Laser Scanning

Laser scanning has revolutionized how we collect three-dimensional spatial
data, enabling detailed characterization of terrain, vegetation, buildings, and
other features at unprecedented scales and resolutions. This module covers the
fundamentals of laser scanning technology, how data are collected and
processed, the various applications across different disciplines, and practical
tools for working with laser scanning data. We'll explore both airborne
platforms collecting regional data and terrestrial systems for high-detail local
analysis. Understanding laser scanning is essential for modern geospatial
work.
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Point cloud file types and data
structures

ALS core concepts

Noise removal

Ground point classification
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Ground normalization
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. GeoSLAM
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. lidR

These are the topics covered in this module.




Point Cloud File Formats Jo)

+»LAS (las, .laz, .zlas)
“E57 (.es7)
s»Text/ASCII (.xyz, .asc)
“PTX (.ptx)

Multiple file formats store point cloud data, each with different characteristics.
LAS format includes variants .las, .1az (compressed), and .zlas (zstandard
compressed). E57 format (.e57) stores point clouds with extended capabilities.
Text or ASCII formats store data in .xyz or .asc files. PTX format (.ptx) is used
particularly for terrestrial laser scanning data. Each format has advantages
depending on storage requirements, compression needs, and software
compatibility.



LAS Structure !ﬁ

File signature: LASF o .

File seurce I0- 0 +»Binary format

Global encoding:

- GPS Time Type: Standard GPS Time

- Synthetic Return Numbers: no O:OOpen Standard

- well Know Text: CRS 15 GeoTIFF

« Apgregate Model: false

Project ID GUID: 00000000 - 0000~ 0000 ~0000 000000000000 “‘

version: ) %

System identifier:

Generating software: rias R package

File creation d/y: 7202 (

header size:
offset to point data: 7

Num, var, length record: ) ] ]
PoTT data Tormt: - “*Metadata provided in
Point data record length: "

Num. of point records: 1leadel

Num. of points by return: 8616913 0 0

Scale factor X Y 2 0.001 0.001
Offset X Y 2: 000

min XY 23 ~52.911 -52.476 ~1.36
max XY Z: 54.148 54.659 17.174
variable Length Records (VLR): wvoid

Extended Variable Length Records (EVLR): wvoid

.001

LAS is the most widely used point cloud format. It's a binary format, an open
standard developed by the American Society for Photogrammetry and Remote
Sensing (ASPRS). LAS files include metadata in the header describing the data
characteristics, coordinate system information, and point cloud extents.



PTX Structure !ﬁ

“»Text/ASCII

+*Row and column count
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“Point data (x, y, z, intensity, R, G, B)
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+Stores pulses with no associated returns at
coordinates
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PTX format is a text-based format that includes row and column counts for
structured point cloud data. A transformation matrix defines the spatial
relationship. Point data includes x, y, z coordinates and can include intensity
and RGB values. PTX format stores pulses with no associated returns at
coordinates [0, 0, 0].



Rasterize LiDAR in ArcGIS Pro Jo)

*»LAS data must be
converted to a LAS Dataset

In ArcGIS Pro, point clouds in LAS format must first be converted to LAS
Datasets. A LAS Dataset is similar to a mosaic dataset: it is not a new dataset,
but a reference to a set of multiple files, in this case multiple LAS files. LAS
Datasets can then serve as input to subsequent processing and analysis.



Aerial Laser Scanning (ALS)

Aerial Laser Scanning (ALS), also called airborne LiDAR, collects point cloud
data from aircraft or helicopters. ALS enables rapid coverage of large
geographic areas at moderate to high spatial resolution. ALS is the dominant
technology for national-scale elevation data collection.



=] Components Jo)

s»Laser range finder/scanner =
two-way travel time between
sensor and surface

s¢Inertial Measurement Unit
(IMU) = angular orientation of
the laser with respect to the

ground

% GPS = locate platform and
reference data relative to a
datum

ALS systems require three key components. A laser range finder or scanner
measures the two-way travel time between the sensor and the surface. An
Inertial Measurement Unit (IMU) determines the angular orientation of the
laser with respect to the ground. GPS locates the platform and references data
relative to a geodetic datum.



Center of
mass

The IMU measures roll, pitch, and yaw: the three rotational components that
define the laser's orientation in three-dimensional space. These measurements

are critical for converting laser measurements into correctly oriented 3D
coordinates.


https://commons.wikimedia.org/wiki/File:Roll_Pitch_Yaw.JPG
https://commons.wikimedia.org/wiki/File:Roll_Pitch_Yaw.JPG

N . .
Travel Time to Distance

Velocity =

Time =

The fundamental relationship between velocity, time, and distance allows
converting laser travel time to distance. Distance equals velocity multiplied by

time. Since light travels at a known constant speed, the two-way travel time
can be converted to distance.
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0 . . .
Collecting Data (Airborne LiDAR)

“»Ground GPS stations are established, or
existing ground stations are used

% GPS, IMU, and laser range finding data '
are collected onboard the aircraft

+“All areas must be covered by flight lines

“»Density of points is impacted by
= Pulse rate
= Scan frequency
= Flight height
= Overlapping coverage

Ground data collection begins by establishing GPS stations or using existing
ground control points. GPS, IMU, and laser range finding data are collected
onboard the aircraft during flight. All areas of interest must be covered by
overlapping flight lines. Point density is impacted by pulse rate, scan
frequency, flight height, and overlapping coverage between flight lines.

