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URBAN ENVIRONMENT 3D STUDIES BY AUTOMATED FEATURE EXTRACTION
FROM LiDAR POINT CLOUDS

C. B. Kocmpikos, /. €. Byénos, P. A. Ilyono. JOCAI/IPKEHHA TPUBUMIPHOI'O ITPOCTOPY MIChKOI' O CEPE/IO-
BHIIIA YEPE3 ABTOMATH30BAHE BHOKPEMJ/IEHHA OB’EKTIB I3 XMAP JII/TAPHUX TOYOK. Cmamms posenidae
b6acamopyHKYiOHATbHY MemoO0a02io | NPAKMUYHY MEMOOUKY 2e000p0OKU OaHUX OUCMAHYITIHO20 AA3ePHO20 (TI0APHO20) 30HOYEAH-
HSL MICbK0O20 Cepedosuna y yiisuax 1o2o nooaisuloe0 MOOEIbHO20 GI0MEOpeHHs ma docniodcents. OKkpemo niOKpecioomsvcs K Cy-
YACHI 3anUMU HA 3ATYYEHHs] HOGIMHIX MeXHON02I 00 YuX 00CHIONCeHb, MAK | GUKIUKU, WO NOOIOHE 3aNyUeHHS CYNPOBOONCYIOMDb.
Jloxknaonuii niimepamypuuii 02150 HA0AE NPUHYUNOBE PO3YMIHHS 20JI0BHUX NOTOICEHb ABMOMAMUI0BAHO20 BUOKPEMILEHHS YD OAHI3ipo-
sanux 06 ’ekmig (ABYO) ax 20106H0I ck1a0060i 2e000podKu xmap aidapHux moyox. Onucytomvca okpemi kpoxku ABYO ax-mo «eu-
SHAUEHHAY, «KAAcUiKayisay, «ceeMeHmayisay ma «peKoHCMpYKYiay.

Ilpedcmasnene asmopcvke npozpamue 3abesneuenus (113) y euenaoi eeo-I'1C-3acmocysanus, npusHauernozo 0is inmespayii pi-
SHOMAHIMHUX TIOAPHUX OAHUX i3 HACHIYNHOO 8I3YANI3AYIEI0 NPOMINCHUX MA KiHYegux pe3yivmamis ix 06pobku. Kopomko pozenanymi
apximexkmypHa cxema yb020 8eb-3aCmocy8anHs K po3nooiieHol IHpopmayitiHoi cucmemu ma tio2o 20106Hi QyHKYiOHAbHOCMI.: Buo-
Kpemnents 6yoieens,; Buokpemnenns 6ydisens y cinbeobkill micyesocmi, Busnauenns 3min y apximexmypHhii mopgonozii micma, I'ene-
payis monozpagiunoi noepxHi. /lemanvHo po3ensndaromoscs 08l asmopcbKi Moougikayii anbmepHamusHux nioxodié y pamkax ABYO
— BUCOKONONI2OHANbHE MA HUZLKONOLI2OHANbHE MOOENIOBAHHS 3i CINBOPEHHAM «BENUKOBA20BUXY MA «HUZLKOBALOBUX» Mooenell, 8i0-
nogiono.

30Kpema, nponoHyeEMbCsa HU3bKA OPUSTHATLHUX PIUeHb 3 00NOMO02010 noOyoos8u diacpamu Boponozo na emani pexoncmpyxyii
MmoOenetl 6ydigensv. [Ipedcmasneno 6eb-nopman — ceonopmain agmopcwvkozo 113, axuil Hadae docmyn K 00 NPOeKmia i3 6i0meopeHum
MicbKUM cepedosuujem no pisHUX KpaiHax, max i 00 6i0N0GIOHUX THCIPYMEHmie 00POOKU NepEUHHUX AI0APHUX OAHUX KOPUCHY8ayd.
V axocmi npaxmuunux npuxnadie Ha3U8aEMbCA 0EKiIbKA MONCIUBUX CYEHApIie Kopucmysada (use-cases — anel.) wjooo peanizayii
GynryionanpbHocmi ceonopmary.

Knrwuoei cnosa: nioap, nioapui oami, micvre cepedosuwe, ABYO, modeni 6ydisens, 6e6-I'IC-3acmocysanns, ceonopmai.

C. B. Kocmpuxos, JI. E. Byénos, P. A. ITyono. HCCJIEJOBAHHA TPEXMEPHOI'O ITPOCTPAHCTBA I'OPOJICKOH
CPE/]bl ITOCPE/ICTBOM ABTOMATH3HPOBAHHOI'O BBIJIEJIEHUA OBbBEKTOB H3 OB/IAKOB JIHJJAPHbIX TO-
YEK. Cmamovs paccmampusaem MHO2OQYHKYUOHATLHYIO MemOoO0NI02UI0 U NPAKMUYECKYI0 MEMOOUKy 2e000pabomki OAHHbIX Ou-
CIMAHYUOHHO20 N1A3€PHO20 (MUOAPHO20) 30HOUPOBAHUL 20POOCKOLL CPedbl 8 Yelax ee OalbHelule20 MOOeIbHO20 NpedCmasieHus U
uccnedosanus. OmoenvHo noOYEePKUBAIOMCA KAK COBPEMEHHbIE 3aNpOChl HA UCNONb308AHUE HOBEUUUX MEXHONO2UL 8 YKAZAHHBIX
UCCe008aHUAX, MAK U 8bl1308bl, KOMopbvle Oy0ym conpogoxcoams 3mo ucnonvzosanue. [Ipocmpannuiil aumepamypHulii 0030p obec-
neuusaem NPUHYURUATLHOE NOHUMAHUE OCHOBHBIX NOLOJCEHUN A8MOMAMUIUPOBAHHO20 BblOENeHUsl YPOAHUSUPOBAHHBIX 0OBLEKMO8
(ABYO) kax ocnoenoil cocmasHoil 2eoobpabomku obraxos audapuvix mouek. Onucvieaiomcsi omoenvhvie uiaeu ABYO kax-mo
«onpeoenenuey, «KAacCuBurayusny, «CecMeHmayusy u «PeKOHCMpPYKYUsy.

