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Abstract

This paper investigates the theoretical background for
LiDAR to monitor traffic from airborne platforms. An
object moving with a velocity deviating from the
assumptions incorporated in the scanning process will
generally appear both stretched and sheared — motion
artifacts. To study the impact of these deformations in
airborne laser scanning (ALS) data, the analytic relations
between an arbitrarily moving object and its conjugate in
the ALS data have been examined and adapted to concrete
airborne specifications. A complete scheme is proposed to
analyze urban traffic in real-life situations. This scheme
combines vehi cle motion classification method successively
with vehicle detection. Furthermore, the velocity of moving
vehicles can be derived. The algorithmic performance was
assessed with respect to reference data concurrently
obtained by video camera.

1. Introduction

Transportation represents a major segment of the
economic activities of modern societies which leads to
adverse impact on our environment, so that the increase of
transport safety and efficiency, as well as the reduction of
air and noise pollution are the main task to solve in the
future [1].The automatic extraction, characterization and
monitoring of traffic using remote sensing platforms is an
emerging field of research. Approaches rely not only on
airborne video but on nearly the whole range of available
sensors[2][3][4]. The principa argument for the utilization
of such sensors is that they complement stationary data
collectors in the sense that they deliver not only local data
but also observe the traffic situation over a larger region.
Finally, the measurements derived from the various sensors
could be fused through the assimilation of traffic flow
models.

Traffic monitoring based on optical satellite systems,
however, is only possible at daytime and cloud-free
conditions. Besides SAR systems [5], LIDAR can work in

the night time and have certain ability to penetrate the cloud.

Yet there are other difficulties inherent in the LIiDAR
imaging process that must be overcome to design a
reasonably good approach for traffic monitoring. It is the
focus of this paper to thoroughly analyze and quantify these
effects and to develop an approach that is capable to detect
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vehicles and estimate their velocity considering the
restrictions of airborne LiDAR systems. Beside the
advantage mentioned above, the LIiDAR system has
following ones especially in view of our application:

1. The completeness of vehicle extraction using LiDAR
could be increased due to the partial penetration ability of
laser rays against vegetations.

2. The moving object could generate motion artifacts in
the LiDAR data which are utilized to distinguish the
movement and estimate the vel ocity.

However, there have been rare works conducted in
relation to traffic analysis from ALS data so far. The
research work of [6] used an airborne laser scanner coupled
with digital video camera to anayze transportation
corridors and acquire traffic flow information. Vehicle
velocity was estimated either by analyzing motion artifacts
in the laser data or by vehicle tracking in image sequences.
The experiences showed that the two sensors complement
each other and can provide valuable traffic flow data. The
presented scheme in this paper performs a systematic
research on moving vehicle indication solely relying on the
point cloud acquired by airborne LiDAR. The emphasis of
this paper is put on vehicle motion classification while the
task of vehicle detection is assumed to be solved
independently.

We summarize the theoretical background of influences
caused by moving objects in airborne LiDAR datain Sect.
2. Sect.3 outlines theory of a vehicle detection and motion
indication algorithm. Experiments and validations using
real data are presented and discussed in Sect.4. Real data
have been acquired during two flight campaigns where the
sensor instrument has been parameterized such that the
resulting data correspond to common tasks for city
surveying.

2. Moving objectsin AL S data

In an airborne LiDAR scanning process, a rotating laser
pointer rapidly scans the earth’s surface with continuous
scan angles during its flight. While the sensor is moving it
transmits laser pulses at constant intervals given by the
Pulse Repetition Frequency (PRF) and receives the echoes.
In Fig.1 the geometry of data acquisition is shown. The
sensor is flying in a certain altitude along the dotted arrow
called along-track direction. The direction which is



oriented perpendicular to the flight path is referred to as
across-track direction. The distance between sensor and
target is calculated based on the stationary-world
assumption, significantly moving and even accelerating
objects violate this assumption and therefore the target will
not be imaged "correctly”. The dependencies on object
velocity and acceleration components can be seen by
adding thetemporal component into range equation. Hereiit
is assumed that sampling rate is consistent among all the
vehicles independent of the scan angle. That is to say that
all the vehicles are scanned with sufficient sampling points
to represent its shape and artifact.