11



Flight Collection Characteristics Jo)

“*Pulse Rate = how many pulses released a
second (kHz)

“Scan Frequency = how fast sensor scans
back-and-forth (Hz)

“*Maximum Scan Angle = maximum angle of
scan (°)

“+Flight Height = height of sensor above the
ground (meters or feet)

= average flight speed (knots)

= average density of
returns (points per unit area)

Flight collection characteristics determine point cloud density and coverage.
Pulse rate is how many laser pulses are released per second. Scan frequency is
how fast the sensor scans back-and-forth. Maximum scan angle defines the
maximum scanning angle. Flight height is the sensor elevation above ground.
Flight speed is the aircraft's average speed. Average post spacing describes the
resulting point density.



0 . .
Post-Processing LiIDAR

1.

2

GPS data differentially corrected

GPS, IMU, and laser range finder data combined to x, y, z points
relative to datum

. Raw data stored in LAS format

. Points are classified using an algorithm

. Manual clean up of point classification

. Quality control and accuracy assessment

. Creation of derived products

Post-processing LiDAR begins with differentially correcting GPS data for
improved accuracy. GPS, IMU, and laser range finder data are combined to
create X, y, z points relative to the geodetic datum. Data are commonly stored
in LAS format.

Points are classified using algorithms to identify ground, vegetation, buildings,
and other features. Manual cleanup can be used to refine automated
classifications. Quality control and accuracy assessment verify data quality.
Derived products, such as DSMs and DTMs, can later be created from the
point cloud.
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Point Attributes

“*Return Number = 15t, 2nd, grd_ 4th

“*Classification = Unassigned, Ground, Low Vegetation, Medium
Vegetation, High Vegetation, etc.

“*Return Intensity = measure of amount of energy returning to sensor

“*RGB values = assign image RGB values to points

Point attributes stored with each laser return commonly include return
number identifying 1st, 2nd, 3rd, or 4th returns and classification (e.g.,
unassigned, ground, vegetation, buildings, and others). It is common for only
ground and not ground/unassigned to be differentiated. Return intensity
measures the amount of energy returning to the sensor. RGB values assign
image color to points.
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Return Intensity Jo)

+»Correlates with:
= Return number

= Moisture level

Return intensity of the laser pulse is impacted by many factors including the
number of returns, the surface material, and the moisture content. The
provided image shows a large number of points symbolized using return
intensity. Darker shades indicate a lower return intensity while brighter areas
indicate more return intensity. These data were collected with an infrared
laser.

Grass and low vegetation tend to show a high return intensity since there is no
vertical structure to break the pulse into multiple returns and because
vegetation tends to reflect NIR radiation. In contrast, paved surfaces tend to
absorb NIR radiation and are dark in the image.

Forests tend to show a mixture or texture of high and low return intensities.
This is because vegetation tends to reflect NIR radiation. However, due to
vertical structure, a single pulse is often broken into multiple returns.

Although not represented in this example, water tends to absorb a large
amount of NIR radiation and will show low return intensity or no returns, as it
may absorb all the energy.

These data can be useful for data visualization and as input to classification
routines. However, it should be noted that return intensity has been shown to
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be hard to calibrate. So, it is difficult to use these measurement in a
quantitative manner. For example, it would be difficult to convert return
intensity to NIR surface reflectance.
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Classification

LAS Classification Codes

Classification
Value

Meaning

Value

Meaning

Never classified

Road Surface

Unassigned

Reserved

Ground

Wire - Guard (Shield)

Low Vegetation

Wire - Conductor (Phase)

Medium Vegetation

Transmission Tower

High Vegetation

Wire-Structure Connector
(Insulator)

Building

Bridge Deck

Low Point

High Noise

Reserved

Reserved

Water

Rail

User Definable

LAS files have defined, standard classification codes, as described in the
provided tables. Generally, ground points are assigned a value of 2. If only
ground points are differentiated, all other points will be coded to 1, or
unassigned, or labelled as an outlier, generally using code 7 or 18. Codes have
been defined for vegetation based on height, buildings, water, rails, roads,
wires, transmission towers, and bridge decks. Some codes are reserved for
special use, and analysts can use remaining codes to define user-specific
classes. This coding scheme uses 8-bit encoding, so 256 values are available.
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http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm

LAS Class Flags

“*Provide a secondary Field Name

Description

description or
classification for Synthetic
LiDAR points

A point that was created by a method other
than lidar collection, such as digitized from a
photogrammetric stereo model.

Key-point

A point considered to be a model key-point and
should not be withheld in any thinning
algorithm.

Withheld

The point should not be included in processing.

Overlap

A point that is within the overlap region of two
or more flight lines or swaths (LAS version 1.4
specific).

Class flags can also be assigned to specific points. For example, synthetic
points are those not created by the LiDAR collection, such as those manually
added or obtained using photogrammetric methods. The key-point flag is used
to note that a point is important and should not be removed by any thinning
process. For example, points near a slope break may be flagged as key-points
so that the steep slope is well represented even if the data are thinned. The
withheld flag is used to make sure that points are not included in subsequent
processing or analysis. For example, outlier points could be flagged this way.
Lastly, the overlap flag can be used to indicate points that occur in areas of

overlapping flight lines.
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http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/las-dataset/lidar-point-classification.htm

Use Cases: Archeology
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ALS has remarkable applications in archaeology, revealing hidden structures
and landscape features beneath vegetation that would be invisible on the

ground. Airborne LiDAR can penetrate forest canopy to reveal buried
archaeological features.
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https://youtu.be/YFC5CwZVCEw?si=WXdF3TFwSPDAFw6_
https://youtu.be/YFC5CwZVCEw?si=WXdF3TFwSPDAFw6_
https://youtu.be/YFC5CwZVCEw?si=WXdF3TFwSPDAFw6_

N
Use Cases: Geomorphology

Geomorphology benefits greatly from high spatial resolution elevation data.
ALS can characterize landforms, identify erosion features, map mass
movements, and analyze terrain processes at scales impossible with traditional
methods.
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Use Cases: Geohazards J-

WYV Flood Tool

Remember: When In Doubt, It's Not Out!