Ipeocmasneno asmopckoe npoepammuoe obecneuenue (I10) 6 sude 6e6-1 UC-npunosicenus, npeoHasHauenHo2o 0Jis uHmezpa-
Yuu pasHoOOPA3HBIX TUOAPHBIX OAHHBIX ¢ NOCTeOVIoUell BU3VATU3AYUel] NPOMECYMOUHBIX U OKOHYAMETbHBIX Pe3yIbmamos ux oopa-
bomxu. Bkpamye paccmompervl apXumexkmypHas cxema 3mo20 8e0-NpUioNCeHuss KaKk pacnpeoeieHHol UHGOPMAYUOHHOU cucmembl
u e2o ocHosHble QyHKyuoHanbHocmu: Mzeneyenue 30anuil; Mzeneuenue 30anuil 6 cenvckoti mecmuocmu, Onpedenenue usMeHeHull 8
apxumexmypHot mopghonozii copooa; I'enepayus monocpaghuueckoii nogepxrnocmu. [lemanivHo paccmampusaromes 06e agmopcKue
MOOUpUKAYUY anbMepHAMUEHbIX N00X0008 8 pamkax ABYO — evicokononueonanvhoe u HU3KONONUSOHAbHOE MOOEIUPOBAHUE C CO-
30AHUEM (MSACELOBECHBIXY U (JIE2KOBECHBIXY» MOOelell, COOmEemcmeenHo. B uacmuocmu, npeonazaemcsi pso OpucUHAIbHbIX peuie-
HULl ¢ NOMOWbIO NOCMPOeHUs. ouazpammsl Bopornoeo na smane pexoncmpyxyuu modeneti 30anui. Ilpedcmaenen 6e6-nopman — ze-
onopman asmopcroeo 110, komopwiil obecneuugaem 00OCmMyn Kax K NpoeKmam co cCMOOSIUPOBAHHOU 20POOCKOU Cpedoll N0 PA3HbIM
CMPAHam, max u K COOMEEMCmeyIouuM UHCIMPYMEeHmam 00pabomKu nepeudHblx IUOapHvlx OaHHbIX nonv3ogamens. B xauecmee
NPAKMUYECKUX NPUMEPOS BO3MONCHBIX CYEHApUes Noab308amenst 01 pearu3ayuu QyHKYUOHATbHOCMU 2e0nopmad.

Knioueswie cnosa: nudap, nuoaphvie oannvie, 20poockas cpeoa, ABYO, modenu 30anuil, ée6-I' HC-npunodicenue, ceonopman.

Research problem introduction. The continu-  Urban Studies, which primarily means to involve
ing significant growth of urban population all over  innovative approaches and techniques in the Infor-
the world and, first of all, in Africa, Asia and Latin = mation Technology and Remote Sensing domains.
America forces scientists to seek new advances in  Thus, it seems evident that remote sensing data pro-
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cessing and modeling tools, which may assist in ur-
ban studies, can hardly be overvalued. Contempo-
rary global urban mapping, using Earth Observation
systems is the only possible approach that guaran-
tees getting rid of the shortage of reliable spatial
information of urban areas throughout the Earth
[1,2].

We have already emphasized recently that the
key issues of the contemporary urban development
had caused a number of challengers that would re-
quire the innovative technological introductions in
the Urban Studies domain. These challengers and
the innovations can be summarized like follows [3,
4], and they are outlined in the first visual of this
text, as those ones that can be resolved and provided
with indispensable Urban Remote Sensing (URS)
tools (Fig. 1): 1) with prompt development and dras-
tic changes in urbanization processes, the explora-
tions of city areas have to become the studies of ur-
ban systems, which are also becoming more and
more sophisticated; 2) the number of cities in-
creased and the urban areas are being enlarged ex-
tremely promptly, especially in developing coun-
tries; 3) the regions with extensive urban construc-
tions not only become more and more numerous,
but also they grow fast in different countries; 4) a
necessity for terrain models of high accuracy for
urban planning and other related sophisticated spa-
tial data processing become quite understandable
and can be applicable for different subject domains
beyond straightforward urban planning and munici-
pal management; 5) a necessity for effective auto-
mated buildings survey to determine quantitative
and qualitative characteristics of architectural
changes over time is accepted as a mandatory com-
ponent of city alterations monitoring; 6) high accu-
racy environmental surveys over the key cities in the
area-of-interest (AOI) with extensive remote sensing
data analysis should be regularly provided. There-
fore, a geographer-urbanist seeks for both a reliable
research approach, and the mentioned above ad-
vanced tools to understand the nature and spatial
phenomena of the urbanization processes in a given
area. The relevant theory and its derivative applied
solutions meet the necessity for more efficient urban
mapping, city understanding, and municipal man-
agement. All three mentioned domains may be com-
bined in one innovative development — 3D City Ca-
daster, that is intended to resolve those complex
property and infrastructural situations, in which a
traditional 2D digital cadaster is rather limited [5].

A Geographical Information System (GIS) is
another key definition in our text. Nowadays a GIS
is broadly employed every day by various special-
ists for both routine, and complicated procedures
with spatial information formats: digital elevation
models and digital surface models; raster datasets -

satellite / airborne images and derivative results of
their processing; vector datasets — roads, other infra-
structural networks rivers, contours; raster map data
— aerial photos, satellite images; 3D objects — build-
ings, geobodies; CAD (Computer Aided Design)
data — surfaces and subsurface, volumetric geomet-
ric figures, etc.; LIDAR (Light Detection and Rang-
ing) and orthophoto point clouds [6-10]. By and
large, a GIS is merely a part of a general tradition of
digital data handling and spatial representation in
different scales — global, national, regional, and lo-
cal extents. What is more, there has been rapid
growth of both remote sensing, and GIS tools in-
volvement in monitoring urbanization and relevant
environmental changes and in urban management
over past few decades. These techniques and tech-
nologies have been developed with simultaneous
elaboration of the city simulation capabilities pro-
vided by the methods / rules / interfaces created for
various modeling-visualizing software products [1,
2, 11-15].

We may consider a 3D object / feature model as
a core entity of the GIS output made from the input
outlined above. Such a statement becomes even
more evident, while the discrete objects of urban
environment are considered, when we are speaking
about a 3D city model. In general, three-dimensional
modeling appeared to be a key approach within the
common geoinformation concept, especially, taking
into account the applied perspectives of this concept
[5, 16-23]. We have already outlined our under-
standing of a 3D city models in some papers pub-
lished before [3, 4, 24, 25]. We do understand the
three-dimensional city model of urbanized environ-
ment as an entity, which natural analog is located
within 3D urban space characterized by usual ur-
ban features and structures with buildings as the
dominant features among them.

The Automated Feature Extraction (AFE) from
satellite images of high resolution and from datasets
resulted from LiDAR surveys, which are obtained
by strips and finally combined as 3D Point Clouds,
is the key tool that generates 3D city models. Meth-
ods and techniques that extract building models in
any alternative ways are an insignificant research
field. The AFE from LiDAR point clouds is a re-
search and development topic of great interest as it
is very profitable for various applications of 3D city
models such as urban planning, urban disaster man-
agement, energy sector, infrastructure network plan-
ning, different Smart City projects, and solutions
with 3D city models in some other domains. This
automated procedure is an extremely challenging
task for surveyors and researchers, since it means
3D automatic mapping of the urban environment,
which is of the high complexity. What is more, ex-
actly LiDAR data have become for two recent deca-
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des a reliable alternative (to satellite remote sensing)
data source for building detection, extraction and
reconstruction using different R&D approaches and
algorithms [20, 26-30]. Therefore, the automated
building and other anthropogenic feature extraction
from LiDAR point clouds simultaneously with the
relevant digital elevation model (DEM) generation
is one of the most challenging research and devel-
opment goals for urban studies as well as for sup-
port the urban environment by means of digital
technologies and information networks.

The key research goal of this text is to outline
our original contribution to the algorithmic content
of the automated feature extraction upon the urban
environment modeling, as well as to represent the
original web-software for urban studies.

