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Abstract. The detection and classification of small surface targets at long ranges is a growing need for naval
security. Simulations of a laser radar at 1.5 μm aimed for search, detect, and recognition of small maritime targets
will be discussed. The data for the laser radar system will be based on present and realistic future technology.
The simulated data generate signal waveforms for every pixel in the sensor field-of-view. From these we can also
generate two-dimensional (2-D) and three-dimensional (3-D) range and intensity images. The simulations will
incorporate typical target movements at different sea states, vessel courses, effects of the atmospheric turbu-
lence and also include different beam jitter. The laser pulse energy, repetition rate as well as the receiver and
detector parameters have been the same during the simulations. We have also used a high resolution (sub
centimeter) laser radar based on time correlated single photon counting to acquire examples of range profiles
from different small model ships. The collected waveforms are compared with simulated wave forms based
on 3-D models of the ships. A discussion of the classification potential based on information in 1-D, 2-D,
and 3-D data separately and in combination is made versus different environmental conditions and system
parameters. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of
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1 Introduction
The interest in novel solutions for improved Maritime
Domain Awareness has seen an increase in recent years.1

Persistent detection, positioning, tracking, and possibly iden-
tification, of small surface targets, like small boats at sea and
in littoral waters, have become important capabilities for
countering illegal immigration, piracy, drug trafficking,
and asymmetric threats. Applications exist also in a number
of neighboring areas, such as search and rescue at sea and
detection of ice hazards.

Traditional systems (navigation radar and passive optical
systems) do not yield satisfactory performance for small
vessels under all weather and lighting conditions due to lim-
itations in sensitivity, clutter performance, and resolution.
Furthermore, wide area sensors such as radar have limited
capability to classify and identify targets, while many optical
sensors capable of identification and classification suffer
from severely limited capability to cover larger areas in
a limited time interval.

In order to attempt to overcome some limitations of cur-
rently available systems, Swedish Defense Research Agency
(FOI) has undertaken work to design and test a prototype
sensor system consisting of a radar sensor working in
cooperation with a laser system capable of making both
range profiling and range gated imaging.2 We can also incor-
porate passive electro-optical (EO) systems in the visual and
infrared wavelength regions for an increased support of
the detection, tracking and identification (ID) capability.

Identification of ships is usually done by passive imaging.
Krapels et al.3 describe the difficulty to identify small mari-
time vessels in the visible and mid IR bands. de Jong et al.4

investigated optical characteristics of small surface targets,
using a hyperspectral camera, a polarization-sensitive cam-
era and a camera with high resolution all working in the
visible band. The targets showed a positive and a negative
contrast element in contrary to the imagery from thermal
IR sensors, for which the contrast is almost always positive.
In a similar paper, Schwering et al.5 used a number of cameras
working both in the visible, near infrared (NIR), midwave
infrared (MWIR), and long-wave infrared (LWIR) bands.
At longer ranges and in coastal environments these target
signals may well be hidden within the background clutter.

Active imaging of maritime targets have been reported by
Bonnier et al.6 and David et al.7 using NIR wavelengths and
by our group at FOI8 using as well as IOSB in Germany9

both using 1.5-μm range gated systems. Recently, an analysis
of full three-dimensional (3-D) imaging (flash imaging) data
using a focal plane array enabling 3-D imaging in one laser
pulse has been reported by Armbruster and Hammer.10 The
basic advantage of using full range imagery is that object
recognition can be reliably automated, even for noncon-
trolled environments such as outdoor scenes with variable
background illumination.

However, long range ID or ID at closer range of very
small targets has its limitations for imaging due to the
demand on transverse sensor resolution. It is therefore
a motivation to look for one-dimensional (1-D) laser tech-
niques also for target ID. These include vibrometry11 and
laser range profiling including its extension to tomography.
Vibrometry can give good results, but is also sensitive to*Address all correspondence to: Ove Steinvall, E-mail: oveste@foi.se
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certain vibrating parts on the target being in the field-of-
view (FOV).

Laser range profiling is attractive because the maximum
range can be substantial, especially for a small beam width.
A range profiler can also be used in a scanning mode to
detect targets within a certain sector. The same laser can
also be used for active imaging when the target comes closer
and is angularly resolved. Laser range profiling has been
tested for both search and ID of small surface targets12,13

and also for aircraft ID.14 A recent article by Schoemaker
and Benoist15 discusses laser range profiling of small mari-
time targets in relation to a NATO trial in San Diego.

