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Motivation nD-PointCloud

* point cloud data sets are often used for monitoring
— dynamic point clouds
— time added as additional organizing dimension

e organizing point cloud data in levels of Importance (Lol) is an approach to
manage large data sets
— Lol: discrete (multi-scale/dLol) or continuous (vario-scale/cLol)
—> scale treated as additional organizing dimension

* how to manage higher dimensional point clouds (4D, 5D, ...)?



Data retrieval based on 206 Partial Content

Agenda

* nD-PointCloud

* foundations
PostgreSQL implementation
nD Convex polytope query
Apache Parquet

* practical results

* Potree conversions AHN 1to 5
 COPC/VPC conversions
* fast direct point cloud-based change detection

AHN3 colored by ‘intensity gradient’

 future work
* main publications



NnD-PC foundations

ISPRS Journal of Photogrammetry and Remote Sensing 194 (2022) 119-131
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Contents lists available at ScienceDirect

ISPRS Journal of Photogrammetry and Remote Sensing

journal homepage: www.elsevier.com/locate/isprsjprs

Organizing and visualizing point clouds with continuous levels of detail e
Peter van Qosterom *:*, Simon van Qosterom ”, Haicheng Liu, Rod Thompson ?,

Martijn Meijers *, Edward Verbree *

? Faculty of Architecture and the Built Environment, Delft University of Technology, Delft, The Netherlands

" Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netheriands

< Alibaba Group, China

ARTICLE INFO ABSTRACT

Keywords: Point clouds contain high detail and high accuracy geometry representation of the scanned Earth surface parts.
nD point clouds To manage the huge amount of data, the point clouds are traditionally organized on location and map-scale;

Continuous level of detail (cLoD)
Space Filling Curve (SFC)
Perspective view selection

e.g. in an octree structure, where top-levels of the tree contain few points suitable for small scale overviews and
lower levels of the tree contain more points suitable for large scale detailed views. The drawback of this solution
is that it is based on discrete levels, causing visual artifacts in the form of data density shocks when creating



Vario-scale for point cloud data

lesson from vario-scale research: add one continuous dimension
to the vector geometry to represent scale -> continuous Lol
(2D data vario-scale represented by 3D geometry)

apply this to point cloud data
1. compute the clLol value

2. add this as organizing dimension, either
X,y,imp (z and others attributes) or
X,y,z,imp (and others as attributes) or ...

3. Cluster/index the 3D, 4D, .. nD points

4. Define perspective view selections,
view frustum with one more dimension:
the further, the higher cLol’s




cLol computation, getting rid of discrete levels
— real continuous levels, nD case

 for ideal continuous distribution function over levels (nD):

fl,n) = 2V (n —1)In2  for/ between 0 and L+
’ 2(n—=1)(L+1) _ 7 and n number of dimensions

* this function has Cumulative Distribution Function (CDF):

o(n—1l _ 1 for [ between 0 and L+1

F(l,n) = 9(n—1)(L+1) _ 1 and n number of dimensions

e using random generator U (uniform between 0 and 1) to generate level / (cLol)
(between 0 and L+1) for next point in nD space:

In((2=DEAD _ DU + 1)

L= (n—1)In2




cLol in 3D web application

developed by Xuefeng Guan (Wuhan Univ) after 1 year visit TUD
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Cluster/index by Space Filling Curves (SFCs)

e from nD to 1D (computer memory addresses) and back... Morton (Peano)

e apply linear ordering to a multidimensional domain (spatial clustering)
e organize a flat table efficiently
o full resolution keys: avoid storing x,y[,z] + t/cLol

- recovered from SFC key

» use Index Organized Table (cluster data stored in the B-Tree index) Hilbert
* (ueries need to be re-written to SFC-ranges, benefit from spatial

clustering > efficient 3 T—Q_Q—r
2 ] [
» SFCs based on hyper-cubes ! j
- Morton/Hilbert both nD and quadrant recursive {é‘ E}
« Consider relative scaling of dimensions L A e B e
- Space reserved on the hypercube for future data




Overview: load & query point clouds

1. loading (upper right of figure)
« convert nD points to SFC keys
 store in IOT table (organized on SFC key)

i
. | , Full resolution SFC keys | o i
Point cloud —Encoding® and property dimensions Impor‘tlng-ﬂ:‘ |OT data table |, |
R L L P EE PP PP PR ! Resultant SFC : . .
e _Decoding, |Final accurate

Bounding box of ol keyg_ and property | Filtering result
point cloud SFC t mensions i
, ranges at | , ! .
Intersection>» certain depth Importing—» Range table |
|

Query geometry _ _ : ]
First filter . Second filter

|

2. querying (remainder)
« convert query geometry to SFC ranges,
- first filter: join SFC range table with IOT table
- second filter (optional): test points inside query geometry



PostgreSQL
mplementation
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Implementation: PCServe

Potree

Cesium

@eveL.

