 | 0.600 2.16 | 0.658 0.50 4.59 |  1.399

1.092ft | 0.332m 1.09 | 0.332 2.15 | 0.652 3.28 | 0.999 0.66 | 0.201 0.88 | 0.268 1.75 | 0.553 3.28 | 0.999 3.59 | 1.094 0.25 6.56 |  1.999
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Section 4

Project Level Testing
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Testing Matrix

• DJI Zenmuse L1 - 3 flights with 
different mission profiles

• 10 control points were collected

• 30 ground validation points were 
collected for absolute accuracy 
assessment

• Mobile Lidar and Photogrammetry 
were collected at the same time

• All remote sensing data was 
collected in the same day and 
survey was collected within a week.



Copyright © 2023 BAAM.TechCopyright © 2023 BAAM.Tech

All 3 Flights are Suitable for “Standard Grade”
2 Flights suitable for “Max Grade” Topo
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Conventional Survey Comparison
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Initial Results are Excellent
• RMSEz for each project was 5 hundredths of a foot or below

• These results indicate that the DJI L1 is suitable for producing “standard grade” and 
max grade topo

• However, there are more metrics that need to be looked at – Relative Accuracies
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Relative Fit is Noisy

• Why is relative accuracy so different when 
compared to the absolute accuracy?

• How are you able to get absolute accuracies 
greater than the relative accuracy of the laser?
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Effective Lidar Macros

• Terrasolid is the most trusted Lidar 
processing software in the world

• Terrasolid has developed 
processing wizards designed with 
the L1 to achieve optimal results
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Testing Laser Precision
using a Planar Fit Model

• The 3 flights were divided into two 
groups

• Group 1 – all unclassified points

• Group 2 – ran Terrasolid’s L1 
classification wizard to separate 
estimated ground points
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Planar Fitting Analysis

• To test within-swath relative accuracy, 
planar features were selected

• The distance from plane to points was 
calculated and plotted on a histogram
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Example / Planar Fit 
Model



Copyright © 2023 BAAM.TechCopyright © 2023 BAAM.Tech

Unclassified Points vs.
Ground Classified Points
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A Favorable Pattern
Begins to Emerge
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ASPRS Tables B.7 – B.9 Vertical Accuracy/Quality Examples for Digital Elevation Data (feet/meters),
Legacy Standards, and Recommended Point Densities

Vertical 
Accuracy 

Class

Absolute Accuracy Class Relative Accuracy (where applicable) Contour interval 
comparisons Point Density/Spacing

RMSEz 
Non-Vegetate

d
(ft | m)

NVA at 95% 
Confidence 

Level
(ft | m)

VVA at 95th 
Percentile

(ft | m)

Within-Swath
Hard Surface
Repeatability

(Max Diff) 
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(RMSDz)
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(Max Diff)

(ft | m)

Equivalent 
Class 1 contour 

interval per 
ASPRS 1990 (ft | 

m)

Equivalent 
contour 

interval per 
NMAS

(ft | m)

Rec. Minimum 
NPD

(pls/m2)

Rec
Maximum NPS

(ft | m)

0.033ft | 0.010m 0.03 | 0.009 0.07 | 0.021 0.10 | 0.03 0.02 | 0.006 0.03 | 0.009 0.52 | 0.158 0.10 | 0.03 0.11 | 0.033 ≥20 ≤ 0.72 | ≤ 0.219

0.082ft | 0.024m 0.08 | 0.024 0.16 | 0.048 0.25 | 0.076 0.05 | 0.015 0.07 | 0.021 0.13 | 0.039 0.23 | 0.70 0.27 | 0.082 16.00 0.82 |  0.249

0.164ft | 0.049m 0.16 | 0.048 0.32 | 0.097 0.49 | 0.149 0.10 | 0.03 0.13 | 0.039 0.26 | 0.079 0.49 | 0.149 0.54 | 0.164 8.00 1.15 |  0.350

0.328ft | 0.099m 0.33 | 0.100 0.64 | 0.195 0.98 | 0.298 0.20 | 0.06 0.26 | 0.079 0.53 | 0.161 0.98 | 0.298 1.08 | 0.329 2.00 2.33 |  0.710

0.492ft | 0.149m 0.49 | 0.149 0.99 | 0.301 1.48 | 0.451 0.30 | 0.09 0.39 | 0.118 0.76 | 0.231 1.48 | 0.451 1.62 | 0.493 1.00 3.28 |  0.999