Lavers

® Examples
Slidesca, b, ¢, g

Debris Flows: d, ¢, f. it

Geohazard assessment using ALS includes landslide susceptibility mapping,
flood modeling, and volcanic hazard assessment. High spatial resolution
terrain data enables identifying steep slopes, drainage patterns, and other
geomorphic indicators of hazard.
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https://www.mapwv.gov/flood/map/

Use Cases: Forestry

«*Forest structure

“»Tree crown delineation

“Tree speciation

*»*Biomass

“»Fuel loads

Forestry applications include measuring forest structure, delineating
individual tree crowns, estimating species composition, calculating biomass,
and assessing fuel loads. ALS provides three-dimensional characterization of
forest structure.
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N
Use Cases: Global Forest and Carbon Monitoring !ﬂ

“+Global Ecosystem Dynamics Investigation ot oo

+“*International Space Station (ISS)
+“+Carbon sequestration

“»Forest height and vertical structure
“»Forest canopy characteristics

+» Deforestation

P

Sequettration Gap Mg /ha)
Semetiram Frookal - (wwsr Lty _

The Global Ecosystem Dynamics Investigation (GEDI) on the International
Space Station uses spaceborne lidar to measure forest height and vertical
structure, understand canopy characteristics, track deforestation, and monitor
carbon sequestration across the globe.
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https://gedi.umd.edu/

Data Processing

Raw point cloud data requires processing to be useful. Processing steps include
removing noise, classifying ground points, normalizing heights, creating raster
products, and extracting features.
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Noise Removal

+»Statistical Outlier Removal = Remove points with fewer
= Calculate mean distance to k- than a threshold number of

nearest neighbors neighbors
= Assume Gaussian distribution Voxel Grid Filter

" Remove points beyond a = Divide into voxel grid
defined threshold (basedon Replace points with voxel

standard deviations from centers
mean)

+*Radius Outlier Removal

= For each point, count
neighbors within a fixed
radius

Noise removal identifies and removes erroneous points. Statistical outlier
removal calculates mean distance to k-nearest neighbors, assumes Gaussian
distribution, and removes points beyond defined thresholds. Radius outlier
removal counts neighbors within a fixed radius and removes isolated points.
Voxel grid filtering divides space into voxels and replaces multiple points with
voxel centers.
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g
Ground Classification: Cloth Simulation Filter (CSF)

“*Simulate cloth draped over an inverted point
cloud

%+ Cloth surface approximates terrain

++Classify points falling on cloth as ground
points

Class Threshold: Maximum distance to
simulated cloth to classify a point into the
ground class

Cloth Resolution: Distance between

coordinates defining the cloth

Rigidness: how rapidly terrain surface can
vary

: number of processing iterations

Tlme Step: time step when simulating the
cloth under gravity

The Cloth Simulation Filter (CSF) simulates a cloth draped over an inverted
point cloud. The cloth surface approximates terrain while elevated points

represent vegetation or buildings. Points on the cloth are classified as ground.

Parameters include class threshold for ground classification distance, cloth
resolution, rigidness controlling terrain variability, iterations, and time step.
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ﬁ Ground Classification: Progressive Morphological Filter <>

(PMF) )

“»Iteratively apply filter at increasing
window sizes

“»Remove small objects first followed by
larger objects

“*Remove high features - restore
general shape of the surface

/7
0‘0

= Initial window size: detect small

feat}lre_s e A Progressive Morphological Filter for Removing
= Max window size: detect larger Nonground Measurements From

features . Airborne LIDAR Data
= Slope threshold: control terrain o i Sy Chem, Mk, 2 Do W, Mo Lig S, Mo, . s Yo,

SenSItIVity Chengrti Zlusg. Svabrd Mowbve, TEEF

. : separation
tolerance

The Progressive Morphological Filter (PMF) iteratively applies filtering at
increasing window sizes. Small objects are removed first, followed by larger
objects. This approach removes high features while restoring the general
surface shape. Parameters control initial and maximum window sizes, slope
sensitivity, and elevation thresholds.
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N
Ground Classification: Multiscale Curvature Classification !ﬂ

*»Based on calculation of surface
curvature at multiple scales

= Curvature threshold

P TRANSALT A O GO RIS AN RN T SEAUNEL VY 5 M 4 AN,

A Multiscale Curvature Algorithm for Classifying
Discrete Return LiDAR in Forested Environments

Jefeey S Evatrs sl Andeew T, Hudsk

Multiscale Curvature Classification calculates surface curvature at multiple
scales. Points are classified based on curvature analysis. This method works
particularly well for terrain with varying slopes.
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< Use do detect shapes within point
clouds: plane, sphere, cylinder,

cone, torus

Figure 2: A small cylinder that has been detected by our
method. The shape consists of 1066 points and was detected

N :

among 341,587 points. That corresponds to a relative size of K Ba.SGd on I'aI.ldOl’n Samphng and

