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Abstract. In this paper we present a novel approach to reduce the com-
putational load of a CFAR detector. The proposed approach is based on
the use of integral images to directly manage the presence of masked pix-
els or invalid data and reduce the computational time. The approach goes
through the challenging problem of ship detection from remote sensed
data. The capability of fast image processing allows to monitor the ma-
rine traffic and identify possible threats. The approach allows to signifi-
cantly boost the performance up to 50x working with very high resolution
image and large kernels.

Keywords: Remote Sensing, CFAR, VHR imagery, SAR, ship detec-
tion, integral image.

1 Introduction

Nowadays near real time imagery services has become a useful reality in disaster
and crisis-management. For example, it played a key role in the management of
the Haiti earthquake in 2010. In that case and during critical events in general,
the analysis of remote sensed images provides useful information to the crisis
management cycle in all its phases: from assisting urban risk reduction mea-
sures to smart identification of damages after a calamity, planning recovery and
reconstruction activities. The main problem is the time required to process each
image. The availability of very high resolution images imposes new constraints
and challenges for processing algorithms.

In this paper we focus on the problem of object extraction from high resolu-
tion remote sensed data (optical and SAR images). The main innovation is the
capability of fast statistics computation for ship extraction also in presence of
masked areas. The well-known approach of Integral Image, as proposed by Viola
and Jones [16], is used to solve the problem of rapid object detection.
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The aim of the paper is to show how is possible to speed-up the processing,
especially working with large kernels, and keep on using common algorithms as
the CFAR. We introduce a novel application of Integral Image to fast extract
objects as boat/ship. The boat/ship detection in remote sensing is a challenging
point to solve many problems as (marine) border surveillance and marine traffic
monitoring. An interesting review can be found here [17] where some important
application fields and their main requirements for a vessel detection system are
summarized. DECLIMS (Detection, Classification and Identification of Marine
Traffic from Space) [1] was an interesting EU project with the overall objective
”to provide a focus for research into the use of satellite imagery for maritime
vessel detection, classification and identification”. Dealing with ship detection,
the main problem is the required time to process an image. The availability of
very high resolution imagery allows to detect small ships and reduce the false
positive rate occurring with long ships. Many approaches have been proposed
for both optical and SAR data-set. Optical images have advantages over SAR
data: high spatial resolution (it is possible to obtain images with a pixel size of
0.5m) and availability of a multi-spectral platform. On the contrary their main
drawback (advantage of SAR) is that they are not available during bad weather
conditions (clouds, night).

Dealing with optical images, many approaches are based on image segmen-
tation [4,18], especially by automatic thresholding (e.g. histogram-based, local,
spatial)[5]. The segmentation is necessary to separate possible candidates as
ships, clouds, islands, waves and marine platforms. The following processing
phases, with the aim of identifying ships, are mainly based on shape and texture
analysis [9]. About SAR images and their state of art a good review can be found
in [6]. The problem of SAR images is the presence of speckle noise, boosting the
probability of false positives. The noise in SAR images must be reduced to in-
crease the accuracy of detection. Many filters based on minimum mean square
error (MMSE) theory has been proposed as Lee/, Enhanced Lee [12,13], Kuan
[11], Frost/Enhanced Frost [8]. An evolved method to isolate possible candi-
dates is represented by the Constant False Alarm Rate (CFAR) methodology.
The CFAR has been widely used in the context of ship detection [10,3]. In partic-
ular, an open-source software for SAR processing, the Next ESA SAR Toolbox
(NEST), has been developed for reading, post-processing, analysing and visual-
ising the large data archive. NEST supports handling of products from third
party missions including JERS-1, ALOS PALSAR, TerraSAR-X, Radarsat-2
and Cosmo-Skymed [7,2]. NEST has a dedicate object extraction module to
detect ship from SAR images. The main limit of this module, based on CFAR,
is the long time required to process an image in the case of high resolution and
medium-size ships (< 250m). In this paper we present an approach to boost the
performance of a CFAR detector. The approach is based on integral images [14],
and so taking into account also the presence of not valid data and/or masked
data. Not valid data and/or masked data represent pixels that should be over-
looked by the CFAR. The approach here proposed is partially independent by
the clutter probability density function which can be Gaussian or K-Gamma [15].
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The advantages of the proposed algorithm are particularly evident when large
windows (> 100 pixels) have to be considered to detect objects.

The paper is organized as follows. In Section 2 the new approach and the
processing methodology is presented. In Section 3 experimental results of ship ex-
traction from optical and SAR images are discussed. Section 4 outlines
conclusions and future works.