This paper will show simulation results for laser range
profiling and imaging of small boat models under different
environmental conditions and discuss the results from a sys-
tem perspective. Recently, we showed by simulations and
laboratory measurements that laser range profiling is a prom-
ising method of identification of small sea surface targets at
long ranges.16 The influence on the range profiles from target
tip due to waves from different aspect angles was investi-
gated. It was shown that the range profile is rather stable
if one compensates for the aspect angle. The profiling
capability may be combined with active imaging. Using
an eye safe wavelength of 1.5 μm is especially favorable

due to the low water backscatter at this wavelength. This
has been verified by our group in other experiments.8

We will start by a short description of the modeling efforts
including digital boat models. Then we will describe simu-
lation of two models, a fishing boat and a small row-
boat, concerning range profiling and also show laboratory
measurements of the real models of the boats. Then we
will extend the simulation to more boat types and different
environmental conditions, such as sea state, atmospheric
turbulence, and range [leading to different signal-to-noise
ratios (SNR)]. Analysis is concentrated on range profiles
but the 2-D intensity, and 3-D data are also exemplified
as are the preliminary investigation of data processing for
automatic target classification.

2 Modeling Efforts
The FOI has developed a model called FOI-LadarSim to sim-
ulate complex 3-D ladar systems.17 It is a model that com-
bines imaging of advanced scenario setups with atmospheric
turbulence modeling as well as allowing degrading sensor
effects to affect the resulting data. The FOI-LadarSim is
part of a larger effort in ladar modeling of both soft and
hard targets at FOI.18,19 We have used the FOI-LadarSim
model for investigating the laser range profiled for ships.

Fig. 1 One of the wave situations simulated in the paper, where the wind speed is set to 10 m∕s. (a) The
spectrum, where the angle axis is defined as 0 deg when wind blows from east/right. White values
correspond to high wave amplitudes. (b) Enlargement of the waves, while (c) is the same waves seen
from the top. (d) The definition of the wind direction compared to the camera direction.
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By altering the sensor characteristics, the atmosphere, the
target structure and its reflectivity distribution, and the aspect
angles including water wave influence, we will be able
to estimate the potential of laser range profiling ID for
a great number of targets types’ sensor characteristics and
environmental conditions. This type of modeling can then
guide the hardware development.

Focus for the model upgrades in this work was put on the
wave simulations and on the boat modeling. The wave sim-
ulations were implemented using SWAN (SWAN Cycle III
version 40.91A), which is a third-generation wave model,
developed at Delft University of Technology,20 that com-
putes random, short-crested wind-generated waves. Based
on environment settings such as wind speed and direction,
SWAN generates a frequency spectrum for a number of
directions. Using this spectrum, time resolved waves were
generated by summing up the waves for each frequency
and each direction. Figure 1 shows an example of spectrum
and corresponding wave situation for a wind speed of
10 m∕s. Three situations were prepared to be used in the
boat simulations. All settings but the windspeed were con-
stant for these three cases, and we assumed 10-m deep water,
stationary waves, frequency vector defined with 36 steps
between 0.1 and 2 Hz, and directional resolution of
10 deg. The direction of the wind was set to 300 deg,
using the definition of 0 deg for the camera direction, as
can be seen in Fig. 1. The only varied parameter was the
wind speed, which was set to 2, 5, and 10 m∕s, respectively.
The results of the wave simulations were obtained for waves

Fig. 2 Toy model of a 43-cm long and 13-cm wide fishing boat. (a) A
photo, and (b) a simplified three-dimensional (3-D) model (without
sails and connecting ropes) used for simulating the waveform return
from a laser profiling system. The model did not take into account any
differences in reflectivity from the various parts of the boat.

Fig. 3 Examples of waveforms for the modeled fishing boat illustrated in Fig. 1. The middle figure is an
intensity map of the waveform amplitude with an range in the x axis and the aspect angle θ from 0 to
180 deg in steps of 2 deg where 0 deg if for an approaching frontal course. Around are examples of
waveforms for θ ¼ 0, 90, and 180 deg. Below right are all the 90 waveforms from 0 to 180 deg. The
assumed ladar system had a pulse width of 9 ns corresponding to a resolution of about 1.4 m and
the length of the boat was set arbitrarily to 15 m. This pulse length does not resolve the structures
in the side view at 90 deg.
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over an area of 400 × 400 m2, sampled spatially with a 1-m
resolution and a time resolution of 1 Hz for duration of 3 s.
The reflection model of the sea surface follows that of Tratt
et al.21 The sensor height was assumed to be 15 m above sea
level, which corresponds to a maximum viewing range to
the surface of 14 km. Since the ranges studied were shorter
(3 to 8 km) we omitted the effect of the earth’s curvature.
The turbulence was assumed to be constant with height. The
simulations did not account for diedron or tredron effects
from the superstructures.