AFE methods in the building detection, ex-
traction and 3D reconstruction within the LIDAR
pipeline: a thematic overview. The overall AFE
algorithmic approach. Almost all LIDAR devices
are either Airborne lidars (ALS, Aircraft Laser
Scanning), or Terrestrial (vehicle based) ones [24,
25, 31]. The latter is also named Mobile Laser
Scanning (MLS) devices. Commonly LiDAR remote
sensing is the set of techniques used to obtain initial
information for further processing due to the topo-
graphic surface, vegetation, and various human fea-

tures at certain distance from scanning sensors
(buildings, bridges, roads, powerlines, etc.). One of
the key contributions of LiDAR data and its pro-
cessing results is to increase human knowledge of
the natural landscape and the mentioned human in-
frastructural features and hence to improve their
usability and increase their profitability. The feature
extraction from raw lidar data, LiDAR Point Cloud
segmentation, and rooftop modeling, all have been
one of the main topics of discussions in relevant
thematic domain during a couple of last decades
[31-39]. Now, AFE is still a vitally crucial part of
what is being done and what professionals are trying
to do better within the international LiDAR com-
munity. How have specialists further progressed
with AFE in recent years?

It is widely accepted that a key issue for auto-
mated feature extraction is to provide a bridge be-
tween the mobile LiDAR and the airborne LiDAR,
and vice-versa. Since we are not completing an ex-
tended overview paper by this text, but otherwise
only looking through several works of the recent ten
years, we have only to express a single quite trivial
idea proceeding from our own R&D efforts, that the
composite models of urban extracted features may
be accepted as the most advanced ones (Fig. 2 from

[25]):

Detailed roof
surfaces
extracted from
AL data

Composite urban feature
extracted from both
AL and MSL data

Detailed facade
surfaces
extracted from
MSL data

N

Fig. 2. A composite model (ALS+MLS) of urban features extracted from a LiDAR Point Cloud
of the downtown of Ottawa [24, 25]

Just according to ALS / MLS joint surveying
technique the automated derivative data extraction
for 3D urban models has become a crucial research
topic beyond the Photogrammetry. The case is, that
additionally to aerial images Photogrammetry tradi-
tionally deals with 3D building model generation
from airborne-mobile photogrammetric  point
clouds, just as LiDAR surveying technique does
with similar datasets. After all, the innovative sensor

technology and its lower cost in comparison with its
predecessors has expedited LiDAR involvement in
research of urban environment. Probably, the key
reason of this fact is that circumstance, according to
which ALS / MLS scanners can deliver point clouds
with density values of tremendous range (from 1 up
to several hundred points per sq. meter). Even with
such point density of this lower edge of the range, it
may be possible to detect buildings, their approxi-
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mate boundaries, and other urban man-made fea-
tures. It is possible to generate those models that
correctly resemble both facade, and roof structures.
Corresponding methods of ALS / MLS surveyed
data processing for building detection and recon-
struction have been proposed [38, 40-47].

The complete algorithmic content of AFE is-
sues with ground and vegetation detection, and man-
made feature extraction has to employ either single-,
or multi-return ALS / MSL range and intensity in-
formation. So called hierarchical terrain recovery
algorithm can reliably be distinguished between
ground and non-ground points by the “adaptive and
robust filtering” approach [48]. It is necessary to
consider the whole range of initial data to estimate
high quality DEM for further AFE procedures using
this so-called hierarchical strategy. Road lines can
be identified by classifying signal intensity and ele-
vation data. Not only buildings, but also network
features can be extracted then. For example, such
man-made features as the road networks can be de-
rived using a special transformation technique, and
then verified with road lines and DEMs obtained
from a LiDAR point cloud. Further we can obtain
the attributes of road links such as their width,
length and slope by computing some derivative in-
formation. Other man-made features as building
models normally should be created with the higher
level of accuracy.

The general work-flow of the building model
creation can be supposed as follows on the base of
those literature sources we have already referred to.
At its first stage, the building footprints (building
base boundaries) should be detected by segmenting
elevation data obtained from LiDAR for two general
classes: ground class and non-ground ones. The bare
ground as a grid is delineated upon this step. A well-
known, so called “sequential linking technique” is
often suggested to reconstruct building footprints
into regular polygons. These polygons then should
be improved to reach the cartographical quality
[49-51].

At the second stage, the prismatic models
should be generated for those buildings which roofs
are flat, and polyhedral models should be generated
for those buildings which roofs are non-flat.

At the third stage, the vertical wall rectification
procedures should be applied if there are enough
MSL or other correcting data in the relevant LiDAR
geodatabases. These three stages would overlap al-
most any LiDAR data processing workflow. Most
urban attributes of these building models are ob-
tained from ASL-MSL data. All corresponding algo-
rithms, that conclude the three stages workflow out-
lined above, should be tested using several geodata-
bases of varying earth surface type, vegetation cov-
erage type, urban area type and LiDAR point density.

We completed below the general summary of
these few overviewed algorithmic results. This
summary demonstrates that in many urban areas the
derivative digital elevation models accumulate most
topographic details and remove non-ground features
reliably. The road network features are depicted well
enough even in densely built-up areas. The extracted
building footprints are appeared to have enough po-
sitioning accuracy. This value may be equal to the
accuracy obtained from data surveyed in field trips,
and this surveying technique in some cases is a rou-
tine procedure of LiDAR data accuracy evaluation
[31, 52, 53].

The overall algorithmic approach described
above according to the literature review already
made may be summarized like follows (Fig. 3).

One issue is quite evident for now from that
part of the literature review, that has been already
done: if the ALS automated procedures and tech-
niques did ground their efficiency quite a few years
ago, the MSL tools still have to pass a certain way in
developing automated procedures to prove their
AFE efficiency. Our own experience of MSL data
processing outlines, that it is possible to obtain quite
impressive results by the proper arrangement of the
MSL algorithmic pipeline — two visuals of Fig. 4
represent both urban (A), and natural (B) environ-
ments with buildings and infrastructures.

Finalizing general AFE issues considered
above, it is necessary to emphasize that despite Li-
DAR data are usually dense, quite accurate, and rep-
resentative, because of their limited accuracy the
segments of a relevant point cloud do not precisely
lie on a geometric plane, but are scattered within
some plain near the building facets (roof and walls).
The point deviations from the mentioned mathemat-
ical plane conform to a Gaussian distribution, which
is centered at zero. That is why, a separate building
with a multi-facet roof and numerous wall planes
can be represented by a 3D Gaussian mixture model
(3D GMM) [54]. There are references in the litera-
ture that 3D GMM can more successfully do with
roof-plane intersections, than any other approach
(e.g., RANSAC algorithm) can do [31].

All mentioned in this brief literature review ap-
proaches normally supply a 3D city model with rela-
tively satisfying reconstruction at its roof and wall
levels. These models can be generally divided for
two significant classes: either high-polyhedral mod-
els, or low polyhedral ones. A model sample, which
belongs to the first class has been already represent-
ed in our text above (see Fig. 2).