Fig.1 Moving objects undergo the scanning of airborne LiDAR
The generated shape artifacts by moving objects can be
depicted in Fig.1, where the black dotted box indicates the
vehicle shape obtained in the scanning process of ALS
while the original vehicleisdepicted asrectangle nearby. It
can be perceived that the moving vehicle will beimaged as
stretched paralelogram in the ALS data 6, is the

intersection angle between the moving direction of sensor
and vehicle € [0° 360°] , I, and |, are the sensed and
orignal length of vehicle, respectively; 6, is the shearing

angle making vehicle be deformed as parallelogram. The
analytic relations between shape artifacts and object
movement parameters can be derived as
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where 6, € (0 180°) and is the left-bottom angle of

observed vehicle. The imaging effects caused by the two
motion components are explained in the following Sections,
respectively.
2.1. Along-track motion

The target is now assumed to move with constant
velocity V, following the aong-track direction. The

along-track motion changes the relative velocity between
sensor and object compared to the surrounding stationary
world which makes the laser footprints that hit upon target
displaced consistently along the target moving direction.

Therefore, along-track motion leads to the stretching effect
of the object shape depending on the relative velocity
between target and sensor.

> X

Fig.2 Along-track motioh

The analytic relation between the object velocity V, and
the observed stretched length | can be summarizedin Eq.3.

Rather than the vehicle length that usually variesalot and is
not able to be exactly known in advance, the aspect ratio of
vehicle is assumed to be determined easily due to its
relative stability over one vehicle category. For this reason,
the relation in EQ.3 is further modified to Eq.4 in order to
make mation indication and velocity estimation feasible
and reliablein real-life scenes.
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where Ar,is the sensed aspect ratio of vehiclein ALS data
while Ar isthe original aspect ratio of vehicle.
2.2. Across-track motion

Thetarget is now assumed to move in across-track with a
constant velocity V, . It resultsin ascanline-wise linear shift

of laser footprints that hit upon target towards the moving
direction when sensor sweeping over, so that the observed
vehicle shapein ALS datais deformed (sheared) to certain
extent depending on the relative velocity between target
and sensor. In Fig.3 this is shown. The analytic relation

connecting the object velocity V., with the observed

shearing angle 6, through sensor velocity v, and the
intersection angle 6, can be constructed in Eq.5.

0., = arctan 1 +90 ®)

V
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which is zero for stationary objects and those moving only
in along-track.
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Fig.3 Across-track motion
2.3. Acceleration

In the majority of GMTI applications except in highways, it
is assumed that vehicles travel with constant velocity and
along a straight path. However, within our scope of
monitoring the traffic in urban areas, the effect of
acceleration is weak and can be ignored by quantitative
modeling, especially for airborne LiDAR which sweeps
over thevehicleitself very fast during the scanning process.
The produced deformation on vehicle point distribution
could not play a decisive role. It can be easily seen and

verified by substituting the acceleration into the termsin Eq.

1&2. Actually, it could make the deformation too complex
to be modeled in a consistent analytic form and immolate
the accuracy of velocity estimation. For typica
accelerations in common traffic scenarios (ay<2m/s*2) the
effect is almost zero.

2.4. Quantification of object motion Effectsin
airborne LiDAR data

We exemplify the above-mentioned effects for the case
of atypical airborne LiDAR configuration whichis applied
to urban surveying task. Based on the formulae derived
above, and using the system parameters as specified in first
row of Tab.l, we estimate the impact of moving objectsin
AL S data. These investigations help to derive the boundary
conditions for building up a strategy for detecting ground
moving targets in airborne topographical LiDAR data.