PCServe

Web
Service /
Proxy

g .—.« )
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‘\‘- X web development,
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5
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PCServe: DB preparation

* load, add cLoD and organize by SFC

* virtual octree to support potree viewer as there is not yet a cLol viewer
* on request generate octree nodes with SFC ranges

Jaz files
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nD Convex polytope query

International Journal of Applied Earth Observations and Geoinformation 105 (2021) 102625

Contents lists available at ScienceDirect

International Journal of Applied Earth
Observations and Geoinformation

journal homepage: www.elsevier.com/locate/jag

Executing convex polytope queries on nD point clouds

Haicheng Liu , Rodney Thompson, Peter van Oosterom, Martijn Meijers

Faculty ef Architecture and the Built Environment, Delft University of Technology, Delft. the Netherlands

ARTICLEINFO ABSTRACT

Keywords: Efficient spatial queries are frequently needed to extract useful information from massive nD point clouds. Most
nD point clouds previous studies focus on developing solutions for orthogonal window queries, while rarely considering the
Polytope query polytope query. The latter query, which includes the widely adopted polygonal query in 2D, alzo plays a critical

Spatial data structures
CPLEX
Perspective view selection

role in many nD spatial applications such as the perspective view selection. Aiming for an nD solution, this paper
first formulates a convex nD-polytope for querying. Then, the paper integrates three approximate geometric
algorithms — SWEEP, SPHERE, VERTEX, and a linear programming method CPLEX, developing a solution based



nD query by convex polytopes

* convex polytope is more selective than a hyper-rectangle/sphere
* well defined in nD, based on half-space intersection

* fast implementation based
on SFC/virtual 2"-tree y

CLol
A

* example view frustum selection

4D View Frustum with CLol
(only drawn in 3D)



Test overlap half-space with virtual node 2"-tree

* half-space = nD plane inequation
e virtual node 2"-tree = hyperbox (range of SFC-keys)
* plane normal vector used which 2 corners hyperbox used for test

Exterior of halfspace

Interior of half-space

®.x+p3>0
®.x+p3<0
o
D=w.x+p
Hyperplane
®.x+p3=0
This question “Is a point within a halfspace” is of O(n) in nD space So the question of “Is a point within a

region defined by h half spaces” is O(nh).



Just 2 corner points

* test nD box inside nD half-space: out, partial, in
* in nD box there are 2" points (e.g. 5D = 32 points), but just 2 tested

C+
Exterior of halfspace
C Interior of half-space
®.x+3>0
C
= ® ctis outside c is inside
< = C cuts boundary ®.x+ B <0
A ct
C B
c” is outside = A is outside Hyperpla ne
W. X+ B =0 C

ctis inside = B is inside



Full query: recursive 2"-tree traversal

* in-box give SFC-range (based on level in tree this can be larger/smaller)
* partial-box is refined (unless max depth/bottom level is reached)

* resulting set of SFC ranges is joined with SFC based nD points
- either report individual points, or point groups
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Apache Parquet (as alternative store)

e columnar store format, for serialized data (disk storage)
e structured (+ nested) data, compressed

* has a main memory cousin (uncompressed columnar)

* Apache Arrow — Data frame libraries can read Parquet from disk into
Arrow(2D, heterogeneous tabular data)

* you can interact via SQL with the Parquet files using query engine

%y Parquet

(DuckDb, Apache Drill)




Apache Parquet - structure

* table split over:
* Row groups - Columns
e Column Chunks - Pages

* encoding data + Compression at Page level

* metadata on Min/Max of Row groups (+
recent addition: Pages), stored at end of file
(block ranges index, if data sorted!)