2 Methodology

In this section the ship detection methodology is discussed: working with remote
sensed data it is shown how is possible to boost the performance of CFAR
approach. To simplify matters, it is assumed that the sea clutter is described by
a Gaussian probability density function.

2.1 Proposed Approach

The adaptive thresholding, as depicted in Fig. 1, considers three different areas:

– Target area;
– Guard area;
– Background area.

Fig. 1. Example of a window in adaptive thresholding

The basic idea is to search pixels unusually bright when compared to the
surrounding pixels. Let xt be the pixel under test and T be a given threshold,
then the detection criterion can be expressed as:

xt > T ⇔ xt is a target (1)
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When the target window contains more than one pixel, the operator uses the
following detection criterion:

μt > T ⇔ xt is a target (2)

where μt is the mean value of pixels in the target window. The size of the target
window should be set to the minimum ship size to detect. In the Gaussian case
the Eq. 2 is modified in the following way:

μt > μb + σb · t (3)

where μb and σb are respectively the mean value and the standard deviation
of pixels in the background window. The t value is chosen according to the
desired Probability of False Alarm (PFA). The guard window is necessary to
mask the target by the rest of noisy pixels. For this reason the size of this
window should be set to the size of the largest target to detect. The size of the
background window should be large enough to ensure an accurate calculation of
the background statistics (in this case Gaussian). It is also necessary to consider
that it is necessary to mask the presence of land and/or islands in order to avoid
false positives and detect ships (Fig. 2).

Fig. 2. Image with no data (ND) value for various pixels to mask the land

The ND value must be taken into account during the calculation of the statis-
tics to avoid invalid results. If the image has a pixel size of 5m x 5m and the
largest object has a size of 250m, the size of the guard window must be large
(e.g., kernel size 51x51). Moreover the size of background windows should con-
sider an area of 600m x 600m that corresponds to a kernel of 121 x 121. In this
case it is obvious that very high resolution images require large kernels to detect
ships. Large kernels cause long processing time if the kernels are not separable.
The detection of a ship requires to evaluate the terms in the Eq. 3. For this
reason it is necessary to calculate efficiently the terms μt, μb and σb.

A first way to compute μt and μb is by means of classical separable kernels
to calculate the average value on a given size window. The kernel (N x N) is
structured as follows:
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From Eq. 4 it is possible to observe that the complexity to calculate the
average of a set of pixels around a given pixel, considering a kernel size of N
x N, is O(N) instead of O(N2) if the separable kernel solution is adopted. To
obtain the value of μb it is necessary to calculate μt and μg where μg represents
the mean value of pixels in the guard window. The kernel size for target, guard
and background are t · t, g · g and b · b. There are two options to calculate μb.
The first one is to consider a not-separable kernel. This choice is not the best
one due to the size of background windows that is usually large considering that
t < g < b. The second option is to calculate μb in the following way:

μ̃b =
b · μb − g · μg

b− g
(5)

where μb is calculated using a separable kernel and μ̃b is the final value not
considering the guard window. About the standard deviation:
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where x2
b represents the squared value of pixels in the background window, μ̃b

is derived from Eq. 6, μ̄b and μ̄g are the mean value of ”squared value” pix-
els, respectively of background and guard window, using separable kernels. For
example to calculate the μ̃g it is necessary to:

– Calculate μg;
– Calculate μb;
– Apply the Eq. 5.

The critical point is that if b is high then two runs of separable kernels are
necessary: this aspect is critical especially for large kernels. An interesting time
saving alternative is to use the concept of Integral Image also known as Summed
Area Table (SAT). The integral image (see Eq. 7) can be used to efficiently
generate the sum of values in a rectangular region of interest of a given image.

I (x, y) =
x∑

i=0

y∑
j=0

img (i, j) (7)

However the integral image can be easily computed in a single pass (Eq. 7):

I (x, y) = img (x, y) + I (x− 1, y) + I (x, y − 1) + I (x− 1, y − 1) (8)
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The great advantage of using an integral image is the capability to calculate
the sum of all pixel values in a given rectangular Region Of Interest (ROI) using
the following expression:

Simg (x̂, ŷ) =
∑

Ax≤x̂≤Cx

∑
Ay≤ŷ≤Cy

img (x̂, ŷ) = I (C) + I (A)− I (B)− I (D) (9)

where A, B, C and D represent the four points delimitating the ROI. The
calculation of μg and μb using the Eq. 9 is trivial. Eighth basic operations allows
to calculate the mean value of pixels in a given ROI. The great advantage of
the integral image in this context is the capability to model also the presence
of no-data, mainly caused by the necessity to mask the land. No-data pixels
can also represent invalid data from the instrument installed on-board of the
satellite. The no-data pixels can significantly influence the statistics and then
the detection and so, to be rigorous, they have to be considered when statistics
are calculated. We take into account this aspect by calculating a new integral
image on the mask image. The mask image M has the same size of the original
image with 0 for data to be considered and 1 for no-data (invalid data or masked
by the presence of land). The Eq. 5 is modified in the following way:

μ̃b =
(b−ndb)·µb−(g−ndg)·µg

b−g−ndb
with ndb = SM (x̂, ŷ)
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(
x̂− b

2 , ŷ − b
2

)
B =

(
x+ b

2 , ŷ − b
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where ndb is the number of no-data pixels inside the given region of size b · b;
this value is derived from the integral image on the image M representing the
mask for land and invalid instrument data. ndg represents the number of no-data
pixels inside the given region of size g · g.

Using Eq. 10 it is possible to calculate the correct value of μ̃b taking into
account also the no-data value. In the same way the Eq. 6 can be modified to
take into account the no-data pixels. The separable kernel is not able to manage
this situation and a not separable kernel should be used. The main problem
is the complexity roughly estimable as O(N2) with N = b. If N is large the
required time can be considerable. Using the proposed approach the complexity
is O(N) with a significant saving in terms of time. The approach here proposed
is suitable for a Gaussian PDF but the methodology based on integral images
can be easily extended also for other PDFs as K or Alpha-stable.

2.2 Numerical Aspects

Dealing with integral images it is important to consider the data type of original
image and of integral one. The uint32 should be not sufficient to store the values
of integral images especially when the standard deviation has to be calculated.
The sum of the squared values of pixels could easily cause an overflow. For this
reason in the case of large images it is necessary to use the uint64 data type.
If uint64 is not sufficient it is necessary to modify the approach introducing
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the well known concept of image tiling. Usually a tile represents a sub-image
that is easier to manage (from the point of view of memory and data type). The
proposed approach of using integral images can be also used in a tiled approach.
The size of a tile of a given image of size W x H is chosen according to the original
image data type (usually uint8/int8 or uint16/int16). When using the tile it
is important to describe how the tiles are generated from the original image. The
size of a tile should be W/Ntiles ·H/Ntiles but to ensure the continuity among
contiguous tiles it is necessary to modify the position of a tile that should overlap
in area; this aspect is depicted in Fig. 3 where HT is the height of a given tile.

Fig. 3. Management of tiles

3 Results

In this section we present some results of image processing to detect ships in SAR
images acquired by COSMO-SkyMed satellite. In Fig. 4 the test area (Southern
Italy) and an example of land mask is shown. The image is a DGMB product
(Detected Ground Multilook) with ascending orbit. The size is 4837 columns by
4081 rows. The pixel size is about 30m x 30m. The CFAR parameters are listed
in Table 1. In Fig. 5 an example of ship detection is shown.

Table 1. List of parameters for ship detection

Parameter Value

Target window size 80m
Guard window size 400m
Background window size 1000m
PFA 10−6.5
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Fig. 4. Left: Test area. Right: Land mask overlaid with stretched SAR amplitude data

Table 2. Comparison of required time to process the data-set (just the detection phase;
the image loading is not considered)

Approach Required Time [s] Boost

Not-separable kernel 106.0s 1x
Separable kernel 10.5s 10x
Integral Image (our approach) 5.0s 20x

Fig. 5. Example of ship detection using CFAR detector; green pixels represent the
ships
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In Table 2 the comparison of the required time to process the image is shown.
It is important to underline how the integral image approach allows to man-
age no-data. The gain of performance is more obvious when the image has a
lower pixel size (e.g. 3m x 3m) as available for some SAR product (COSMO-
SkyMed). Tests are carried out with this pixel size and show how the integral
image approach meaningfully boosts the performance of the separable kernel
one. A boost of 50x and more can be achieved with large kernels and very high
resolution images.

4 Conclusion and Future Works

In this paper we presented a novel approach to work with a CFAR detector and
improve it in terms of computational load and processing time. Integral images
are used with an advantage in reducing the computational time and directly
managing the presence of masked pixels (e.g., presence of land, invalid instru-
ment data). The approach can be also extended to other kind of probability
density function (e.g. K) and is useful especially working with very high reso-
lution images where kernel and image sizes play a key role. The methodology
has been successfully applied to face ship extraction from remote sensed data.
The accuracy and precision of object extraction can be improved correlating the
position of extracted objects with Automatic Identification System (AIS) data.

On going research plans to test the approach with an accelerated version of
the proposed algorithm using a Compute Unified Device Architecture (CUDA)
on a GPU and compare its performance with a CPU based approach.
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