Along-track Motion: The effect of stretching of the
sampled target points due to an along-track component of
the target velocity is calculated based on Eq.3. The sensed
aspect ratio Ar,of amoving objectinan ALS point cloud is

shown in Fig.4 as a function of intersection angle 6, and

vehicle velocity v where Ar is assumed to be 2. As can be
seen, moving vehicles are stretched significantly from their
real shape even for moderate along-track velocities (ca.
60% for 50 km/h). This effect dose not hamper the
recognition of carsin ALS data as their stretched shape is
till related to semantic information. Fig.4 also shows that
the sensed aspect ratio Ar, is becoming ambiguous when

the intersection angle 6, equals to or approaches 90° or 270°
regardless of the target velocity.
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Fig.4 Stretching effect of a moving object as function of g, and v

and its contour plot (bottom).
The Ar,of a moving target is symmetrically distributed

around the axis of €, =180" with moderate basin in the
middle. As observed in the right corners of Fig.4, Ar has

increased intensely as the velocity ratio of senor to target
comes near to 1 which makes the velocity estimation very
sensitive to noise. The along-track velocity component of
object raises the ambiguity limit, since the origina aspect
ratio Ar of vehicle cannot accurately be determined for
single vehicles

Across-track Motion: The effect of deformation of the
shape of target points is triggered by an across-track
component of the target velocity. Based on Eq.2 the
shearing angle 6., of a target moving with velocity v is
calculated. The results are presented in Fig.5 as a function
of intersection angle 6, and vehicle velocity v.
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Fig.5 Shearing effect of a moving object in ALS data as
function of ¢, and v.

As can be seen, the effect of across-track motion has
significant influence on the geometric appearance of
vehicle in ALS data. Moving vehicles are deformed
(sheared) to parallelogram from their real shape even for

small across-track velocities (by ca. 25 for 30 km/h). Its
distribution is inversely symmetric around the axis of 6, =

180" . The shearing effect on vehicle shape facilitates
motion indication and allows to estimate the across-track
velocity without ambiguity. It is worth to note that the

occurrence of maximal shearing effect shifts from 90" to
40° for the intersection angle between the moving paths of
sensor and target 6, as the target velocity increases from

zero to approach that one of sensor. Consequently, for
detecting all ground moving targets which suffer from this
deformation effect, the theoretic analysis on Fig.5 could
provide guidance on the planning of the flight path
depending on the target velocities to be estimated.

3. Vehicle detection and motion analysis

The approach proposed here to detect the moving
vehicles and estimate their velocity follows the strategy of
detecting all the vehicles in advance. The separation of
vehicle detection from vehicle motion analysis enables us
to detect not only moving vehicles but also stationary
vehicles thereby giving an overview on the traffic scenario
of large region scanned by airborne LIiDAR. Moreover, the
approach features no necessity to incorporate the prior
knowledge of roads and their directions, as well as those
about the appearance, location and velocity of vehicles.

Our scheme for vehicle detection and vel ocity estimation
relies on three basic components: (1) retrieving vehicle
points (Sect. 3.1); (2) modeling the vehicle shape (Sect. 3.2)
and (3) an algorithm for distinguishing the vehicle motion
status based on shape artifacts (Sect. 3.3).

3.1. Vehicle pointsretrieve

No matter whether vehicles move or not during the
scanning process of the airborne LiDAR, they are modeled
as bulged blob above the ground surface or elevated road. It
is till not possible for us to determine the vehicle motion
prior to detecting single vehicles from the scene
background. Therefore, we need to firstly extract vehicle
instances as complete as possible without distinguishing
between dynamical statuses. It can be done by the manual
inspection or automatic extraction strategy. Here we used a
hybrid strategy that integrates 3-D segmentation based
classification method with a context-guided approach to
segment vehicle points. Aseasily imagined, itisgeneraly a
very difficult and demanding task, since LiDAR points are
unevenly sampled upon the object surface and inherently
have no topologica relation at all. Experiments
demonstrated that the assimilation of these two approaches
can make vehicle extraction competent and robust against
various clutters of urban areas.