Feature detection, classification, and segmen-
tation. From our point of view, most feature detec-
tion, segmentation, and classification algorithms use
only a few basic procedures described below, some
of these procedures have no definitive frameworks,
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Other Man-

Raw .LAS: single- Made Features
retum range; multi- g

refum range;

mtensity

Polyhedral
models
Geoprocessing:
filtering & detection,
sepmentation
classification,
mterpolation,
smoothing

Fig. 3. The overall algorithmic approach for automated feature extraction
(the visual originally completed by the authors of this paper)

Fig. 4A. Urban survey with MSL: 1% visual — scanning reconstruction of the route of President Obama’s visit
to Ottawa; 2" visual — reconstructed MSL facades of the Canadian parliament building.
Original illustration of this paper authors

PPOOY

ez iENiE-Decvomcndis

Fig. 4B. Environmental survey with MSL processed results: ground cover, low and high vegetation belt,
surface human infrastructure — roads in the countryside. Original illustration of this paper authors
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until there are some specific data processing proce-

dures for them to be involved. All procedures, we

refer here to, are outlined in our visual above (see

Fig. 3), and these procedures are as follows:

e Filtering / distinguishing technique normally
provides eliminating unwanted measurements,
and detecting bare ground surfaces from a mix-
ture of ground and upper-above-ground meas-
urements. To distinguish points located on
buildings, trees, and a lower vegetation belt
from those that should be on the ground, nor-
mally applied order statistics, morphological
filtering algorithms (we have already men-
tioned above), and statistical weighting func-
tions [55]. Additionally, raw .LAS files may be
processed to remove rough outliers, but none-
theless preserving the discontinuities between
the generated surfaces [56, 57];

e Detection and Classification. The algorithmic
procedures search to detect the best mathemati-
cal approximations of discrete features in 3D
point clouds, for example, the best mathemati-
cal plane, which, what is significant, cannot be
always a roof plane. We can only detect those
building properties that can be detectable by
LiDAR sensors. In this meaning the buildings
should be considered as the constructed fea-
tures located above the bare ground with verti-
cal walls extending over some height and cov-
ering some area. Their external surfaces are
complicated, but always distinctive from cov-
erages of nonbuilding features. Usual difficul-
ties of the above-ground point detection are
normally caused by the topographic surface
natural complexity. With LiDAR point data de-
tecting 3D planes becomes crucially necessary.
In this aspect, the Hough transformation detec-
tion has been extended to 3D data arrays [58,
59]. The main idea is that the procedures of the
2D Hough transformation is outlining a point
set, defined initially in the Euclidian space, in
another space. This transform allows detecting
the points composing both basic specific geo-
metric primitives.

Classification is normally used to distinguish
among various types of ground features (e.g., build-
ings, other human features: roads, bridges; grass-
lands, shrubs and trees) to group them into different
cluster classes of points by, for example, applying to
them pattern recognition algorithms, such as k-
means, ISODATA, Bayes classifier, and other [60-
62]. Shape parameters measured can be applied to
distinguish between buildings [63, 64]. Providing
adequate separation of lower and higher vegetation
belts from buildings may be the most challenging
problem in LiDAR-based classifying research. Quite
a few potential solutions have been suggested, in-

cluding applying NDVI thresholds [65], the first and
the last returns differences identification [66], apply-
ing roughness metrics [67], and using the intrinsic

dimension [68].

The procedures on the detection step can be
summarized well enough by the following descrip-
tion [69]. Raw points are classified into two catego-
ries: ground points — where are ground itself, infra-
structural networks (that ones, which are above the
surface) and low vegetation belt (bushes) that are
below an altitude threshold, and non-ground points,
which represent upper-elevation features (such as
buildings, trees, and some bridges) above this para-
metric threshold. The “ground mask”, that is actual-
ly a building mask — a footprint - is generated by the
ground points. Separate buildings and trees are re-
ceived as clusters of pixels black colored in the
building footprint. Those trees, which are with low
density canopies should be eliminated. The point
coplanarity should be evaluated on this step. This
value for each individual non-ground LIDAR point
with its neighbors is estimated basing on its Delau-
nay neighborhood. The plane segments are extracted
from the non-ground points on both separate build-
ings, and trees. The segments extracted are refined
then with a conventionally proposed procedure. At
the end, the false planes on trees are eliminated on
the base of metric and topological information, such
as area, and supplementary neighborhood character-
istics, such as the out-of-plane points presence with-
in the single planar boundary.

e It is possible to refer to the complicated seg-
mentation methods based on neural networks
[70], but, nonetheless, there are more tradition-
al and straightforward ones against them. Seg-
mentation usually means the separation of Li-
DAR data array into homographic patches by
the way of outlining different topologic, geo-
metric, or texture structures (e.g., roads, bridg-
es, buildings, and vegetation) by applying
threshold introduction, clustering technique,
limit detection or so-called perceptual organiza-
tion algorithms [26, 71, 72]. The segmentation
procedures can be clearly demonstrated with
the next example of their involvement into the
building roof extraction [26, 65]. Basing on the
topography altitude recorded in a DEM, the
raw .LAS points are separated into two catego-
ries. The first category contains the ground
points forming a “building mask”. The second
category contains non-ground points that are
grouped with this building mask. A point clus-
ter should represent a single building or a tree.
By segmentation procedure, the planar roof
segments are derived from each cluster and
refined proceeding from the coplanarity of
points and their localization. Planar surfaces
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that cut trees are removed using characteristics,

such as a parcel area and point altitude differ-

ence.

Feature extraction and reconstruction. Build-
ing detection and extraction can be considered as
two sub-procedures that go before finalizing sub-
procedure of feature reconstruction.

Building detection for consequent extraction:

e Direct building detection. As we showed in the
text building detection before its extraction de-
fines the placement of building footprints,
which are employed by subsequent reconstruc-
tion. This step should distinguish buildings
from vegetated regions either of a high vegeta-
tion belt, or low one. For the time being, gen-
eral building footprints can hardly be detected
completely automatically with high precision.
Building constructions can be detected by lay-
ering range data and examining the hierarchy of
consecutive feature segments [73]. The range
data can also be relatively easily employed to
improve the analysis of image data for detect-
ing buildings in urban territories and assist to
detect the objects covered by shadows [74].
Nonetheless, this method is applicable in flat
urban areas only;

e Building footprint reconstruction may be a key
step for the final successful output, but most
existing relevant algorithms work, as a rule,
with vague assumptions only. These assump-
tions restrict footprints to simple geometric
shapes, for instance, rectangles or the polygons
of low quality [58, 74]. Another algorithmic
class does not make such assumptions, instead
it often gets distorted boundaries on the base of
edges detected by DEMs generated from raw
.LAS [75]. Nonetheless, these boundaries can
be refined, normally - by applying so-called
“set of geometric regularity constraints” [57,
76]. We have to mention the solid algorithms
are not available for this processing stage —
footprint reconstructions. It may be some pos-
sible solutions in developing robust and effi-
cient methods based on Hough transformation
mentioned in the text above;

o Distinguishing building footprints from vege-
tated regions. In such a case the classification
deals shape measures taking into account the
geometric regularity constraints [74] or the raw
LiDAR data roughness. These measures also
are not very reliable either for complicated 3D
urban scenes, or for densely forested areas, be-
cause they limit the detectable buildings to a
narrower spectrum. In general case, shape
measures normally make use of simple geomet-
ric properties such as area and perimeter. None-
theless. In a case of the complex building roofs

we may need to calculate the roughness
measures. We have to take into account, that
since the building roofs must be solid surface,
the application of multi-return range infor-
mation can benefit in distinguishing of build-
ings and vegetation. Moreover, it is a well-
known fact that LiDAR cannot pass through
solid surfaces, therefore it gets for them a sin-
gle return only. What is more, the first and the
last returns are equal in altitude at solid surfac-
es, but these returns are different at vegetated
regions. Nonetheless, LiDAR obtains rather
similar effect at building boundaries, and we
can compare it with that one at vegetated areas.
e  Building reconstruction. By default, the build-
ing reconstruction procedure recovers the geo-
metrical characteristics of the roof and walls of

a single building allocated precisely [26]. Quite

often this term “building reconstruction’ means

recovering some building elements, first of all

— roofs, which are reconstructed most often at

first recovering attempts.