* can be fetched in parts with http head
followed by http range requests (if server
support)

e C++, Java, Rust libraries read / write
* https://parquet.apache.org/

File

Magic Number (4 bytes): "PAR1"

Row group 0
Column a

Page O
Page header (ThritCompactProtocol)
Repetition levels
Definition levels

values

W

/F//Vf

FileMetaData (ThriftCompactProtocol)

- Version (of the format)
- Schema
- extra key/value pairs

Row group 0 meta data:

Column a meta data:
- type / path / encodings / codec
- num values
it - offset of first data page
- offset of first index page
- compressediuncompressed size
- extra key/value pairs

Footer length (4 bytes)
Magic Mumber (4 bytes): "PAR1"



https://parquet.apache.org/

Some nD PC data (load similar to PostgreSQL

SFC key

Attributes

sfc_key
blob

gps_time
double

scan_angle
float

AXOOAX00A\XO0\XO0\Xx10A\Xx02~-\xBC\xC3, N\ xBES\xC...
A0 X0\ XO0\ X0\ X 10\Xx02~\x8C\xC3, N\ xFC\x04..
A0\ X0\ xO0\x00\x 1O\ X02~\x8C\xC3 , N\ xFC\xCD...
AxOO\X00\x00\x00\x 10\ x02~\x8C\xC3 , N\ xFC\xF9...
AxDO\Xx00\x00\x00\x 10\Xx02-~-\xBC\xC3 , N\ xFF, 2\xF8
\x00\x00\x00\x00 \x10\x02~\x8C\xC3 , N\ xFF\xCB...
AXOO\XOO\XxO0\x00N\x 10\ x02~-\x8C\xC3 , N\ xFF\xD7...
AXOO\XOO\XOO\ X0\ X 10N\ x02~-\xBC\xC3, O\XF7X\x0...
A0\ X0\ x00\x00\x 10\ x02~\x8C\xC3, P\ xOE\x8C...
A0\ X000\ X0\ Xx00\x 1O\ X02~\x8C\xC3, P\ xOE\xA0...
AxD0\x00\x00\x00\x 10\ x02~\x8C\xC3, P\ xOE\xBB..
AXOO\X00\x00\x00N\x 10\ x02~-\x8C\xC3, P\ x0OF ; \xF1&
0O\ X00\ 00 \x00\x 10\ x02-\x8C\xC3, P\ x100\x8A}
AXOOAXOOAXO0A\XO0\Xx10\X02-\xBC\xC3, P\x10r\x93=

AXOO\XOO\XOO\ X0\ X 1O\ X02~-\xIF\ X FF\XEB\xD7ws...
AXOOAX00A\XO0\ X0\ X 1OAXO2-\xIF\xFF\XEB\xD7wt...
A0\ x00\x00\x00\x 10\X02~-\xIF\x FF\xEB\xD7wt...
A0\ X00\x00\x00\x 1O\ XO2~-\xIF\ x FF\xEB\xD7wt...
\x00\x00\x00N\x00%x 10\ x02~\x9F\ xFF\xEB\xD7wu...
Ax00\x00\x00\x00\x 10\ x02-\xIF\ x FF\xEB\xD7wupz
AXOOA X0\ XO0\ X0\ X 1OAXO2~-\xIF\x FF\XxEB\xD7wu...
AXOO\ X0\ X0\ X0\ X 10N\X02~\xIF\ x FF\xEB\xD7wu...
A0\ X0\ xO0\x00\x 1O\ X02~\xGF\ x FF\xEB\xD 7wu...
A0\ X000\ x00\x00\x 1O\ XO2~-\xIF\ x FF\xEB\xD 7wv...
\x00\x00\x00\x0O\x 10N\ x02~\x9F\ x FF\xEB\xD7wvy (
A\ x0O\x00\x00\x00Yx 10\ x02~-\x9F\ x FF\xEB\xD7ww3M

\XO0\x00\x00\x00\x 10\ x02~-\x9F\x FF\xEB\xD7ww7g

6083217 rows (40 shown)

494147 .3131107338
493868.6779278455
494146.86342112836
494146.83669732255
493869.0259201808
494146.41376256285
493868.97246252943
493870 .1446405349
493870.0054991533
493870.1339485246
493870.0858279384
493870.03758022806
493869.855603322
493869.74327855057