3 Simulation of Range Profiles—Some Basic
Investigations

Figure 2 shows a toy model and a corresponding simplified
3-D model of a fishing boat used for simulation and
measurements.

Figure 3 shows examples of a waveforms generated by a
typical ordinary range finder with a pulse length full wave
half maximum (FWHM ¼ 9 ns) looking at the model of
the fishing boat with an assumed length of 15 m. The
range was assumed to be 2 km to ensure high SNR and
the beam cross section was assumed to be Gaussian with
a half width of 10 mrad. The receiver FOV matched the
beam and the transverse resolution on the receiver waveform

calculations was set to be 32 × 32 “angular pixels”within the
FOV. In Fig. 2, examples of waveforms for θ ¼ 0, 90, and
180 deg are shown together with a range signature chart with
a color intensity image of all waveforms from 0 (straight
ahead) to 180 deg (from behind) in steps of 2 deg. The
assumed ladar system had a pulse width of 9 ns which cor-
responds to a resolution of about 1.4 m and the length of
the boat was set arbitrarily to 15 m. This pulse length
does not resolve the structures in the 90 deg.

To study the full potential of high resolution imaging, we
changed the laser pulse width and associated detector band-
width to 3 ns and scaled up the boat length to 24 m, which in
total corresponds to an increase in range resolution by a fac-
tor of 5. The result is shown in Fig. 4 and reveals many more
details and structure in the waveforms as expected. The side
view will, in this case, easily show the small range changes
due to reflection from the hull and the cabin and from other
structures on the ship.

The slope of the boat itself is less than the wave slope due
to the length of the ship covering a good part of the wave-
length and due to the inertia of the ship. To get an idea on
how much the laser range profile changes, we let the fishing
boat tip �10 deg. Figure 5 illustrates the result. The change
can be rather large as some of the structure will have a differ-
ent visibility for the different slopes.

Fig. 4 The same as Fig. 3 but with an increased resolution by a factor of 5 (pulse length 3 ns and 24-m
boat length). The signature will in this case contain many more details as expected.
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The combined effect of course and slope on the laser
range profile is illustrated in Fig. 6. If we limit ourselves
to an approaching fishing boat with a course θ ¼ 0 deg
denoting straight toward the observer we can see that up
to rather high deviating courses (60 deg chosen as maximum
here in this example) the main features of the range profiles
are conserved although the range between the features are
“compressed” by cosðθÞ. This is clearly illustrated in the
lower part of Fig. 6 where we have corrected the 0 course
range profile with the cosðθÞ factor and compared with
the corresponding profiles for the course θ.

Figure 7 shows the high correlation between the profiles
from different courses and different tip angles. In the right
part, we have plotted the positions of the four highest
peaks in the profile for different tip angles and courses
[including the cosðθÞ correction factor]. Knowing the course
(from radar or tracking EO sensors) the recognition of the
ship from the range profile seems attractive. It might even
be that the reverse is possible, i.e., if the profile or ship
type is known beforehand the course might be rapidly esti-
mated within the uncertainty of the “sign,” �θ.

4 Measurements on Model Targets
In order to further study the potential of laser range profiling,
we have conducted some laboratory experiments using sin-
gle photon time correlated single photon counting (TCSPC),

which enables very high range resolution on the order or
millimeter to centimeter. An overview of the TCSPC
work at FOI was recently presented at SPIE.22 This allowed
us to use small toy models of ships to study range profiling
and convert the results to real targets and systems by scaling
about a factor of 10 to 100 in size. Our laboratory TCSPC
ladar system had a time response of 54 ps corresponding to
a range resolution of 0.8 cm. Realistic range resolution from
conventional high resolution direct detection range finders of
laser radars is in the region 0.2 to 1 m, which correspond to
scale factors between 25 and 125. Figure 8 shows examples
from the measurements using the 43-cm long fishing boat as
a target. Left is an example of the observed waveform look-
ing straight at the fore of the boat, middle and range profile
for 341 deg in steps of 1 deg. Right is a tomographic image
obtained by using the Radon transform to reconstruct the
plane shape of the boat.23 The measurement range in the
laboratory was about 40 m and the beam covered the whole
FOV of the receiver, which was 10.2 mrad (1∕e2) corre-
sponding of 40 cm at the target.