When classified, extracted, and reconstructed
from raw data, a set of building footprints usually
includes numerous buildings. For reconstruction 3D
modeling outputs, individual buildings should be
segmented, as we already outlined above. For these
aims, the widely used segmentation techniques can
be applied, which is based on clustering approach
[77]. Quite a few cluster models (for example, con-
nectivity, centroid, and distribution ones) as well as
clustering algorithms (for example, hierarchical
clustering, k-means and expectation maximization)
are widely applied [78]. Thus, a region growing ap-
proach was proposed once to cluster similar points
into the same building through iteratively collecting
these points within a sliding window [79]. The con-
vex hull algorithm applied in this case [79] was
modified later in two following examples [62, 80]. It
derived individual building hypotheses with traced
boundaries using this modified algorithm. Nonethe-
less, all these methods outlined above are consid-
ered as sensitive to noise and quite expensive to im-
plement [77].

The non-building features can be misclassified
as buildings at the stage of detection. Many algo-
rithms apply supplementary data, for instance,
ground plans and maps of large scales to improve
the reliability of building footprint boundaries [19,
20, 57].

EOS LiDAR Tool (ELiT) and our key origi-
nal algorithmic approaches to the AFE issues. In
general scope, dominant advantages of the AFE ap-
proach, which can be outlined from the thematic
overview provided above, may be summarized as
the following ones [4]:
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1) High accuracy of the geospatial information
gathered by a LiDAR survey. Collected Point
Clouds illustrate a spatial location of real natural /
technogenic features in minute details, while even
an extremely small peculiarity may make difference,
and it can drastically change the whole view of a 3D
Scene in a GIS interface;

2) Within this approach geospatial data can be
collected promptly within a certain AOI, and these
data are expected to be highly attractive from the
point of view of its cost; In this way, it is possible to
provide a quite accurate geospatial monitoring of
any large areas; consequently, this circumstance al-
lows to identify various urban change detection op-
erations from multitemporal LiDAR data sets;

3) LiDAR data processing technique may be
the only one, that represents a composite view of the
environmental modeled picture, because it deals
with a collection of raw data concerning all the fea-
tures on the earth ground, that generally can be di-
vided for three feature sets: inanimate static nature,
vegetation cover, and man-made constructions,
mainly — buildings.

All authors of this paper lead the algorithmic
elaboration and software development due to Li-
DAR data geoprocessing at the EOS Data Analytics
company (https://eos.com) [81, 82]. While con-
structing and linking all necessary algorithmic steps
for extracting features and reconstructing buildings,
we do accept according to those key points of the
thematic overview made above, that the LiDAR re-
mote sensing mainly is the approach employed for
geoprocessing the information about the topographic
surface, vegetation, and mentioned technogenic fea-
tures of the human infrastructure scanned at the cer-
tain distance from a surveying point. Normal data
resolution of our geoprocessing lies between 5 and
140 LiDAR points per m?.

The software developed on the base of our al-
ready published multifunctional research approach
[4, 24, 25, 81, 82] - ELiT (EOS LiDAR Tool) Serv-
er, as a web-based application (WBA) with a cloud
platform support, implies implementation of the fol-
lowing basic ELiT functionalities within the distrib-
uted information system (Fig. 5):

e Building Extraction tool (BE- a sub-page
Building Extraction of the Tools page) provides
building detection and extraction as various
sub-procedures that go towards finalizing sub-
procedure of building reconstruction for high-
rise buildings of urban areas; BE-functionality
provides the High Polyhedral Modeling (HPM)
approach, what implies the generation of build-
ing models consisting of numerous polyhe-
drons, and due to this fact, the relevant models
can be considered as “heavy-weight ones”; this
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building model may be generated from up to
one hundred and forty thousand of points;

The Building Extraction Rural Area tool (BE-
RA - a sub-page Building Extraction Rural Ar-
ea, which is on the 7ools page) provides the
Point Cloud segmentation and clustering pro-
cedures of building detection and extraction of
low-rise buildings through rural areas and sub-
urbs; the BERA tool implements the Low Poly-
hedral Modeling (LPM) approach, which is
based on procedures of planar segmentation
and clustering of LiDAR point clouds rather,
than on their classification (the case of HPM);
building models produced are composed of not
many facets, and the number of points intended
for a single model generation is limited by a
number of five thousand; such a number may
be obtained by adaptive thinning at the cost of
details;

The Change Detection tool (CD) is normally
implemented by a sub-page Change Detection
of the Tools page. It is a software technique,
which automatically detects block-, district-,
and city- scope alterations. These changes nor-
mally happen through urban areas over some
period of time. This technique detects locations
of changes in positions and shapes of buildings
as 3D models with additional spatial infor-
mation. Normally two Point Clouds (the tempo-
rally primary, and the temporally secondary
ones) are compared, and the difference between
them is outlined as a BE-model — a result of the
high polyhedral modeling;

The DEM Generation Tool (DEM-G as a sub-
page of the Tools page) provides a regular ma-
trix creation of topographic height, in this way
it makes a grid. In other words, a series of ir-
regularly spaced elevation points are acquired,
from which uniformly spaced elevation mark-
ers are interpolated. Hence a DEM is created,
which we understand as a synonym of a digital
terrain model, which represents the bare earth
terrain with uniformly spaced z-values;

The relevant web-API has been created and a
user-friendly web-interface has been designed
for uploading, storing, processing, analyzing
and downloading geodata;

Modeled results can be directly exported to 3D
visualization models in .KML, .COLLADA, and
.gITF formats. These results are displayed
through ELiT Viewer, if processed by ELIT
Server, and are visualized at ELiT Geoportal, if
they are resulted from cloud computing with
Amazon Web Services;

A tiling visualizing strategy is employed with
Cesium 3DTiles library, which allows to visual-
ize almost any large 3D city all over the world


https://eos.com/
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with backgrounds like, e.g., Open Street Maps

of digital virtual globes like Google Earth or

Cesium Virtual Globe.

High Polyhedral Modeling provided by the
ELIT Building Extraction (BE) tool. Some basics
of this technique have been already introduced by
the authors of this paper in their earlier publications
[4, 24, 25, 83]. Until now the most detailed intro-
duction of our original HPM frameworks has been
presented with an explanatory flowchart in [25]. In

this text below we have placed some other, more
simplified representation of the HPM algorithmic
pipeline in comparison with [25] — Fig. 6.