0.656ft | 0.199m 0.66 | 0.201 1.29 | 0.392 1.97 | 0.6 0.39 | 0.118 0.52 | 0.158 1.05 | 0.320 1.97 | 0.600 2.16 | 0.658 0.50 4.59 |  1.399

1.092ft | 0.332m 1.09 | 0.332 2.15 | 0.652 3.28 | 0.999 0.66 | 0.201 0.88 | 0.268 1.75 | 0.553 3.28 | 0.999 3.59 | 1.094 0.25 6.56 |  1.999

5x Improvements on Planar Fitting using
Terrasolid’s L1 Processing Wizard
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Section 5

Testing Conclusions

In swath analysis conclusion

In our testing, the DJI Zenmuse L1 meets ASPRS’s spec 
for “Standard Grade”, but not “Max Grade” Data.
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Swath to Swath Fit
• Swath to Swath analysis helps us to understand how well the inertial navigation 

system (INS) performed.

• IMU and GPS inaccuracies have the potential to create large misalignments.
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ASPRS Tables B.7 – B.9 Vertical Accuracy/Quality Examples for Digital Elevation Data (feet/meters),
Legacy Standards, and Recommended Point Densities

Vertical 
Accuracy 

Class

Absolute Accuracy Class Relative Accuracy (where applicable) Contour interval 
comparisons Point Density/Spacing

RMSEz 
Non-Vegetate

d
(ft | m)

NVA at 95% 
Confidence 

Level
(ft | m)

VVA at 95th 
Percentile

(ft | m)

Within-Swath
Hard Surface
Repeatability

(Max Diff) 
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(RMSDz)
(ft | m)

Swath-to-Swa
th Non-Veg 

Terrain
(Max Diff)

(ft | m)

Equivalent 
Class 1 contour 

interval per 
ASPRS 1990 (ft | 

m)

Equivalent 
contour 

interval per 
NMAS

(ft | m)

Rec. Minimum 
NPD

(pls/m2)

Rec
Maximum NPS

(ft | m)

0.033ft | 0.010m 0.03 | 0.009 0.07 | 0.021 0.10 | 0.03 0.02 | 0.006 0.03 | 0.009 0.52 | 0.158 0.10 | 0.03 0.11 | 0.033 ≥20 ≤ 0.72 | ≤ 0.219

0.082ft | 0.024m 0.08 | 0.024 0.16 | 0.048 0.25 | 0.076 0.05 | 0.015 0.07 | 0.021 0.13 | 0.039 0.23 | 0.70 0.27 | 0.082 16.00 0.82 |  0.249

0.164ft | 0.049m 0.16 | 0.048 0.32 | 0.097 0.49 | 0.149 0.10 | 0.03 0.13 | 0.039 0.26 | 0.079 0.49 | 0.149 0.54 | 0.164 8.00 1.15 |  0.350

0.328ft | 0.099m 0.33 | 0.100 0.64 | 0.195 0.98 | 0.298 0.20 | 0.06 0.26 | 0.079 0.53 | 0.161 0.98 | 0.298 1.08 | 0.329 2.00 2.33 |  0.710

0.492ft | 0.149m 0.49 | 0.149 0.99 | 0.301 1.48 | 0.451 0.30 | 0.09 0.39 | 0.118 0.76 | 0.231 1.48 | 0.451 1.62 | 0.493 1.00 3.28 |  0.999

0.656ft | 0.199m 0.66 | 0.201 1.29 | 0.392 1.97 | 0.6 0.39 | 0.118 0.52 | 0.158 1.05 | 0.320 1.97 | 0.600 2.16 | 0.658 0.50 4.59 |  1.399

1.092ft | 0.332m 1.09 | 0.332 2.15 | 0.652 3.28 | 0.999 0.66 | 0.201 0.88 | 0.268 1.75 | 0.553 3.28 | 0.999 3.59 | 1.094 0.25 6.56 |  1.999

Relative Swath to Swath Analysis
Accuracy Requirements
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Swath to Swath Quantitative 
Analysis Methodology

• Using TerraMath, planar tie lines 
were collected between flight lines 
to measure mismatch

• RMSDz and Max Difference was 
measured in each mission
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Swath to Swath Quantitative 
Analysis Results
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Swath to Swath Quantitative 
Results
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Full Data Analysis
Conclusions
• Not perfect, but MORE than acceptable to 

produce “Standard Grade” based on ASPRS 
specification

• When utilizing lasers of this precision, 
proper ground filtering (as provided by 
Terrasolid) is a necessity

• Testing standards need to address laser 
precision vs. derived produce precision for 
new generation of Lidar system
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Questions?
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