Figures 9 and 10 show examples of range profiles from
a model row-boat (30 cm in length) with and without people
onboard. In Fig. 11, we have tested a tip of 6 deg along the
long side and registered the intensity signatures. As can be
seen from these data as well as the modeling experiments in
the previous section, the main features remain after tipping
the boat at the moderate angles to be expected at sea.

Fig. 5 Illustration of the change in range profile in the front perspective when the boat is tipped�10 deg.
The change can be rather large as some of the structure will have a different visibility for the different
slopes.
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One problem in comparing measurements with models is
the lack of information about the angular reflectivity of all
structures and parts of the ship. In our models, we have sim-
ply assumed an equal diffuse reflectivity for the whole ship,
which makes a detailed comparison with measurements dif-
ficult. On the other hand in a real situation where the avail-
able information about a ship may be deduced from photos
only and the reflectivity information at the laser wavelength
is very hard to know in advance so the comparison of models
and measurements become motivated from several aspects.
Parallel to building a library from geometry, the library may
also contain real measurements from targets of opportunity
from a few aspect angles only. A model effort to use geom-
etry plus existing range profiles and deduce profiles in other
directions is also motivated.

Figure 12 shows an example of comparisons between
modeled and measured waveforms from the fishing boat
at 0 (approaching) and 90 deg course and with tip angle
0 deg. As seen the correspondence is rather good, at least
for the positing of the main peaks.

5 Extended Simulations
After the preliminary investigations described above, we
extended the model boat library by 15 different digital boat
models acquired from a public site on the Internet.24 Some of
them needed some corrections using scaling, translation and
rotation. All surfaces on all boats were modeled using the
same material description with a diffuse as well as a specular
component. A generalized form of the BRDF is written

Fig. 6 The top row shows the range profiles for the fishing boat observed at different courses and
tip angles. The bottom row is a comparison of different profiles at courses θ ¼ 30, 45, and 60 deg with
the cosðθÞ compensated range profile at θ ¼ 0.

Fig. 7 (a) Correlation for the range profiles at different tip angles and for different courses. The corre-
lations are high especially at oblique courses. (b) The positions of the 4 highest peaks in the profile for
different tip angles and courses [including the cosðθÞ correction factor].
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BRDFtot¼ BRDFdiffþBRDFspec

¼ A cos ðθÞm þ ½B∕ cos ðθÞ6� × exp

�
−
tan ðθÞ2

s2

�
: (1)

In the simulation, we used A ¼ 1 m, B ¼ 0.2 m, and
s ¼ 0.1. Figure 13 shows thumbnails of the boats and
Table 1 lists the boat names and their characteristic
dimensions.

6 Parameters Used in the Main Simulation
The simulation derives 1-D, 2-D, and 3-D information from
the target illuminated with a short pulse eye safe laser at

1.5 μm. The 1-D refers to the range profile, 2-D to the inten-
sity image summed over the whole time gate placed around
the target, with a total gate time of 200 ns, corresponding to
30 m. The 3-D data set refers to the 3-D target data as
detected by a pixel array. For each pixel, peak detection
was performed to detect the position and the intensity of
highest peak. Environmental parameters were limited to var-
iations of the wave height given by the wind and different
atmospheric turbulence values. Other laser system parameter
variations like pulse energy and receiver size are affecting
the SNR and are easily simulated by changing the SNR of
a given scene simulation.

Fig. 8 Tomographic image of boat.

Fig. 9 Example of measured waveforms from a small row-boat and the intensity signature of 341
waveforms.

Fig. 10 Example of waveforms with two persons in the boat. Right the tomographic image based on the
data in the middle.
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Fig. 11 Tipping the row boat �6 deg and the associated range profiles for 341 angles.

Fig. 12 Comparison between measured and modeled range profiles of the fishing boat. (a) Boat with
course 0 deg, 0 tip angle. (b) Side view at 90 deg.

Fig. 13 The digital boat models used in this study. They are all downloaded from a public website, http://
www.3dcadbrowser.com/download.aspx?3dmodel=7024.
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In the simulation, we assume a laser with a 3-ns pulse
length (FWHM), a pulse energy of 50 mJ, a beam divergence
(at e−2 intensity) of 10 mrad and a repetition rate of 10 Hz.
The assumed laser wavelength was 1.5 μm. The visibility
was set to 20 km, which implied an atmospheric attenuation
factor of 0.051∕km at the laser wavelength. The detector was
assumed to have 128 × 128 pixels with 20-μm pixel size and
a noise equivalent power (NEPÞ ¼ 3 nW per pixel. The pixel
IFOV ¼ 20 μrad. This implies 1 total FOV ¼ 120 × 0.02 ¼
2.4 mrad. The detector bandwidth was assumed to be
300 MHz. Summing up the signals from all pixels enables
us to simulate a range profiling system with one detector
instead of the array. For this case, a bandwidth of
300 MHz is state of the art.