1 /3000, fitting equations representing
different geometric features

RANSAC (Random Sampling and Consensus) detects geometric shapes within
point clouds. It identifies planes, spheres, cylinders, cones, and tori by random
sampling and fitting equations. RANSAC is often effective for finding man-
made structures.
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0 o (v .
General Classification

1. Manual

2. Shape-Fitting

3. Deep Learning-Based Semantic Segmentation

Point cloud classification methods include manual interpretation, shape-fitting
approaches like RANSAC, and deep learning-based semantic segmentation.
Each approach has strengths for different data types and classification goals.
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g
Ground Normalization

Ground normalization estimates height above ground for each point by
subtracting ground elevation from absolute elevation. This normalization
removes topographic variation to emphasize features like buildings and

vegetation.
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ﬁ Filtering

Region of Interest 7. Collection
(RoI)

. Elevation ranges

8. Scan angle
9. GPS time

. Height above ground

10. Area of overlap
. Classification : :
11. Return intensity

. Return number 12. RGB or RGBN values

. Flight path

Filtering operations select subsets of point clouds. Filters can be based on a
region of interest, elevation ranges, height above ground, classification, return
number, flight path, collection date, scan angle, GPS time, overlap areas,
return intensity, or RGB values.
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N
Filter Prior to Rasterization

+»Data must be filtered to obtain
the desired product

+“+Can filter by class, return
number, and/or classification
flags

Creating useful products requires filtering data to obtain desired components.
Filter by classification to isolate ground or vegetation. Filter by return number
to use first or last returns. Apply classification flags to exclude withheld points
or points in areas of overlapping flight lines.
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RGB/RGBN Encoding

+»Can encode points with values from an
image

“*RGB or RGBN

++Can symbolize using the codes ORI

Soucs ivage |* ogl

Virgwond_re Aspibend_usdy 011 ww€l (1162

Sard s

RGB values can encode image information onto points. RGB or RGBN (with
near-infrared) values assign image colors to points, enabling visualization and
analysis of spectral characteristics.
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g
Encoded RGB to Raster

+»Can convert RGB values stored on
points to a multiband raster

RGB values stored on points can be converted to a multiband raster image.
This creates image products directly from the point cloud data.
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Surface Examples

Common derived products from ALS include intensity raster grids showing
return energy, DTMs (digital terrain models) showing ground elevation, and
DSMs (digital surface models) showing elevation of surface features.
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0 . . .
Rasterize LIDAR 1n ArcGIS Pro

“»Create raster surface using LAS Dataset
to Raster Tool

“+Can Convert to TIN using LAS Dataset to
TIN Tool

There are a couple of rasterization options in ArcGIS Pro. The LAS Dataset to
Raster tool allows for a raster grid to be generated from a point cloud using
some predefined methods. Alternatively, point clouds can be converted to a
TIN surface. TIN surfaces can be rasterized after they are created.
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0 . . .
Rasterize LIDAR 1n ArcGIS Pro

“»Interpolation Methods
= Binning = cell is assigned a statistic from the points that fall inside of

it: average, minimum, maximum, IDW, nearest

= Triangulation = calculate a cell based by rasterizing a TIN generated

from the point cloud

Linear = linear interpolation across voids
Natural Neighbor = uses natural neighbor interpolation

= averages the values from data cells immediately surrounding
a NoData cell

None = voids are not filled

The LAS Dataset to Raster Tool in ArcGIS Pro provides two interpolation
methods: binning and triangulation. Binning calculates a statistic from the
filtered points that occur within each cell extent to assign a value to each cell.
This measure can be the average, minimum, or maximum. IDW will generate
an inverse-distance weighted average where returns near the center of the cell
are weighted higher than those toward the margins. Nearest will simply use the
return nearest to the center of the cell and ignore all other returns. The second
method, triangulation, involves generating a TIN surface from the point cloud
and then rasterizing the triangular facets.

If cells do not have any returns that occur within them, then voids will exist in
the raster datasets. A couple options are available for filling these voids. First,
linear interpolation can be used to fill the voids by linearly interpolating raster
cell values on the margins of the gap. In contrast, nearest neighbor only
considers the nearest cell value while simple will average all cells that touch or
immediately surround the gap.

If you do not want to fill the voids, then they can be assigned a NoData value.
When I create a DTM, I tend to use the binning method, the average of the

points within the cell, linear void filling, and filter to just use the ground
classified points. To create a DSM, I tend to use the same settings other than
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replacing the average cell value with the maximum and using a first returns or
single returns filter.

To interpolate a raster grid from intensity data, I tend to using the binning
method, the average of the point intensity values within the cell, and no void
filling. This is because voids may occur as a result of full absorption of the laser
pulse. For example, it is common for all NIR energy to be absorbed by water.
So, there are likely to be gaps over rivers and ponds. I then recode these cells to
0, based on the assumption of full absorption. To rasterize the intensity of the
first returns only, you will want to apply a filter so that only single returns or
first of many returns are included.
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Voxel Generation !ﬁ

«»»Similar to 2D raster

++Statistic from points occurring in voxel

+“»Simple occurrence (filled or not filled)

< Can interpolate gaps

Voxel generation creates three-dimensional raster grids. Each voxel contains a
statistic from points within it or a simple filled/not-filled indicator. Gaps can
be interpolated between voxels.
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Terrestrial Laser Scanning