It is reasonable to add to those summarizing
remarks made in the previous section of this paper
(a thematic overview) a statement about earlier in-
troduction of HPM methods in comparison of LPM
ones into a variety of AFE solutions. With increas-
ing availability of LiDAR data with various density
and improved accuracy many methods of 3D build-

ALS Range and
Intensity data

Ground detection and DEM
generation

Footprint boundary detection:
Identify oriented boundaries;
Define candidate footprints;

Building footprint boundary
reconstruction:
Reconstruct footprint rectangles;

Reconstruct footprint polygons;
Simplify complex footprint
boundaries;

Vertical walls drawing (without MLS)

Building roof reconstruction and wall remediation:
e Prnsmatic modeling — flat roof reconstruction;
e Polyhedral modeling: non-flat roof reconstruction;
e Remedy building walls.

Models of 3D buildings
with many polyhedrons

Fig. 6. ELiT algorithmic flowchart of building detection, extraction, and reconstruction within the HPM
frameworks, while MLS data processing is not involved
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ing reconstruction have been proposed as a tech-
nique that fits in the HPM outline [26-28, 43, 44, 64,
84]. These HPM-methods, and this follows from our
thematic overview made above, can be fulfilled by
three sub-procedures, 1.e., building detection, build-
ing extraction, and building reconstruction [48, 55,
85]. All three sub-procedure may not be evidently
distinguishable. Complete automated process of
building extraction only within HPM-frameworks
may not be reliable yet for practical applications in
majority of cases, because of the great complexity of
actual architecture in urban downtowns, which is
resulted in simultaneously dense and scarce point
clouds a LiDAR survey ended in a given AOL.

Both an operational sequence, in general, and our
original algorithmic flow-chart outlined above are to
a certain extent a summarization of those HPM-
implementations, we have referred to above. We
have to emphasize once again, that suggested flow-
chart differs from one published before [25] by that,
it does not involve MLS data processing. Several
preliminary classifying steps should be implied (De-
tection of basic classes according to the standard-
ized lidar Point Cloud classes, if they are in a given
cloud, or not; Classification based on point copla-
narity; Delineation of preliminary footprints, which
differ from “candidate footprints” mentioned in the
third block of a flow-chart).

Then, after necessary preprocessing (a block of
ALS Range and Intensity data), all points are ulti-
mately separated for ground and non-ground ones (a
block of Ground detection and DEM generation),
what is finalized by both a digital surface model
(heights of a ground + features) (DSM), and a DEM
(only ground heights) generated.

The whole building extraction with following
reconstruction pipeline actually starts from detection
of feature footprints on a generated DEM (a block of
Footprint boundary detection). This procedure is
normally completed in two steps: an identification
of oriented footprint boundaries and a definition of
candidate footprints (they are another entity in
comparison with “preliminary footprints” drawn on
the preprocessing steps). The candidate footprints
are extracted as No Data holes in an obtained topo-
graphic grid.

Through further processing building footprints
are reconstructed as quadrangles, rectangles, or reg-
ular polygons (a block of Building footprint bound-
ary reconstruction).

“Artificial” walls are extrapolated from foot-
print boundaries (a block of Vertical walls drawing
(without MLS)).

Building roofs may be raised from these foot-
prints outlined and corrected supplementary by the
same ALS point cloud data. If a building has a flat
roof, it should be modeled as prismatic shapes,

while a building with some complicated shape
should be modeled as a polyhedron (a block of
Building roof reconstruction and wall remediation).
As already emphasized above “High Polyhedral
Modeling” means that primarily reconstructed
building facets and components (roofs, walls, out-
houses) consist of many polyhedrons in comparison
with that, while building models can be combined
from few polygons only [20, 41, 86]. According to
understandable reasons, these models are normally
extracted and visualized as the heavyweight entities
(from up to 20 to 150 thousand of points processed
per a model of buildings). Therefore, necessary
smoothing and noise removing should be mandatory
provided. For these purposes our update of a Delau-
nay refinement algorithm [87] has been used. The
relevant “covering Delaunay TIN” is involved in
algorithmic sub-blocks of Polyhedral modeling:
non-flat roof reconstruction and Remedy building
walls.

All algorithmic blocks and sub-blocks men-
tioned in this paper section are provided for pro-
cessing ALS data only and reconstructing only key
building components (roofs, walls, outhouses, etc.).
A typical HPM-model has been visualized on Fig. 2
in the text above.

Low Polyhedral Modeling provided by the
ELiT Building Extraction Rural Area (BERA)
tool. Main basics of this technique also have been
already introduced by the authors of this paper in
two previous publications [25, 82]. We are develop-
ing further and optimizing the approach with this
text. Introducing an applied implementation of the
LPM technique above as the ELiT BERA tool, we
have emphasized, that this technique is grounded on
procedures of the point cloud planar segmentation
and clustering instead of the point cloud classifica-
tion, which is basic preliminary procedure in the
case of the HPM technique.

Both segmentation and clustering significantly
decrease a number of polyhedrons, which pile of a
LPM model extracted, in comparison with a HPM
model. Therefore, this model is defined as a "low
polyhedral” one. Such models are extracted and dis-
played as lightweight ones (a number of points in a
relevant point cloud differs from 5 to 40 thousand of
points per a model). Commonly, the low polyhedral
modeling frameworks proceed from a number of
seminal papers in segmentation and reconstruction
of polyhedral building roofs from lidar data pub-
lished by A. Sampath, J. Shan [32, 33, 79, 88, 89],
that is why we named this approach as the SaS$-
methodology. Thus, both segmentation and recon-
struction are two key procedures in obtaining the
lightweight polyhedron surface models of buildings,
what has been proved more than once not only by
the authors of the SaS approach, but also in other
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various publications [90-92].

The first step of the SaS implementing pipeline
is related to the point cloud segmentation, and it is
the eigenvalue analysis provided for each point
cloud point within the boundaries of its Voronoi
neighborhood. This step both produces the surface
normal for every point, and divides all points for
two sets — planar points, and non-planar ones. Upon
the further algorithmic step, the surface normals re-
lated to all planar points should be clustered by us-
ing the selected efficient methods. This clustering
procedure is being optimized by decreasing a num-
ber of clusters through usage of both topological,
and geometrical methods for the cluster similarity
definition. The building roof segmentation is con-
cluded by a separation of the parallel and coplanar
segments using firstly distances between segments,
then — their connectivity. Building roof reconstruc-
tion within the SaS pipeline begins with composing
an adjacency matrix, that outlines the connectivity
of delineated planar segments. Building external and
internal vertex are determined then by intersecting
all roof planar segments and vertical walls that are
both external and internal ones. The boundary regu-
larization approach, which finalizes the reconstruc-
tion step, helps to obtain building models, which are
coherent in their topology and correct in geometry.

The SaS-adjacency matrix is a key issue for de-
lineation of adjacent planar segments within a build-
ing model. We have provided the extensive usage of
the Voronoi neighborhood for cluster adjacency on
the finalizing modeling stage, while the traditional
SaS-method implies using the Voronoi diagram on
the preliminary surface reconstruction step only. Our
key updating contributions to the SaS-methodology
are represented in few following subsections of this
paper.