The atmospheric turbulencewas varied assuming a homog-
enous turbulence constant Cn

2 from 10−15 to 5×10−13m−2∕3.
Three wave height conditions were simulated corresponding
to wind velocities between 2, 5, and 10 m∕s. The wind direc-
tion was assumed according to Fig. 1.

7 Analysis of the Range Profiles

7.1 Range Profiles at 0 deg Course (Direct
Approach)

We started by keeping the turbulence and the water height at
low values. Figure 14 shows example of simulation output
from a fishing boat (no. 5 in Table 1) illuminated at 8 and
5 km, respectively. The output in this case shows the inten-
sity image as detected without and with detector noise,
respectively. The corresponding range profiles (waveforms)
are shown beneath each image. The sampling unit in time is

Table 1 The name of the boats and their characteristic dimensions.

Boat name
Boat

number

Dimension meters

L W H

6 7 7_Fishing_Boat_Wahoo 1 9,21 2,21 2,72

982_Shrimp_Boat 2 16,77 6,06 9,67

3201_U_S_Navy_Swift_
Patrol_Boat

3 15,91 4,27 5,36

6996_Boat_Fishing 4 6,13 2,40 2,69

47299_Fishing_Boat 5 15,23 3,80 9,3

53338_Sydney_Tug_Boat 6 15,62 5,31 8,45

2056_Sailboat 7 8,13 2,89 9,75

3332_LSSC 8 8,67 3,43 3,82

5086_Boat 9 6,55 1,88 2,42

11851_Sailboat 10 17,91 4,72 20,57

45476_Sailboat_Yacht 11 7,51 2,69 9,34

47118_Lancha 12 6,26 2,51 0,97

5756l_Lancha_Pesca_Deportiva 13 7,26 1,74 225

7024_Rigid_Inflatable_Boat_RIB 14 4,37 1,49 0,76

47148_Speed_Boat 15 3,47 1,49 0,5906

Fig. 14 (a) The two intensity images of a fishing boat (no. 5 in Table 1) as observed at 8 km. Below the
corresponding range waveform sampled at 1 ns∕unit of the return energy (in joules). (b) The correspond-
ing at 5-km range.
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1 ns corresponding to a range step of 15 cm. We assume all
boats to have a course directly toward the sensor.

As a measure of the separation capability of the different
waveforms from 15 different boats, we calculated the corre-
lation matrix (Fig. 15) for the correlation between the noise
free waveforms from 8-km range. We can see the correlation
coefficient is rather high (indicating low separation) between
the boat numbers 10 and 15, which correspond to rather small
boats (cf. Fig. 1) with often unresolved longitudinal features.
The same holds for boat numbers 7 to 9. The separation is
better between boats 1 and 5, which are larger and thus show
more resolved features in the length direction. Figure 16
shows the correlation matrix between waveforms including
noise, observed at 8, 5, and 3 km. For shorter ranges the SNR
is increasing (from a relative low value at 8 km), which is
favoring the separation between the different waveforms.

We also performed peak detection to correlate with
the geometry of the boats. The peaks were assumed to

Fig. 15 The correlation matrix between boat profiles with no detector
noise. The separation capability between the larger boat (no. 1 to 5) is
better than for the smaller boats (especially boats 10 to 15). The value
of the correlation coefficient is color coded as shown by the color
bar (0 to 1).

Fig. 16 The correlation matrix between boat profiles with no detector noise and those from the simulated
sensor including noise. The separation capability is increasing with increasing signal-to-noise ratio
(shorter ranges).

Fig. 17 (a) A comparison between the peaks “extracted by hand” from the CAD models and those
obtained from the simulated waveforms. Target range 3 km and low turbulence (Cn

2 ¼ 10−15 m−2∕3).
The peaks originate from the major peaks from all the 15 boats at a range of 3 km. (b) A regression
line between the simulated data and that derived from the CADmodel directly. The correlation coefficient
was 0.96.
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approximately correspond to the central portion of features,
such as the wind shield, cabin, or mast and were extracted
“by hand” from the computer aided design (CAD) models.
The peak detection data were obtained with a simple peak
finding algorithm. For the noisy data (at 8-km range), we
filtered the waveform with a 10 point moving average.
Figure 17 shows a comparison of the main peaks detected
from the simulated waveforms and the peak positions
derived directly from the CADmodels. The correspondence
is good with a correlation coefficient of 0.96. The data used
in Fig. 17 were obtained from the 3-km target range. For an
8-km range for which the SNR was rather small, the cor-
responding peaks did not always match those derived
directly from the CAD models.