Terrestrial Laser Scanning (TLS) collects high-detail point cloud data from
ground-based stationary or mobile platforms. TLS provides millimeter to
centimeter accuracy over shorter ranges than ALS.
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m Types of Sensors

s Time-of-Flight (ToF)
= Measures two-way travel time of laser

= Uses speed of light to get two-way
distance

= Emit continuous, modulated laser wave

= Compare phase shift of returning signal
= Distance inferred from phase difference

TLS sensors use two primary measurement methods. Time-of-Flight measures
the two-way travel time of laser pulses and uses the speed of light to calculate
distance. Phase Shift emits continuous modulated laser waves and infers
distance from phase differences in returning signals.
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J-l Scanning Pattern

x-y plane

Scanning patterns differ between sensor types. A scanning pattern may sweep
through the x-y plane while maintaining constant z, creating a fan-like field of
view.
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Coordinate Systems i

“*Spherical
= O = angle of rotation around x-y
plane
= (p = angle relative to 7 axis
= 1 = distance from the origin

= x = distance along x-axis
= 1 = distance along y-axis
= 7 = distance along z=axis

Coordinate systems can be expressed in spherical coordinates (theta angle, phi
angle, radius distance) or Cartesian coordinates (X, y, z). Converting between
coordinate systems is common in processing.
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https://commons.wikimedia.org/wiki/File:3D_Spherical_2.svg

m Occlusion
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Occlusion occurs where line-of-sight is blocked between the scanner and
points. Objects or terrain can block laser signals, creating gaps in coverage.
Multiple scan positions are typically needed to achieve complete coverage.
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RGB Encoding

“»Camera data collected alongside laser data

“*Based on spatial co-occurrence

RGB encoding uses camera data collected alongside laser data. Colors from
photographs are assigned to points based on spatial co-occurrence between
laser points and image pixels.
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“*Registration = align with

% Co-registration = align multiple scans

Full bompth arsache

ForestAlign: Automatic forest structure-based alignment for multi-view TLS
and ALS point clouds

Joan Castovewe ', L. Yarin Dicloman, Adam 1 Killlebres*, James B Gattiker*, Rd Lne
£ Lorgrer Londermill

Registration aligns data with a coordinate reference system (CRS). Co-
registration aligns multiple scans from different positions. Proper registration
is essential for combining data from multiple scan positions.
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N
Transformation Matrix

“»Top-left 3x3 = rotation
*Last column = translation

“+Can apply a series of
transforms

“*Supports translation,

rotation, and scaling

A transformation matrix is a mathematical tool that defines how to move,
rotate, and scale objects in three-dimensional space. In the context of point
clouds, a transformation matrix provides instructions for repositioning every
point in a dataset to align with a specific coordinate reference system or to
integrate multiple point clouds collected from different positions.

Mathematically, a 4x4 transformation matrix in homogeneous coordinates
encodes these operations. The top-left 3x3 elements (R11-R33) define rotation,
controlling how the point cloud is oriented in space. The right column (Tx, Ty,
Tz) defines translation, specifying how far the entire point cloud moves along
the X, Y, and Z axes. The bottom row remains constant and enables
homogeneous coordinate mathematics, which simplifies complex geometric
transformations through standard linear algebra operations.

Many point cloud formats, including PTX files, store transformation matrices
as part of their file structure. These matrices convert the raw coordinates
stored in the file into corrected real-world coordinates (for example,
transforming scanner-relative coordinates (where the scanner is positioned at
[0, 0, 0]) into geographic coordinates within a specific coordinate reference
system). When integrating multiple scans, transformation matrices can be
applied sequentially: a first transformation might reference all points to a
scanner's position, while a second transformation aligns that scan with data
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from a different scanner position. This sequential approach enables complex
repositioning through a series of simpler, manageable transformations.
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Mobile Scanners

GeoSLAM ZEB Horizon RT Mobile
Scanner

A vurreliie tead b3 raptaTe, prosmts end urser e the wertsl areuee pes  wih el Uires Seadber b

Mobile scanners mounted on vehicles, backpacks, or handheld devices enable
TLS data collection in motion. Mobile scanners produce registered point
clouds while moving through space.
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GeoSLAM Technology Jo)

“*Geospatial Simultaneous Localization and Mapping
“*Does not require GPS (works outdoors and indoors)
+*Uses

“ Attempts to match features from different scan positions

+“+Use algorithm to estimate position (x, y, z) and (roll, pitch,

and yaw)
“*Produce registered point cloud in real time
% Close loop to help reduce error

“*Generally, less accurate that static TLS (currently)

GeoSLAM (Geospatial Simultaneous Localization and Mapping) technology
works without GPS, functioning both outdoors and indoors. It uses laser
scanners to match features from different positions, estimating position and
orientation. The algorithm produces registered point clouds in real time by
closing loops to reduce error accumulation.
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CloudCompare

CloudCompare is a powerful open-source tool for processing and visualizing
point clouds. It provides comprehensive capabilities for point cloud analysis,
registration, and conversion.
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CloudCompare Jo)

Web Object “+*Free and open-source

Select thes obyact and dick

“*Project began in 2003

Wt o spporthes; e
- 4§~ CloudCompare = . . .
5 o tettons <+ Originally developed by Daniel

5255180 508 Folow Te prosect . _
P - X Girardeau-Montaut as part of
PhD dissertation

fove Fsekton Dowsosd Dot Tuosss Dheurweamn Forwy Destand g

»*Written in C++

0 0 79 0H vt of 4 CladC orpanm prpict
Th 5 & Fros peoyecs . O o
C 4 O AL 88 DOOEH 00 COLNIEs Shewt e e remin oo GPL 1lcense