To make sure that the extracted pointsfor single vehicles
can be further used to undergo motion analysis based on the
motion artifacts described in section Il, the shape
preservation of extracted vehicle points is evaluated by
calculating the Hausdorff distance metric between every
vehicle point cluster extracted and the one in the reference.
The smaller the metric is, the better the shape of extracted
vehicleis preserved.

Although vehicle extraction plays a key role in view of
the automatic estimation of vehicle motion, this paper will
not focus on it. We refer the readersto [7],[8] for adetailed
analysis of vehicle detection.

3.2. Vehicle shape parameterization

It is desirable for our task to represent original vehicle
shape and motion artifacts by a unified model. The spoke
model for vehicle point sets (Fig.7) is used as general
framework for vehicle shape modeling due to its flexibility
and efficiency. The point cloud of single vehicles is fitted
with multiple connected planes used to describe the vehicle
shape by two controlling parameters of each spoke - the
orientation and radius. The spoke model could consistently
encode geometric information for the classification of
vehicle category.

However, the laser point density acquired under common
conditionsis not sufficient to model the vertical profile of a
vehicle. The situation is even degraded by motion artifacts
and the variation of scan angle. Since the motion artifacts
focused on the horizontal deformation of vehicle shape, the
3D spoke model of vehicles can be projected onto
horizontal plane to avoid the redundancy. Due to the
limitation on the point density, we might model all vehicle
categories with one spoke plane in most cases. Then, the
shape parameterization is performed on the projected point
sets of the vehicle spoke model by two steps:



e Boundary tracing: A modified convex-hull agorithm [9]
is used to determine the vehicle boundary. The
modification is made upon constrain the searching space
of a convex hull formation to alocal neighborhood. The
study showed that the approach can yield satisfactory
results if the point distribution is consistent throughout
the dataset. Such condition could be fulfilled for the
one-path ALS data which are usualy considered for
analyzing the object motion. The boundary tracing
method for a set of vehicle points using the modified
convex hull startswith the left-most point P. Then, we use
the convex hull algorithm to find the next boundary point
by only considering the points within the neighborhood of
P, which is defined as rectangle with the dimension
corresponding to the point spacing of ALS data. The
approach proceedsto the newly found boundary point and
repeat the step mentioned above until the point P is
selected again, as depicted in Fig.6.

Boundary regularization: Since the uneven point
sampling is present in the ALS data, the traced boundary
cannot be directly used to parameterize the vehicle shape.
The boundary regularization is introduced to tackle the
problem based on the fact that the vehicle point sets
appear as paralelogram having two orientations of
boundaries. The first step is to extract the points that lie
on identical line segments. This is done by sequentially
following the boundary points and locating positions
where the slopes of two consecutive edges significantly
differ. Points on these edges are grouped to one line
segment. Therefore, a set of line segments
i, 1,, .., 1,,n>4) from which four longest line segment

L, L, L, L) are selected. Each of the selected line

segments is fitted by the straight line. Based on the
sopeM, =-A/B , line segments are sorted into different

groups, each of which contains quasi-paralel line
segments. The next step is to determine the least squares

parallelogram fitting to these line segments with the
congtraint that the lines segments are paralel to each
other within one group. The solution consists of sets of
parameters required to describe four line segments, which
are formed as following line equations:

Ax +By,+1=0  1=1234]=)()=123... n (6)

M, =M,

with the condition: o L (L)and L, (L,)are

2 4
opposite sides, wheren is the number of points of each
line segment.