Applying the Voronoi diagram for the roof clus-
ter adjacency determination. Exactly one of our
most significant updating contributions to the tradi-
tional SaS approach lies in the obtainment of opti-
mized adjacency of planar segments, which have
been delineated. The original authors employ Voro-
noi neighborhood for providing eigenvalue analysis,
while each point neighbors are being determined.
Nonetheless upon computing the cluster adjacency
these authors apply a routine distance between all
pairs of points using the following formula [33, P.
1562]:

d (P,Q) =min (d (piq;)) Vpi € P; Vq; €Q, (1)

where: d(piq;) is a distance between any pair of
points p; and ¢; from clusters P and @ correspond-
ingly.

The problematic issues of the SaS approach
like introduced with (1) arise in a case of nonhomo-
geneous point density of an initial point could, that

has to be clustered and segmented. For instance, a
sparse point cloud, that also worsened by the faults
of surveying technique, causes the situation, when
clustered points may lie far from a cluster boundary,
then a distance value (from (1)) fails to be taken into
account, while it is checked with a threshold pa-
rameter. Consequently, this causes the errored adja-
cency determination and the wrong model recon-
struction. Nonetheless, it may be not so difficult to
conclude, that because there are no other lidar points
between two delineated planar segments, which
would belong to other clusters, these two segments
are rather adjacent and their seeming ‘“non-
connectivity” has been reasoned by data gaps only.
This challenge can be met by the adjacency deter-
mination with Voronoi diagram.

This solution content is like follows. Even if
two points are far one from another, and there are no
“other (the third one) clusters” lidar points between
them, their Voronoi cells do possess common edges,
then these two points can be determined by their
neighbors. In an opposite case — when there are the
third cluster points between this pair of points, the
points of this pair are not accepted as adjacent ones
even with applying a threshold parameter, which is
large enough.

Proceeding from all stated above following to
existing references [93, 94], we accept as adjacent
ones only those clusters, which points are neighbors
of Voronoi diagram, that is their Voronoi cells pos-
sess a common edge. By this way, on the one hand,
we solve a problem of data scarcity, data gaps and
meet a challenge of a sparse point cloud, on the oth-
er hand, we obviate a necessity of a necessary
threshold value interpolation. By the way, this value
has to be both big enough (so that not to remove the
actual adjacent clusters), and small enough (so that
not to mark non-adjacent clusters as adjacent ones).
In this way we increase the applicability of our ap-
proach, and decrease its dependency, in particular —
from the point density and from the equitability of
their spatial distribution. What is more, the search of
the Voronoi neighbors can be provided faster with
our approach, because each point has a computed
list of neighbors to be checked for their spatial suit-
ability.

Applying the Voronoi diagram for a separation
of the coplanar clusters. Another case of applying
the Voronoi diagram is a separation of the coplanar
clusters. Once again, the substitution of a search by
a distance between a pair of lidar points for a search
through the Voronoi diagram allows us determine
two dispersed across a space point sets as a single
cluster, only if there are no the third cluster points
between these two sets of points.

In this way we can process various environ-
mental situation, e.g., that one, when a tree with a
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dense canopy is hanging on a building roof and
splitting a roof point cluster for two segments by its
shadow. Owing to our approach, we reconstruct one
entire plane, what generally improves the finalized
results of roof modeling. Moreover, we can effi-
ciently separate adjacent clusters with our approach,
even if there are the third cluster points between
them. Once again, it saves us from the necessity to
customize a threshold parameter manually for the
mentioned separation.

Applying the limited Voronoi diagram for
avoiding side effects of the adjacency determination.
For determining if a pair of one cluster points be-
longs to one connectivity component, checking is
provided, if there is the availability of a common
edge for Voronoi cells of these two points. We have
to take into account, that in some referred cases this
mentioned checking can produce wrong results for
those points, which lie on a building boundary [93,
94]. These errored results are caused by characteris-
tics of the Voronoi diagram end cells. For example,
the extreme light-colored point (the last point on the
right) on the Fig. 7A can be determined as that one,
which has the neighbors within the main light-
colored cluster, and therefore it has to belong to the
same connectivity component, but evidently it is a
wrong solution. The case is, that limiting Voronoi
diagram by a building footprint, we are cutting off
some Voronoi cells, which lie out of this building
boundary. For resolving a situation like this, we in-
troduce so-called limited Voronoi diagram, where
the solitary light-colored point, which does not cor-
rectly have light-colored neighbors, is determined as
an outlier and removed as a noise (Fig. 7B).

In this way, this cluster boundaries are not ex-
panded out of their true position, and false adjacen-
cy with other clusters is not generated.

Applying the Voronoi diagram for the awning /
overhand identification. A traditional building archi-
tectural constituent is either awning, or overhang, as
well as both of them. A distinguishing feature of this
constituent is a presence of one, or more clusters not
vertically adjacent with neighboring roof segments.
Thus, there is a necessity to fill this existing rupture,
while generating a mandatory closed model. A verti-
cal wall can be added to the model in a similar way
it has been done for footprint edges. First of all, be-
fore providing this procedure we have to identify the
mentioned ruptures.

This identification can be completed through
respective Voronoi cells, which lie on both sides of a
boundary between two clusters — the light-colored
and the dark-colored one (refer to Fig. 7A,B. If a
significant difference exists between Z-coordinate
values (the heights) of two points, which are the
centers of these two clusters, then common edges of
two respective Voronoi cells are added to a list of

ruptures. By tracing through boundaries of all clus-
ters, we obtain a list of all Voronoi diagram edges,
which separate points with significant height differ-
ences. A set of continuous lines — nominees for in-
ternal walls — can be generated from the mentioned
cell edges. The obtained segments are delineated
and smoothed, then they can be used for wall gener-
ation just as it is normally done with the footprint
segments.

Other LPM approaches intended to be imple-
mented. There are various other approaches than
SaS approach within the frameworks of the low pol-
yhedral modeling, and we are going to implement
one the most promising of them — the PolyFit ap-
proach [95, 96]. This approach does make emphasis
on intersecting the building planes already segment-
ed, then seeking for a necessary combination of in-
tersected planes, so that to get a manifold polygonal
surface model, which is boundless and watertight.
Therefore, constructing a whole pipeline for the
PolyFit implementation in the software, we attempt-
ed to employ on a segmentation step the advances of
the SaS approach. At that very time, we are taking
into account, that the PolyFit authors prove the ef-
fective generation of the light-weighted polyhedron
models within this technique. Since our practical
PolyFit updates, if described in this text may make it
become too lengthy, we are planning to present the
description of our PolyFit updates in another paper.