ROWte ¥ e reestn wawaiatswn  ON

CloudCompare is free and open-source. The project began in 2003 as a PhD
dissertation by Daniel Girardeau-Montaut. It's written in C++ under the GPL
license, making it accessible to researchers and professionals.
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CloudCompare can open multiple file formats including .las, .e57, .ptx, and
others. Broad format support makes CloudCompare compatible with data from
most point cloud sources.
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Save Point Cloud

+»File > Save

Point clouds are saved in CloudCompare using the File > Save menu. Multiple
export formats are available.
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0 . . . .
Point Cloud Visualization

+»*Point size

FProgety

++*Single color Name

Viskle

Colons

+Classification S G 31

Bax dmeriam

*»Continuous measure

Shfted bk canter

Point cloud visualization options include rendering by point size, single color,

StateVake

1515858
-

&% Scalar Tieid

X 79999 (200 : 139299
¥. 79999 (- 200 - 599.99)
Z 1002000511107
X 09903

Y 190005

T 5606

X $52959.904995

¥ 1301599953

L 58060001

Qogect 1D 260 - ik O

50 View 1

sFrass

Intensity

Intensity

Return Number
Number Of Returns
Scan Direction Flag
EdgeOfflightline
Classification
Overlap Flag

Scan Angle

ASFAS clax:
BluexGreen - Yallov > Red
BluexWhita» Red
| Grovan ~Yallow
Cividiz
Dip [0 92
Dip dirzct @ {rzpcats [0 180]
Gray
HEV angla [0 330]

classification values, or continuous measures. Different visualization
approaches reveal different aspects of the data.
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General Processing Tasks Jo)

“Calculate +“Scale
“Calculate Octree “*Segment
+Statistical outlier removal <*Crop

“*Noise removal “»Translate/rotate

“»Change global shift and <*Clone scan

scale
“*Merge scans

! whamgle

A ERE T O *»*Convert to mesh S
Mutipy/Scae *

b Tmsarcene “*Subsample or thin data

¥ Segmend
Crep
Edit Fobal shik and scale
GGl [recursive

A Delets

General processing tasks in CloudCompare include calculating normals for
surface orientation, computing octrees for spatial indexing, removing
statistical outliers, filtering noise, adjusting global shift and scale, converting to
mesh representations, subsampling data, scaling, segmenting, cropping,
translating and rotating, cloning scans, merging multiple scans, and applying
transformation matrices.



m Spatial Subset

Spatial subsetting selects portions of point clouds based on spatial criteria or a
drawn extent. This reduces data size for focused analysis.
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Box thickness
325.33984375
280.48999023
85.15999603

advanced

Envelape/Cantour

Cross-sectioning allows you to crop data relative to different axes or a
bounding box.
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Translate/Rotate

Translate Along: Origin

Rotate Around: Origin

Rotation Axis Selection:
© Object Center

Incremental tranform:

Translation 0.000000

Backward Forward

WU 4t Asw Angle Dibeargies  Mrom > Tosees

Ermny «ns mate vabaes LSCT1 e choaers B0 ! do diecoen  hela
100000000 0.00000000 0 0000X00 £,00600000
£.00000000 100000003 0000050 300

£.20000000 0. 00000003 L 00003000 2.0000
£.00000000 000000000 0 NHNN00 J 0

ROOY imeerse RS OO Rton AZPH 12 Jbel Coontnomes

Pewet o

Translation and rotation transforms reposition point clouds in space. These
operations are essential for aligning multiple scans.
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Filter by Value or Class

200000000 - 200000000

Soln Cancel

Filtering by value or class removes points meeting specified criteria. This is
crucial for isolating specific data types.
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X Y
1277.010010 220350006 73.470001
1297.910034 240.710007 70.250000
1216920044 226789993 67.739998
1252.109385 277.040009 48,150002 Ade

1316,390015 251330002 72.639999

Point #2
Point #1

= Point #0

start index 0 . show global coordinates
Point 24

Point #3

b4 1336.500000 pi-§ 393336.500000
138156.860001
62.240002

The point picker tool selects individual points for examination and analysis.

This enables detailed point-level inspection.
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Co-registration N

“*Similar to georeferencing

Role ssugrunan
P i ciam i

“Pick points to align

whrwes 1508 ey

*»Generates a transformation
matrix to align one scan

Pararatery Recrpro

Nermser of Reratorn

PR _ with another

“*Fine registration with

)

Co-registration aligns multiple scans from different positions. Similar to
georeferencing, you pick corresponding points between scans. The process
generates a transformation matrix. Fine registration uses Iterative Closest
Point (ICP) for precise alignment.
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TS —— +“*Define cell size (step)

+»Set active value
+»»Statistic to calculate

“»Gap-filling method

Mo ot ok s00 4

Rasterization creates 2D grids from point clouds. You define cell size, select an
active value to rasterize, choose a statistic to calculate, and select a gap-filling
method.
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0 o (v .
Manual Classification

Covalibeds W,

Werseform ’
Clone
Submarmgle

Apply transtormation
Multigly/Scale

Transiana/Rotate

¥ Segment

x

Crop
Edit global shift and scale
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B Arthmebe

pw Cocr Scales Marager

Dokte
Delete ok |1)

“*Select/subset points to reclassify

s»Edit = Scalar fields = Add constant
SF

“*Merge subsets as needed

Manual classification reclassifies points by selecting subsets and editing scalar
fields. Selected subsets can be reclassified as needed and merged.
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N
Some Implemented Algorithms