Once the spoke model of a set of vehicle points is
parameterized (Fig.6, right column), two parameters can

be derived:
1. Theangle of shear 4., of vehicle:
e, = arctan M, =M, @
1+ M, -M,

2. The aspect ratio Ar of the parameterized vehicle
points:

Ar =L/W (8)
where M, , M, are slopes of line segments of each group.

For certain vehicle points the parallelogram fitting could
fail due to unstable sampling of LiDAR points. These
vehicles emerge as e.g. trapezoid (Fig.6, third column)
other than paralelogram. These vehicle points deliverer
ambiguous shape features and make the motion
determination troublesome, because they could e.g. belong
to a stationary vehicle with missing parts. Therefore, this
category of vehicle points hasto be excluded and attributed
to uncertain motion status prior to the motion classification

step.

/[
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L

Fig .6 Vehicle shape parametrization. From left to right: stationary vehicle, moving vehicle, vehicle of ambiguous shape. Green points
mark the boundary of extracted vehicle; red lines indicate the non-parallel sides of the fitted shape.



Fig.7. Vehicle spoke model and shape transformation [10]

3.3. Motion classification
A set of vehicle points can be geometrically described as

spoke model with two parameters(Fig.7), whose
configuration is formulated as
Ul
: 0.
X = U = 9
: ' [Arij ©
lJk

where k denotes the number of spokesin the model. The
vehicle shape variability is nonlinear and can be
represented as a transformation space. Thus, the similarity
between vehicle instances can be measured by group
distance metric. The classification framework for
distinguishing vehicle categories can be adapted to motion
classification schema based on shape features of vehicle
points.

Consequently, a new vehicle configuration Y can be
obtained by a transformation of X written in matrix form:

Y=T(X)
’ Mi = (R
0

M, .0
where T =
0 . M,

2-D rotation acting on the angle of shear 6,,, € denotes

the scale acting on Ar. By varying T, any vehicle shape X
(motion status) may be represented in T as the
transformation of an identity atom(Fig.7). Since the
Cartesian product of Lie group elementsisaLie group and
T is the Cartesian product of transformation matriceswm,

acting on the individual spokes, T formsalLie group G[11].
The intrinsic mean u of a set of transformation
matricesT,, T, ,..., T, of vehicle shapesisdefined as

y=argminZn:d(T,Tk)2 (10)

where d(,) denotes Riemannian disance and
d(T,,T,) =|log(T,"T,)| where || is the Frobenius norm of

0
eaj] , R denotes the

the agebra elements. Analogous to the principle

components of a vector space, there exists 1-parameter
sub-group H,(t) called the principle geodesic curve [12]
which describes the essential variability of the data points
lying on the manifold. The parameter t sweeps out a
1-parameter sub-group H,(t) of the Lie group G. For

any ge G, the distance between g and H,(t) isdefined as

d(g,H,)=mind(g,exp[A (1)]), te R
(11)
The first principle geodesic curve for elements of a Lie
group G is defined as the 1-parameter subgroup Hv<1> ),

where v® =argmin) d*(u'g,,H,)
i=1
12)

Let p, be the projection of x'g on H and

vy
define g® = pju g, . The higher k-th principle geodesic
curve can be determined recursively based on Eq.12. It has
been confirmed that Lie group PCA can better describe the
variability of datathat isinherently nonlinear[12].

The motion analysis can be formulated as a binary
classification problem. The input to the Lie distance
classifier comprises a set of labeled samples from two
vehicle categoriesc,(j=12) - moving and stationary. The

intrinsic mean u; and the principal geodesics H ,, are
computed for each ¢, using the samples. Once the principal

geodesics are available, the classification of an unlabeled
vehicle sample x can be performed by finding the category
with the closest distance on thefirst principal geodesicsto x.
The corresponding motion status of a vehiclej isfound by

" =agminjlogH a0, je(La (@13

The classification of vehicle status can successfully run
based solely on the first principal geodesics. Although there
are significant variations in shape over one category, the
first principal geodesics H ,, is assumed to summarize the

essential shape features of vehicle points in view of
distinguishing the motion statuses.