164798893 .0589545
164798893.02829105
164798893.07124695

164798893 .0466985
164798892.99145013

164798892 .9668992
164798892 .96690187

164798892 .9668992
164798892.98529118
164798892.99755764
164798892.99755764

164798893 .0466725

164798893.0589441

27.0
16.002
27.0
27.0
16.002
28.002
15.0
16.002
15.0
16.002
15.0
16.002
16.002
13.998

intensity
uintl6

return_number

number_of_returns
uint8

classification

uint8

scan_direction

uint8

is_edge_of_flight_line

uint8
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Row groups + Columns = Column Chunks




Querying Parquet

* Column Chunks divided into Pages
* encoding/compression can differ per column data type

e custom mergegoin with half spaces—>query ranges and data (SFC keys)Read
relevant parts from Parquet file, that contains sorted data

* heavy use of Min/Max index data on both Row groups as well as Column
pages in footer of Parquet file

* fetch in phases:
1. matching records based on SFC key column (a. Row Group - b. Column page)
2. retrieve additional attributes for query result points from disk

* decode / de-quantize keys



Integrated Space / cLol query
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Agenda

e nD-PointCloud

e foundations

* PostgreSQL implementation
* nD Convex polytope query
* Apache Parquet

* practical results

* Potree conversions AHN 1to 5
* COPC/VPC conversions
* fast direct PC-based change detection

 future work
* main publications
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Dell PowerEdge R7525-2 ronna
ohysical server for benchmarks, parallel computing

Dell PowerEdge R7525 server
1. 2 x 24-core AMD EPYC 7443 processors (96 threads), 2.85GHz
2. 512 GB buffered memory (RDIMM)
3. Ubuntu operating system

* Disk storage — direct attached

1. 15,4 Tb SSD SAS
2. 19,2 Tb SSD SATA
3. 180,0 Tb Hard Drive SAS, 7.2K rpm in RAID-5

* Network NAS 26,0 TB on svm104.storage.tudelft.net



all AHN versions in potree

~)

potree.org - github - twitter 180 [=—= s AHN.1 + AHN-2 + AHN-3 + AHN. 4+ AHN.5
EN-FR-DE-JP-ES-8SE-ZH-IT-CA : :

Appearance

Point budget: 3,000,000

Field of view: 60

[ s.? |
Eye-Dome-Lighting

« Enable

Radius: 1.4

[== | |

Strength: 0.4

sl ]

Opacity:

— Background

S

*‘3‘{?‘

Other g
splat Quality o

Standard High Quality

Min node size: 30

O D o

W Box
W Lock view
Tools
Scene
Export:
JSON DXF Potree
Objects
il Point Clouds
] & AHN-2
[] & AHN-3
O] & AHN-4
& AHN-5
O] & AHN-1
...... il Measurements
il Annotations



http://viewer.pointclouds.nl/

All potree tools, e.g. show number of returns : 1-

pointclouds.nl *

@
[«
€
a
L
I

potree.ord - github - twitter
EN-FR-DE-JP-ES-8§
Appearance
Tools
Scene

Export:
JSON DXF Potree

] I Measurements
| @ Annotations
[+ mm Other

V| @ Vectors
] @ 'mages

Properties

ADAFTIVE
Shape
CIRCLE
Opacity:1.00
Attribute

number of returns oo

Filters
Classification




.. or classificati

paointclouds.nl

& AHN-A AHN-1+ AHN-2 + AHN-3 + AHN-4 + AHN-5
] & AHN-5
Il Measurements

Il Annotations
il Other
il Camera

i Vectors
Il 'mages

Properties

Point size: 0.80
. B

Minimum size: 2.00

Point sizing
ADAPTIVE

Opacity:1.00

Attribute

Filters

« show/hide all
= never classified

o unclassified

o dround

o 10w vegetation
 Medium vegetation
- Nigh vegetation

o buiding

ol ke bl e e el el

o 10w point(noise)



Various tools: height, area, volume, angles, profile,..

“ C QO B8 pointclouds.nl * ¥ 4+ @ © 5

Point budget: 3,000,000
[—————— AHN-1 + AHN-2 + AHN-3 + AHN-4 + AHN-5

Field of view: 60
_._
Eye-Dome-Lighting

« Enable

Radius: 1.4
-._
Strength: 0.4

=N

Opacity:
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Other
Splat Quality
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Min node size: 30

W EBox
W Lock view

Tools

Measurement

* 0 s "=
° t..N ._..