R/

X ( ): shape detection

%+ Cloth Simulation Filter (CSF): ground classification

“»Iterative Closest Point (ICP): fine co-registration

“+Poisson Surface Reconstruction: point cloud - mesh
“+3DMASC: point cloud classification
% : point cloud classification

»Treelso: isolate individual trees

CloudCompare implements numerous algorithms for point cloud processing.
RANSAC detects geometric shapes. CSF classifies ground points. ICP performs
fine co-registration. Poisson surface reconstruction converts points to mesh.
3DMASC and CANUPO provide point classification. Treelso isolates individual
trees.
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lidR is a comprehensive R package for processing airborne LiDAR data. It
provides tools for reading, filtering, classifying, and analyzing point cloud data
within the R statistical environment.
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lidR

Web Object

Select this object and click

The lidR package

A gusde to the J1ak package
Fene-flmpen Roussd, Trate I Goodbody Fiow Trergeiesk)

Recent apdales

* March NO6: sipuficant ngedate of the pround classification cliapier with the @trodection of the progesssevs TIN denafication
update of the CHM chapte with the sstradection ul the spike-froe algonithes
vh 2026 update of the CHM chapoer with post-processing swethods

I Introduction

14w 3 an R package foc mampvlaiag nad vismlineg arbome laser scannmg (ALS) daiz with s empbsss oo resescch &
dovelopment for Socesry and ecology mpphcaticas. The package i arsely opem source sad is itegranad withis the geospatial R

SCOSYSIRIN (L0, retter/terra/sters b0l 3p/8% ) This gaide as beea wrimes 10 help boels the ALS oovice sod ssasoaed po

The lidR package offers integrated workflows for complete LiDAR analysis in
R. It's particularly powerful for statistical analysis and integration with other

geospatial R packages.
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Reading and Filtering ﬁ

lasAll <- Filter
readLAS ("gslrData/chptd4/data/points.laz", filter_poi() Use query
select = "xyzicr", Sfilter_first() First returns
filter = "-drop withheld filter_firstlast()
-keep xy 644077 4191186 646579 4193195")

First and last returns

filter_firstofmany() First of many returns
Yl
filter_ground() Ground classified
filter_last() Last returns

lasGrd <-

readLAS ("gslrData/chpt4/data/points.laz",
select = "xyzicr",
filter = "-drop withheld filter_single() Single returns

filter_nth() Based on return number

-keep class 2 -keep xy 644077 4191186 filter_duplicates() Find duplicates
646579 4193195")

Function Description

clip_roi() Clip based on vector geometry (e.g., sf object)

Clip based on rectangular extent defined by x-left, y-bottom, x-right, and

Gl redionglEl) y-top coordinates

Clip based on circular extent defined by x- and y-center coordinates and a

clip_circle() radius

clip_transect() Clip along a transect between two points and using a given width

Reading and filtering LAS files in lidR is straightforward. The readLAS
function reads data and applies filters. The filter parameter allows selecting
subsets by attributes, classification, spatial extent, or return type.

66


https://rdrr.io/pkg/lidR/man/readLAS.html
https://rdrr.io/pkg/lidR/man/readLAS.html

Reading and Filtering

Description

=

X coordinate

Y coordinate

Z coordinate (elevation)

Return intendity

GPS time

Scan angle

Number of returns associated with pulse

Return number

Classification

Synthetic data flag

Keypoint flag

Withheld flag

Overlap flag

Point source ID

Edge of flight line flag

Al s || x]e|o x|z | ]|~]~]|N |

Direction of scan flag

lasAll <-
readLAS ("gslrData/chpt4/data/points.laz"

’
select = "xyzicr",
filter = "-

drop withheld -keep xy 644077 4191186

646579 4193195")

lasGrd <-
dLAS ("gslrData/chpt4/data/points.laz"

select "xyzicr",
filter W=
drop withheld -keep class 2 -keep xy
644077 4191186 646579 4193195")

Attribute codes in lidR represent point cloud characteristics. x, y, z
coordinates, intensity, GPS time, scan angle, return metrics, classification, and
various flags are accessible.
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Reading and Filtering

*readlLAS ()

*readALSLAS ()

*readTLSLAS ()

Specialized reading functions accommodate different data sources: readLAS()
for general data, readALSLAS() for airborne data, readTLSLAS() for terrestrial
data, readUAVLAS() for unmanned aerial vehicle data.
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ﬁ LAS Catalog

“»Reference and work with multiple LAS files
at once

“*Processing engine for larger datasets
“*Processing completed using tiles or chunks

“*Process in memory or save temp files to
disk

“»User-defined processing options

lasCat <-
readLAScatalog ("gslrData/chpt4/data/")

A LAS Catalog references multiple LAS files simultaneously. This enables
processing larger datasets by managing tiles or chunks. Processing can occur in
memory or using saved temporary files.
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https://rdrr.io/pkg/lidR/man/readLAScatalog.html

X

Y

Z

Intensity

ReturnNumber

Classification

< @head stores £46450.9

4193103

2137.37

24939

1

2

646430.8

4193102

2137.31

20864

information and 6464308

4193101

2137.40

18582

metadata about the file 646430.8

4193099

2137.33

27384

646430.7

4193098

2137.34

26895

% stores point data 212N

and associated
attributes

4193097

2137.66

24287

The S4 LAS object structure in R includes a head slot storing metadata and a
data slot containing point data with associated attributes.
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Performing Checks

las check(lasAll)

lasAll <- lasAll |> filter
lasGrd <- lasGrd |> filter

Data quality checks identify issues. The las_check function validates data

structure. Duplicates can be removed using the filter_duplicates function.
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dtm <- rasterize terrain(lasGrd,
res=5,
algorithm=knnidw (k 10L,
P 2))

