(a) Unprocessed PPI radar image (0.5Nm radius) (b) PPI radar image after background subtraction

(c) PPI radar image after noise suppression (d) Bird target tracks overlaid on polar coordinates

Fig. 7. Processing of horizontal PPI radar image

After the set of particles have been acquired the filtering Data Fusion & Recording
distribution can be approximated as: Data fusion & recording is the last step of the algorithm.
XA Y L) In this step, the processed data are displayed in real-time and

M (10) also recorded to databases for detailed post-processing and
~ Z Wt 2§, — AL NN(x, | my), P,f Ny further analysis. Typically, the processed bird track positions

i=]
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(x, y) for the horizontal radar are overlaid on polar
coordinates or a satellite map, while positions and altitudes
(y, z) of birds passing through the vertical scanning radar
beam are marked in vertical coordinates. The bird targets can
also be classified by size into small, medium, and large [15].
These categories are qualitative classes that generally match
with small, medium, and large birds, but exceptions can
occur. For example, two small birds in close proximity may
appear to be recognized by the algorithm to be a single
medium bird, but such exceptions are not statistically

Table 1. Radar Measurements Information

Measurements p(m) 0(°) Size
1 644.4 89.7 54
2 919.8 25.6 22
3 398.3 128.3 29
4 831.1 35 15

significant within the context of the overall survey. Targets
over a certain size can be identified as aircrafts and displayed
concurrently on the map with birds in different colors [16].

Experiments and Applications

In autumn 2007, experiments were carried out at Shahe
Reservoir Beijing using BHU avian radar experimental
system in horizontal and vertical scanning modes. Some
experimental result analysis is given below.

In autumn 2008, our system was in trial operation for a
week at Nanyang Airport. Some radar images containing
birds and aircraft have been collected and processed. In the
fusion image, birds and aircraft are displayed in different
colors.

Experimental Result Analysis

The whole processing of a horizontal PPI radar image is
presented in Figure 7. The unprocessed image (Figure 7A) is
one frame of an image sequence with the measurement range
of 0.5 nautical miles (Nm) obtained during horizontal
scanning experiments on 29 September 2007 on the north
bank of Shahe Reservoir. The raw image is dominated by
clutter due to buildings, trees, shoals and dams, so birds
flying above the water surface are hard to detect.

After background subtraction, most of the stationary
objects are rejected, so Figure 7B results with flying bird
targets and some marginal clutters. By noise suppression,
marginal clutters are rejected and four isolated bright areas
are left in Figure 7C. Threshold is set lower to improve
recognition accuracy at the cost of high false alarm rate.
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(b) Bird targets overlaid on vertical coordinates

Fig. 8. Processing of vertical PPI radar image

Four groups of radar measurements are extracted and
presented in polar coordinates (Table 1), including radial
distance p, azimuth angle 6 and size n. The polar axis is set
horizontal rightward and rotates counter-clockwise. The pole
is in the center of the figure. However, the four
measurements cannot all be regarded as bird targets after the

25



0.25Nm

Fig. 9. Processing result of airport radar image

first three steps, and the final decision has to be made by the
tracking algorithm. Real targets always form traces during
the whole moving process while false alarms only appear
occasionally in one or two images at most.

Tracking algorithm is applied to the image sequence, and
bird tracks are overlaid on satellite map (Figure 7D). Tracks
are drawn with a series of square symbols, and the heading
direction of each target is indicated by a short line emanating
from its current position. It is clear that measurement 1 and 3
in Figure 7C belong to the corresponding two traces in Figure
7D, where measurements 2 and 4 are false alarms. The
remaining two traces in Figure 7D are generated by other
flying birds.

Figure 8 shows the processing of vertical PPI radar images
collected during vertical scanning experiments on 9
November 2007 on the north bank of Shahe Reservoir. The
detection range of our system was set at 0.25 Nm, which
exactly covered the north-south width of the reservoir.
Compared with horizontal images, vertical images are easier
to process due to less noise interference in airspace, so
tracking module in the algorithm is omitted and target
positions are directly labeled in height coordinate. The first
quadrant of PPI radar image labeled in Figure 8A, which
represents the airspace above the water surface, is our
concerned zone. Bird information was extracted from this
part of over 1500 images recorded during the survey period.
The vertical axis of Figure 8B shows height distribution of
the birds flying through the beam, while the horizontal axis
represents their distances to the radar. From the image, one
can easily see that most of the targets appear below 180 m on
the right (south bank of the reservoir), which is the frequent
activity region of birds. In post-processing, all targets are
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Table 2. Targets information

Measurements p(m) 6(°) Size
1 546.0 104.5 89
2 451.0 97.1 2
3 4444 106.4 10
4 282.1 296.4 131

classified by size according to certain criterion: 54% are
small (<50 pixels), 27% are medium (50~100 pixels), and
19% are large (>100 pixels).