In several cases, the peaks were missing in the data
derived from the waveforms when compared with the
peaks from the model. This may have several reasons,
one is that the feature in the CAD model may have a
low geometric cross section or has a slope, which leads
to pulse starching. Another reason is erroneous detection
due to noise, which is present especially for the 8-km
data. Figure 18 compares the detected peaks for each
boat derived directly from the CAD models as well as
from simulated waveforms for the boats at 3- and 8-km
range. For shorter distances, the correspondence of rather
good but peaks at larger depth could be missed due to
low SNR and that the features associated with the peaks
are occluded.

7.2 Influence of Beam Jitter on Range Profiles

Beam jitter is a reality for ladar systems. The aim point of
the beam may stochastically vary from pulse to pulse due to
system or turbulence induced jitter. Figure 19 illustrated
three snapshots for a beam jitter with a rms jitter equal to
1∕3 of the sensor FOV, as seen from this figure, and also
illustrated in the following. In Fig. 20 the peak position is
maintained but the relative amplitude among the peaks are
changed.

We conclude that beam jitter will not change the peak
positions but may alter the relative amplitude distribution
of the peaks.

7.3 Influence of Waves on Range Profiles

We have investigated the boats moving in different sea
states. We limited ourselves to wind velocities of 2, 5,
and 10 m∕s. We omitted higher sea states because these
will generate foam and will wet the boat surfaces, some-
thing we are not simulating at the moment. Wet surfaces,

Fig. 18 Detected peaks for each boat derived directly from the CAD
models as well as from simulated waveforms for the boats at 3 and
8 km range.

Fig. 19 Illustration of the effect of large beam jitter with an rms value equal to 1/3 of the field-of-view
(FOV). The peak positions remain unchanged but not the mutual peak amplitudes.
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however, are of high importance since the water reflectivity
is low at 1.5-μm wavelength. The water reflection from the
sea was so low that, in practice, we could omit water back-
scatter when analyzing the waveforms. For a wind velocity
of 5 m∕s the wave height may reach 0.7 to 0.8 m and for
10 m∕s the wave height may reach 2 m assuming a
long fetch.

Figures 21 and 22 illustrate the boat movement and
waveforms for a wind velocity of 5 and 10 m∕s, respectively.
Figure 21 shows a series of sampled waveforms for
a wavy sea surface assuming a wind velocity of 10 m∕s.
The boat movement affects the waveform shapes so the mag-
nitude of the peaks is changed as well as the generation of
new peaks which come and go with the movement. The time
difference between the sampled waveforms is 1 s. Figure 22
shows two time sequences for wind velocities at 5 and
10 m∕s during of 2.5 and 3 s, which correspond to 25
and 30 pulses respectively for the 10-Hz laser. The left dia-
grams show the color coded waveform intensity versus time
(pulse no.) and the middle pictures illustrate the different
waveforms. To the right the correlation matrices between
the waveforms are shown. Note the different color scales
indicating that the 5-m∕s case only leads to a decorrelation

down to 0.98 while the corresponding decorrelation for the
10-m∕s case has values down to 0.6. The correlation matrix
has a lot of information about the specific movement of the
boat in the sea which might help the classification.

7.4 Influence of Turbulence on the Range Profiles

The turbulence introduces blur and beam scintillation that is
a stochastic re-distribution of the intensity within the beam.
It will also introduce a small beam wander. Figure 23 shows
examples of waveforms for increasing turbulence for a boat
at 8-km range. Note the increasing blur in the intensity image
and the change in relative amplitude among the peaks. The
peak position is fairly stable. By investigating several boats
we typically find, after using a peak finding algorithm and
some smoothing, that the error in the peak positions typically
was <2 samples or 0.3 m.