“»Progressive Morphological
Filter (PMF) ( )

+»*Cloth Simulation Function
(CSF) ( )

«*Multiscale Curvature
Classification (MMC)

Ground classification and DTM creation uses the rasterize_terrain function
with selected algorithms. Multiple algorithms are available: Progressive
Morphological Filter (PMF), Cloth Simulation Function (CSF), Multiscale
Curvature Classification (MCC), and Progressive TIN Densification (PTD).
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https://rdrr.io/pkg/lidR/man/rasterize.html
https://rdrr.io/pkg/lidR/man/dtm_idw.html

slp <- terrain (dtm,
v ="slope",
unit="radians")
asp <- terrain (dtm,
v ="aspect",
unit="radians")

hs <- shade (slp,
asp,
angle=45,
direction=315)

Terrain derivatives can be calculated once a DTM is generated.
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N
Canopy Height Model (CHM)

dsm <- rasterize canopy(lasAll,
res = 5,
pitfree (thresholds
max edge = C

fill.na <- function(x, 1=5) { 1if (is.
else { return(x[i]) }}
w <- mat < (1, 3, 3)

dsm <- terra::f 1 (dsm,
Wy,
fun = fill.na)
dsm <- terra::focal (dsm,
Wy,
fun = mean,
na.rm = TRUE)

ndsm <- dsm - dtm

TRUE) )

Canopy height models (CHM) represent vegetation height above ground. The

rasterize_canopy function is used to estimate canopy height models.

}
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Canopy Height Model (CHM) ﬁ

chm <- rasterize canopy (las, res

N :
o & e “»Triangulation (

TG 0
chm <- rasterize canopy(las, res = 0.5, “’Plt_Free A]gorlthm
pitfree (thresholds = c(0, 10, 20), max edge ( )

= c(0, 1.5)))

“*Spike-Free Algorithm

chm <- rasterize canopy(las, res = 0.5, ( )

spikefree(1.5))

Multiple algorithms are available to estimate CHMs including triangulation,
pit-free, and spike-free.



Height Normalization J

LasALIN <= normalize neignt (1ashll, % (kNN) inverse

distance weighting (IDW)

“*Can use a DTM or work from
ground classified points

Height normalization estimates height above ground for all points. Methods
include k-nearest neighbor (kNN) and inverse distance weighting (IDW). You
can normalize from a raster-based DTM or ground classified points.
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Point Cloud Summarization ﬁ

“#»cloud metrics (): entire point
cloud

“#plot metrics (): within Rol or
polygon extent

“*»crown metrics (): for each
differentiated tree

egri d metrics(): within pixels
< : within
voxels

“point metrics (): for each
point using points in local
neighborhood

Point cloud summarization calculates metrics at different scales.
cloud_metrics summarizes entire point clouds, plot_metrics summarizes
within regions of interest, crown_metrics summarize individual trees,
grid_metrics summarize within pixels, voxel_metrics summarize within
voxels, and point_metrics summarize neighborhoods around points.



Point Cloud Summarization Jo)

“+Can summarize x-coordinates, y- = Interquartile Range
coordinates, z-coordinates, = Standard Deviation

intensity, RGB values, ext. = Entropy

“»Example = Percentiles
= Mean = Quantiles
= Median * L-moments

= Range = Fractal dimensions
= Minimum = Custom metrics
= Maximum

Metrics summarize X, y, z coordinates, intensity, RGB values, and more.
Computed statistics include mean, median, range, minimum, maximum,
interquartile range, standard deviation, entropy, percentiles, quantiles, L-
moments, fractal dimensions, and custom metrics.
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Tree Detection and Segmentation Jo)

»*Tree detection ( )
= Detect tree locations as points

= Local maximum filter with fixed window
size ( )

* Local maximum filter with variable
window size ( )

“+Tree segmentation (

. ?alponte and Coomes (2016) algorithm
= Watershed ( )

= Liet al. (2012) algorithm (
= Silva et al. (20163) algorithm

(

Tree detection and segmentation identifies individual trees in point clouds.
locate__trees detects tree locations. Local maximum filter approaches identify
canopy peaks. Multiple segmentation algorithms including Dalponte,
watershed, Li, and Silva algorithms provide different segmentation
characteristics.


https://r-lidar.github.io/lidRbook/itd.html
https://r-lidar.github.io/lidRbook/itd.html
https://r-lidar.github.io/lidRbook/itd.html

g

J2] Convert to Voxel

. Compute voxel metrics with

. Split the voxel table by z level

. Rasterize each z slice to a 2D layer
. Stack layers into a

. assign the z/depth coordinate

. export with writeCDF ()

Voxel conversion creates volumetric representations. lidR computes voxel
metrics, splits by depth level, rasterizes each z-slice to 2D layers, and stacks
layers into a 3D raster. NetCDF format exports are supported.
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<D . .
Write Output to Disk

swriteLAS ()

swriteRaster ()

wwrite.csv ()

Output products are written to disk using writeLLAS for point clouds,
writeRaster for raster products, and write.csv for tabular data.

81



Please return to the West Virginia View
Webpage for additional content.

Thanks! Hope you found this useful.
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