ELIT Geoportal. In our previous publications
we have already referred to such robust solution for
web-software and on-line services as a web-portal
or a Geoportal [82]. The ELIT Geoportal (EGP) is a
type of web portal normally used to find, access,
and process geographic information (or geospatial
information, and LiDAR data referred to AFE is
geospatial information too), as well as it is intended
to provide the associated geographic services (dis-
play, editing, analysis, etc.) via the Internet. The ul-
timate goal for any geoportal with respect to soft-
ware marketing is to convert occasional visitors of
this internet resource to its warm leads, while in
general the geoportals are considered the key appli-
cation of a distributed geoinformation technology
[97, 98]. We have completed the EGP for this recent
year by accomplishing the following various tasks:

v Asa Client’s issues (a front-end — FE):

= EGP FE design, including Ul options for a
processing request;

= Friendly Ul of Scenes (including the Global
Scene) and Projects (as an example, urban
environment of NYC is visualized on Fig. 8
in CityGML LOD1 models);

= Primary (point clouds) and secondary (fea-
tures) data display on FE together with at-
tributive information;

= Advanced FE-visualization with Cesium
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/! light-colored point
0 ’ of the light-colored

cluster of lidar point1

T

100 125 150 175

Fig. 7A. A mistaken definition of an extreme point as the one, which has neighbors in the main light-colored
cluster. The illustration is made in the picture editor of the programming environment

124

|

An extreme light-colored
point defined as an outlier

T T T T T

0.0 2.5 5.0 75 100 125 150  17.5

Fig. 7B. A solution of the problem illustrated on Fig. 7A by applying the limited Voronoi diagram
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3DTiles;
v' As a Server’s issues (a back-end — BE):
= An architecture of a Geoportal:

o PostGIS database for data storage on BE;

o Web API (Django as a high-level Python
web-framework) as an access interface
for data usage due to the tasks set;

o Python celery workers employed for
lengthy processing operations and for the
task parallel implementations for pro-
cessing acceleration;

= Hosting of LIiDAR data;
= Huge projects of urban environment
throughout the world located on several

A ELIT Geoportal

’,\»
® e

Request free processing for the
visible area

Any questions?

.
()
J

<

servers and consist of terabytes of geospatial
information.

We have uploaded to the EGP (https:/elit-
portal.ecos.com) both HPM, and LPM modeled re-
sults, in particular, a number of projects stored in the
AWS Public Dataset of ALS .LAS files for numerous
urban environments. In particular, Fig. 9 represents
the results of the LPM feature extraction as light-
weighted polyhedral models, which display urban
environment of not a big city (Lubliniec, Poland)
with the complicated rooftops efficiently simulated
by the approach presented in the previous section of
this paper:

,,,,,,,,

‘

')‘ﬂo;[,,x Y

y

A

Fig. 9. The thinned urban environment of Lubliniec (Poland) visualized on the ELIT Geoportal in CityGML
LOD2 models (retrieved from https://elit-portal.eos.com)

Conclusion and future works. The authors
summarized existing advances made within a couple
of recent decades in the AFE domain and presented
their own updates in two the most large-scale seg-
ments of this subject area — the high-polyhedral
modeling and the low-polyhedral one on the base of
lidar datasets. The overall automated feature extrac-
tion technique has been proved to be considered as a
highly promising solution for the multicomponent
simulation of urban environment, that can be used
for various applications, taking into account a num-
ber of hot issues requiring the innovative research
and technological introductions in urban studies. In
this paper, systematic frameworks have been intro-
duced for a number of the following issues:

v'In general, a thematic overview of AFE
methods concerning building detection, extraction
and 3D reconstruction within a LiDAR pipeline; in
particular, a summarized flow-chart of the overall
AFE algorithmic approach;

v' Feature detection, classification, segmenta-
tion and reconstruction as the key AFE procedures;

v" Web-based multifunctional software, EOS
LiDAR Tool elaborated by the paper authors as ELIT
Server and ELIiT Geoportal,

v" Comparison of high- and low polyhedral
modeling as somewhat alternative techniques with
some details of our contribution to the SaS approach
of the LPM through using the VVoronoi diagram;

v' EGP as an applied service-oriented web-
technology for the ELIT software promotion.
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A number of use-cases are being planned to be
implemented on the EGP as the nearest future
works, and there are only few of them as follows.
Population estimation with building geometries: A
simplified EGP-building model with bounded at-
tributive information according to a number of
flows is a key factor of a resident number in a build-
ing. A set of these models within an outlined neigh-
borhood produces a population estimation for an
AOL. Energy demand for heating and cooling can be
estimated on the similar to the previous use-case
approach. Building geometries serve as an interface
for processing building energy demand (Fig. 10).
Visibility analysis may allow a Geoportal visitor

visually connected. With the EGP it will be possible
to provide simple computation that shows those ur-
ban environment parcels, that are visible from an
observer’s point, and those ones, which are invisi-
ble. What is more, this viewshed analysis results
show by how much the feature height must be
changed for the feature to become just visible.

Both these EGP use-cases and other possible
ones can hardly be overvalued after moving most of
ELIT Server functionalities to the Geoportal, while
we get a chance to complete urban modelling proce-
dures not only in a block, and district scales, but in a
whole city are as well up to a huge megapolis terri-
tory (refer to Fig. 8 as to an example).

determine, which areas in urban environment are
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URBAN ENVIRONMENT 3D STUDIES BY AUTOMATED FEATURE EXTRACTION
FROM LiDAR POINT CLOUDS

Research problem introduction. Both a number of necessities that require the novel technological in-
troductions in urban studies and the challengers corresponding to these introductions have been outlined with
the emphasis on the urban remote sensing tools. The research goal of this text is to outline the authors’ orig-
inal contribution to the algorithmic content of the automated feature extraction upon the urban environment
modeling, as well as to represent the original web-software for urban studies.

AFE methods in the building detection, extraction and 3D reconstruction within the LiDAR pipe-
line: a thematic overview. The overall AFE algorithmic approach has been summarized proceeding from an
extensional literature review due to the feature extraction from raw lidar data. A sample of the composite
model of an urban feature extracted, the overall AFE algorithmic flowchart, and few MSL processed results
have been visualized. Feature detection, classification, segmentation and reconstruction have been presented
as constituents of the united LiDAR pipeline.

EOS LiDAR Tool (ELIT) and our key original algorithmic approaches to the AFE issues. The web-
software has been developed on the base of the outlined multifunctional research approach. This software
has several basic functionalities within the distributed information system: building extraction, building ex-
traction in rural areas, change detection, and digital elevation model generation. Two basic algorithmic ap-
proaches implemented in the software have been explained in details: High Polyhedral Modeling provided
by the Building Extraction tool, and Low Polyhedral Modeling provided by the Building Extraction Rural
Area tool. The extensive usage of the Voronoi diagram for cluster adjacency on the finalizing modeling stage
has been provided as our original update of the existing LPM methodology: its applying for the roof cluster
adjacency determination and for separation of coplanar clusters, applying limited diagram for avoiding side
effects of adjacency determination, its applying for the awning / overhand identification.

ELIT Geoportal. The EGP has been depicted as a type of web portal used to find, access, and process
LiDAR geospatial both primary, and derivative information, as well as to provide the associated geographic
services (display, editing, analysis, etc.) via the Internet. The key characteristics of our Geoportal have been
listed as well as some illustrations provided for the uploaded projects.

Conclusion and future works. The automated feature extraction from lidar data technique has been
presented with the authors’ updates as a highly promising solution for the multicomponent simulation of ur-
ban environment, that can be used for different applications for cities. The use-cases for the EGP have been
outlined as hot issues: Population estimation with building geometries; Energy demand for heating and cool-
ing; Visibility analysis in urban environment.

Keywords: LiDAR, lidar data, urban environment, AFE, building model, web-GIS-application, geo-
portal.
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