In the example, from Fig. 23, we find that the correlation
coefficients between the optical waveform without turbu-
lence and noise and the waveforms in turbulence were
0.95, 0.92, 0.82, and 0.78, respectively. The correlation is
slowly degrading with turbulence as should be expected.
For the same boat at 5 km the corresponding correlation

Fig. 20 A series of waveforms for different beam jitter. (a) The rms jitter is assumed to be ¼1∕10 of the
FOV or 0.256 mrad. (b) The corresponding with a beam jitter ¼ 1∕3 FOV ¼ 0.85 mrad. Above the shape
of waveforms and below the corresponding correlation matrix between the different waveforms. Note the
color bar span from 0.8 to 1 for the correlation coefficient.
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Fig. 21 Examples of different waveforms and boat aspects during a sea state corresponding to a wind
velocity of 10 m∕s. The time difference between the sampled waveforms is 1 s. Boat no. 2 at a range of
3 km.

Fig. 22 (a) The time history of the intensity of the waveforms in different sea states. The laser pulse
repetition was 10 Hz. (b) The variation of waveform shape is shown and (c) the correlation matrices
between the waveforms for the different wind cases. Note the different span of correlation coefficient
values which for the 5-m∕s wind was 0.98 to 1 (top row) and for the 10-m∕s case, 0.6 to 1 (bottom
row). The pattern of the color-coded correlation matrix might reveal how the boat is behaving at sea
which can support the classification process.
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values were 0.9970, 0.9985, 0.9756, and 0.9249, respec-
tively and for 3 km 1, 0.9997, 0.9903, and 0.9784. The tur-
bulence has thus a minor influence on the waveform shape
especially at higher SNR occurring at closer ranges.

8 2-D and 3-D Data Extraction
By taking all pixels into account from the assumed detector
array, we can form 2-D images of boats (cf. Fig. 23 for
example). The detected points on the target will also allow
estimation of the boats’ transverse dimensions. This can be
done by a rectangle estimator developed by Grönwall et al.25

and is done and discussed in Ref. 26. The estimate of the
width and height were quite sensitive to the range, which
is probably connected to a higher SNR and more number
of pixels at the shorter ranges. The accuracy of the width
and height were typically on the order of 1 to 2 m, which
at least enables separation of different classes of boats.

Figure 24 illustrates the number of detected points for
boat no. 9 as a function of range. As the pixel IFOV ¼
20 μrad, we should estimate the theoretically maximum
number of 3-D point∕m2 cross-section area as 39, 100,
and 277 for 8, 5, and 3 km, respectively. In reality, the num-
ber is smaller, especially for low SNR occurring at oblique
incidence for the beam against a target surface.

A simplified 3-D target recognition technique based on
rectangle estimation has been developed at FOI.25 It was
developed for ground vehicle recognition but has been
used for land mine recognition as well. It involves estimat-
ing the size and orientation of a segmented object through
simple geometrical assumptions and partitioning of the
object into geometrical primitives (rectangles). The size
and orientation estimates are then used to initialize a
least-squares fitting procedure with a CAD model. While
target/back-ground segmentation directly in noisy 3-D
data from cluttered scenes is quite error-prone, we should

Fig. 23 Examples of waveforms for increasing turbulence for boat no. 2 at 8-km range. Note the increas-
ing blur in the intensity images and relative change in the peak amplitudes. The peak positions are
relatively constant. The turbulence levels were from left to right Cn

2 ¼ 10−15, 10−14, 10−13, and
5 × 10−13 m−2∕3, respectively.

Fig. 24 Example of detected 3-D point clouds for boat no. 9 approaching toward the sensor at different
ranges.
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use the fact that there are other sensor modalities (1-D and
2-D) that can be used to detect possible targets, i.e., provide
the first steps of target/background segmentation. After
target/background segmentation, the target dimensions
are estimated by fitting a rectangle to the object data. The
dimension estimates are used to select library models of
corresponding dimensions. This means that only library
models of relevant size are selected for CAD model match-
ing, and this reduces the number of matches that need to be
performed. Finally, the object data are fitted to the CAD
model by iterative least-squares fitting. Examples of match-
ing results are shown in Fig. 25.

9 Discussion and Concluding Remarks
In this article, we have simulated laser profiling and imaging
of small surface vessels between 3- and 8-km range. The
results clearly indicate the potential of using a laser to detect
and classify these types of targets. This simulation has been
made within a project at FOI,2 which also will involve radar
and passive IR/TV for having a robust solution to detect,
classify, identify and track small boats at sea. The radar mod-
ule is responsible for detection and positioning of target
candidates and periodically estimates about directions and
distances to the target candidates available on the computer
network, thus cueing the other sensor modules. The EO sen-
sor can in turn provide high-resolution profiles and images of
the target candidates, making classification and/or identifica-
tion of potential targets possible.