.. . -
oy
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Clipping
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Navigation
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potree conversion on ronna

name #points #f.iles Input size Output size
in (Gb) (Gb)
AHN1 11.984.853.767 1358 33,1 44,2
AHN3 557.925.797.136 1374 2390,7 5035,8
AHN4 947.364.043.509 1381 6145,4 9931,8
AHNS part 289.944.615.278 499 1394,3 2695,9

AHN?2 converted before (previous project)
Duration conversion on ronna, multi-user

Duration
(hours)

0,17
12,29
33,38

8,59



AHN-potree conversion statistics: in-/output size

Input (.laz) / Output (Potree) File Size for Each AHN version

10000

10Tb " T resme oo R —y-
8Tb e F 8000
6Tb o] o000
4Tb oo, 4000
2Tb 200 2000
0Tb & : Lo
AHN1 AHN3 AHN4 AHNS5 (part)

Note about issue memory leak potree, due to parallel sort in library (in some systems/versions)



AHN-potree conversion: input size vs duration

35 1
30 A

25 A

Duration (h)
N
o

15 A1

10 A1

Input File Size vs Duration

name
@ AHNL
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Virtual Point Clouds and
Cloud Optimized Point Cloud

* Virtual Point Cloud (VPC) file = SpatioTemporal Asset Catalogs (STAC)
e extension on top of GeoJSON with PC metadat
e contains links to COPC .laz files (or EPT, Entwine Point Tile) I@ STAC

* Cloud Optimized Point Cloud (COPC) file = data
 COPC is .laz which has embedded Octree .
* specs on https://copc.io/ (by Hobu, Inc.) o 0 CO PC.lO

Cloud Optimized Point Cloud

© 0 0O

* load VPC in QGIS as a single point cloud layer
(rather than each file as a separate map layer)


https://copc.io/

1508  RawData  Headers

Save Copy

collapse Al Expand Al {slow)

Example VPC file

.

N

== https://github.com/stac-extensions/pointcloud
https://stacspec.org/en

— STAC PointCloud

% extent of COPC .laz in WGS'84



https://github.com/stac-extensions/pointcloud
https://stacspec.org/en

To use VPC/COPC in QGIS
start with download .vpc file

$ wget https://data.pointclouds.nl/data/nl/ahn-copc/3/ahn3.copc.vpc.json -O ahn3.vpc
--2024-10-10 14:03:00-- https://data.pointclouds.nl/data/nl/ahn-copc/3/ahn3.copc.vpc.json

Resolving data.pointclouds.nl (data.pointclouds.nl)... 131.180.126.49
Connecting to data.pointclouds.nl (data.pointclouds.nl) |131.180.126.49]:443... connected.
HTTP request sent, awaiting response... 200 OK

Length: 2428491 (2.3M) [application/json]
Saving to: ‘ahn3.vpc’

ahn3.vpc

100%[

>] 2.32M --.-KB/s in 0.02s

2024-10-10 14:03:00 (109 MB/s) - ‘ahn3.vpc’ saved [2428491/2428491]
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Statistics for AHN to COPC and VPC (on ronna)

#files in input  processing #files out output
AHN3 1374 2.4Tb 14 days5hrs 382 3.1Tb
AHN4 1381 6.1TB 26 days *) 381 5.1Tb

*) estimation (as process was interrupted, total 54 days)
processing time linear with input size
ronna is multi-user system, so timings not exact

for AHN3: COPC > LAZ input, for AHN4: COPC < LAZ input

GitHub to source https://github.com/nd-pc/process ahn



https://github.com/nd-pc/process_ahn
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Fine, but...