4. Experiment and validation

In order to verify the validity of the theory and the
detection scheme, two flight campaigns (Fig.8a&b) with
airborne LiDAR systems have been conducted over city
areasin Europe to compare the theoretical derivations with
real data(Tab.l). Please note that the following experiments
are intended to yield a performance characterization of our
approach when applied to red-life traffic scenarios
acquired by LIiDAR under common conditions (not
optimized for the detection of moving objects). The
campaigns were conducted to validate and possibly
improve the theory with help of real conditions. During the
data acquisition the reference data were also made. For the
both flights, an optical video camera mounted on the same



plane was used to provide concurrent observations. They
exhibited the traffic situation at the time of acquisition. The
velocities of moving vehicles can be accurately estimated
by vehicle tracking.

Hight Point Flight View )
velocity density height Swath mode Time

Datal 100km/h 8 pts/ m’ 275m 320m nadir 11:05

Datall 145km/h 5 pts/ m’ 420m 480m | forward | 10:26

Table| Configuration parameters for two experimental campaigns

The flights invedtigated redistic scenarios with
significant along- and across-track motion components.
Fig.8 shows the output of applying the detection scheme.
Detected stationary vehicles are plotted as green while
detected moving ones are plotted as blue at their position
with moving directions. Vehicles of the uncertain category
excluded from the classification scheme are plotted as red.

To get quantitative estimates of the quality of velocity
determination from airborne LiDAR data, the velocity
corresponding to the along-track elongation in LiDAR data
V2 has been derived based on the original aspect ratio Ar of

the vehicle. Similar experiments have been carried out for
determining across-track velocity based on the shape
distortion. Tab.ll summarized the validation results of the
experiments. The velocity of detected moving vehicles v, is

finally estimated by v, = /(v2)° +(v)° and compared to

the velocity referencev, .

As can be seen in Fig.8, there is a good agreement
between the detection results and the reference
measurements for most of vehicles in the two datasets
(approx. 60-70% detection rate), so that the theoretical
background of detection and velocity estimation seems
justified. The velocities derived from the motion artifacts
are representative for all the cars travelling on that road.

The values for the 2™ test site (Fig.8b) are reasonable for
this section of the urban road and correspond very well to
the speed val ue of vehicles moving towardsthetraffic light.
Although there might be some inaccuracies included in the
measurements the results show a good match of theory and
real measurements. However, the tests tent to further show
that the detection rate and the accuracy for velocity
estimation drop down for smaller cars or those ones moving
slowly. This can mainly be explained by the limited spatial
resolution and the higher senstivity of shape
parametrization to noise. Current airborne LIiDAR data
have resolutions ranging from 0.5m to 2m, so that, in
certain situations, the target’s point is mixed with the
background. Hence, the point sampling rate as well as the
backscatter is biased towards smaller values, which makes
detection and estimation less robust. Furthermore, vehicles
moving with alow velocity would be morelikely to have an
inaccurate parameterized shape. Fortunately, the problemis
to some extent alleviated, since vehicles with unambiguous
shape have already been removed prior to the motion
classification step and labeled as uncertain class.

Buses and smaller transport vehicles dominated the test
site. Although the accuracy of motion status and velocities
derived this way is limited, it provides a good
representation of the whole traffic situation and the vel ocity
distribution in urban aress.

Target# | v, km/h | v.km/h | Avkm/h
1 42.3 39.8 25
2 48.6 454 3.2
3 65.5 63.8 1.7
4 20.5 17.1 34
5 28.6 24.3 4.3
6 15.7 21.3 5.6

Tabel 11 Comparison of estimated velocities with reference data




Fig.8 Results for vehicle motion classification and velocity estimation using real AL S datasets of two urban areas, a)
Enschede, the Netherlands; b) Munich, Germany (displayed as overlaid with DSM)
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