The profiling is assumed to be most important at long
ranges where the target transverse resolution is limited.
For the assumed laser and receiver parameters the range pro-
files from 8 km were rather noisy especially for the smallest
vessels. Pulse integration during 1 to 3 s will improve the
SNR and more accurate profiling data can be obtained.
The correlation matrix was used as an indicator for the sepa-
rability between the 15 boats. It showed that the separability
was rather good for the 3- and 5-km range and more limited
at 8-km range. The data at 8 and 5 km may be comparable if
we increase the SNR at 8 km with a factor ð8∕5Þ4 or roughly
7. This would for example need a pulse integration of 49
pulses or to use a smaller beam and/or a larger telescope
area. The beam divergence could be reduced to 3 mrad
instead of 10 mrad, which would increase the SNO by more
than a factor 9. The correspondence between detected
peaks from the simulated waveforms and the peak locations
derive from the CAD model showed a very good correlation
(0.96) for the 3-km data and all boats. For the 8-km data,
the main peak locations were also in good correspondence
with the “true” values from the CAD models except for
3 cases where the peaks at larger depth were missed due

to low SNR and occlusion. We can also conclude that it
would be valuable if the range resolution could be improved,
for example using the TCSPC techniques.27 The simple peak
finding algorithm will also give larger range errors compared
to other techniques such as constant fraction detection,
Gauss fitting, correlation and others.26

In the examples above the course of the boat was 0 deg or
straight toward the sensor. The profile recognition capability
was for our sensor parameters realistic up to incidence angles
of about 60 deg relative to the boat length axis. For larger
angles, a high range resolution is needed and the range
features are also more limited as compared with smaller
incidence angles.

The influence of beam jitter in the range waveforms was
studied, and we conclude that a moderate beam jitter up to
0.25 mrad had a minor influence, while a large jitter
0.75 mrad (7.4% of the beam 1∕e2 divergence) decorrelated
some pulses down to a value of 0.6 for the correlation coef-
ficient. However, summing up several consecutive pulses
will create a pulse which has a high correlation with the
“library” waveform.

Waves corresponding to wind velocities up to 10 m∕s
and generated by a long fetch also led to moderate decorre-
lation. Higher sea states remain to be treated including
adding the effect of foam and wet boats. The correlation
matrix for consecutive range waveforms will reflect how
the boat moves at the specific sea state at least for the
tip–tilt behavior.

Atmospheric turbulence had a minor effect on the peak
localizations in the range waveform as expected. However,
the transverse resolution is reduced making the intensity
image blurry.

The estimate of the width and height were quite sensitive
to the range, which is probably connected to a higher SNR
and larger number of pixels at the shorter ranges. The accu-
racy of the width and height were typically of the order of 1
to 2 m, which at least enables classification to different
classes of boats.

For the 3-D matching,26 we obtained good matching
scores for the correct target-model match together with some
false/confusing matches. The correct target-model match
was within the top four for the three explored data sets.
The confusing matches were made with models of similar
dimensions and shape (w/o mast, high/low rail). For two tar-
gets data were only collected from the fore parts. For this
type of matching, it is preferred to have target data that
cover, although maybe sparsely, the complete target hull.
When data is collected from only parts of the hull there is
an increased the risk for mismatches with models that con-
tain similar parts although the overall shape of the model is

Fig. 25 CAD matching with correct model for (a) boat 2, (b) 9, and (c) 14, target range 3 km. Number of
target samples: 3402, 803, and 199, respectively.
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quite different. In spite of the poor data collection, for the
two small targets we achieved correct target-model match
that was within the top four.

Finally, from a system perspective all relevant information
from the different sensors should be taken into account in the
detection, classification and identification process. Radar
and thermal IR may be natural for target detection due to
their larger search capability. They can generate range and
speed as well as courses for the vessels of interest. The
radar and IR detections including their signatures are valu-
able data, which can support the laser system both in aiming
and tracking as well as in the classification/ID process. The
course for example will enable matching to the relevant
range profile and width/height data. The speed is also of
interest especially for the classification of small boats.

Analysis on laser data can incorporate 1-D, 2-D, and 3D
data as discussed in Ref. 28. The combination of analysis of
the 1-D, 2-D, and 3-D data need to be further studied in a
data fusion context. For classification, there are a number
of potential processing techniques which might be evaluated
e.g., voting, multivariate statistics, principal component
analysis, correlation analysis, and supervised/unsupervised
leaning.
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