Comparison of C\oud-to-Cloud Distance )
Calculation Methods - 1s the Most
\ Complex Always the Most Suitable?

vitali Diaz , Peter van Oosterom . Martijn Meijers _Edward Verbree
Nauman Ahmed. and Thijs van Lankveld

* grid is less detailed than PC

L —— —

* grid
Ca n O n I b . Abstract € Joud-to-cloud (C20C) distance calculations aré frequently pcrformcd
y e d IS p | a . \ as an initial stage in change detection and sp:\\iotcmpor:\l analysis with point
ye d I n 2 D clouds. There are various methods for calculating C 2C distance. also called inter-
point distance., which refers 1© the distance petween (WO corresponding point
clouds captured al different epochs. These methods can be classified from simple

* grid
needs t
e S O b e C O m p u t e d f. \ to complex. with more steps and calculations required for the latter. Generally, it is
Irst

assumed that 2 more complex method will cesult in a more precise calculation of
\ inter-point distance, but this assumption is rarely evaluated. This paper compares
eight commonly used methods for calculating {he inter-point distance. The results
indicate that the accuracy of distance calculations depends on the chosen method
anda characteristic related to the point density, the intra-point distance. which refers
{o the distance petween points within the same point cloud. The results are helpful
\ for uppl'\ca\'\ons that analyze spa\io\cmpor:\l point clouds for change detection. The

findings will pe helpful in future applications. including analyzing spmiotcmporu\

* much
C I O u d ?ﬁtte r to h ave d i re Ct po i nt poimclouds for change detection.
a n g e d et e Ct i O n Keywords C Joud-to-cloud distance calculation - Change detection *

Spalio\cmpom\ analysis
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Direct PC-based change detection (not
convert to grids and show changes in 3D)

* tests to find the suitable PC-based method: controlled offsets and real epochs
— comparison based on error and time cost

* range of algorithms (as available in CloudCompared)
* reimplemented in Matlab for full control
e testing with various data sets (AHN, CostScan, lake, bunny)

 conclusion from results: 3D Nearest Neighbour(NN) outperforms/equal
quality to more complex algorithms regarding similar results and less time
cost. Relatively efficient for implementation, ‘real’ NN kd-tree based.

* Then, further speed-up will be challenged for massive implementation for
further change detection at nationwide applications over the AHN series.



Experiment 1: CoastScan data with controlled offset
comparing the 8 different algorithm

{1) The nearest neighbor {2) Least squares plane {3) Linear interpolation

dX=0.2 20
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(4) Quadratic (height function)
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Experiment 2: Preliminary Results (2D NN

Artificial displacement

dx=-0.25
dy=-0.25
dz=-0.5
d=0.6124

(lesson learnt:
do not do 2D,
but 3D NN)

kd tree-based exact
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5
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temporal CoastScan data
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Experiment 3
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Experiment 3:
Time cost
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Experiment 3: Spatio-temporal CoastScan data
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SFC-based ultra-fast change detection

* per epoch, preparation of PC data set
1. scaling and offsetting (SFC always in a cube)
2. SFC key calculation
3. sorting SFC key column

* batch process NN distance calculation (advanced merge join 2 epochs):
for every point P in epoch 2:
1. search the previous and next SFC key of the calculated SFC key in epoch 1
2. decode and unscale these two SFC keys (previous and next)

3. find approximate nearest neighbor (NN) of the 2 candidates
(option: box query in epoch 1 with P as center and distance P-NN as radius)

4. output dand dx,dy,dz
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Preliminary results: AHN4-3
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Conclusion BT00) 3

(nD-Poi

* designed and tested nD-PC organization
(with cLol) in resp. DBMS and files, and good results obtained

* explored and cleaned spatio-temporal point cloud data, and analyzed in
detail the possible change detection options = NN preferred

* current practice tools not yet cLol-aware and space first (not time)

e active at various meetings (OGC, 3D Geolnfo, FOSS4G, EGU) and
publications

* Geomatics/GIMA students doing (thesis) projects with point clouds

* open invitation to the nD-PointCloud project concluding symposium:
12 November 2024, 13-16 hours
room B, Faculty of Architecture and the Built Environment, TU Delft



Future work

completion of publication in pipeline
standardization of format and protocols (binary Parquet files)

cLol aware viewers and other clients (computations),
using selection with flat hyperplanes (convex polytope)

on-the-fly CRS transformations of selections, or pre-computing of whole data
sets (on HPC/HTC)

explore cLol to integrate datasets from different scales (after geo-
referencing/CRS transformation)

nationwide AHN change detection (buildings, vegetation, ..) by

- adding 1 just or all 3 directions

- store result integrated (dimension of attribute) or separate from points
- interactive of massive preprocessing (on HPC/HTC), but fast use

- backward of forward changes

- for CoastScan, option to skip epochs (hours, days, weeks, months)
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