Applications at Airport

Figure 9 is the processing result of a horizontal PPI radar
image (0.25 Nm radius) collected on 15 October 2008 at
Nanyang Airport. An airplane from Beijing was landing,
represented as a bigger dot in the image, while three birds
appearing on the north side represented as small dots. Targets
information including airplane and birds is shown in Table 2.
It is clearly shown that target 4, whose size is obviously
larger than the other three, is the airplane.

FUTURE WORK

Avian radar system has been a research focus these years.
More and more advanced technology introduced can be
expected to improve the performance of the system in the
future. Improvement suggestions on radar antenna,
processing algorithms and risk assessment models are given.
Finally, a scheme for practical system application at the
airport is proposed.

Improvement of Radar Antenna

Acquisition of 3D target information mainly depends on
radar antenna. The T-bar antenna adopted in BHU
experimental system only gives 2D information. Though
dual-radar system is constructed for engineering applications,
the information obtained is quasi-3D or 2.5D at most. Dish
antenna used by Accipiter® can obtain 3D information due to
its narrow beam. In addition, to further improve vertical
coverage and height estimation accuracy, a dual-dish
Accipiter® avian radar system configuration has been
developed. This configuration was recently selected and
deployed at Seattle-Tacoma International Airport, bringing
the market one step closer to fully 3D tracking radar
coverage. Instead of two antennas, an integrated dual-beam
antenna will be the research subject over the next few years
[17]. With one of the beams scanning horizontally while the
other scanning vertically, 3D information can be received
efficiently.
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Improvement of Processing Algorithm

Multiple target tracking based on data association is
always the research emphasis of processing algorithm of
avian radar system, whose efficiency and accuracy need to be
enhanced continuously with the application of more new
ideas. Another remaining challenge in processing algorithms
is the classification of bird types. Flying velocity, height, and
flock size, etc., are essential elements for target identification.
Flying velocity and flock size can be estimated by tracking
algorithm, while height is obtained by 3D radar mentioned
above. Furthermore, as discussed in the Improvement of
Processing Algorithm section, when more radar systems are
connected to the network, the integration of data from
different data sources becomes an important part of the
processing algorithm [18]. All information can be unified and
fused naturally by a good integration algorithm.

Risk Assessment Model of Bird-Aircraft Strike

A risk assessment model of bird-aircraft strike can be
added to the system. Method of analytic hierarchy process
(AHP) is adopted by East China Normal University for
bird-aircraft strike risk assessment [19]. The method, which
ensures the scientific nature of qualitative analysis and the
precision of quantitative analysis, can also be combined with
our avian radar system. A variable T (bird-aircraft strike risk
index) is introduced to quantify the effect of birds to flight
safety in flying zone. Based on historical investigation data
and ecology knowledge, T depends on four restrictive factors
which are: 1) the number of birds N; 2) the flying height of
birds H; 3) the weight of birds W; 4) the appearance region
of birds at airports L. The above four factors can be obtained
and updated by the avian radar system. For simplification, the
value of each factor G is divided into 1 grades: 1, 2,...,.
Meanwhile, the weights of these factors P are given by
ornithology experts according to AHP method. Some
reference data are provided [19]:

P, =0.491,P, =0.309, P, =0.136,P, = 0.064,

So, the index for bird-aircraft strike risk is calculated as
follows:

r-1 Yr.q an

NiNHW,L

which is a value between 0 and 1. According to the value of
T, bird-aircraft strike risk alarm can be divided into five
grades represented by five colors to show increasing danger:
blue, green, yellow, orange, and red.

An intelligent risk assessment model will be
established and improved based on historical and
real-time bird information collected by avian radar system
at airports. To improve its performance, more factors
such as weather should be included, and more
sophisticated algorithms such as neutral network should be
used.
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Fig. 11. Scheme for system application in BCIA

Scheme for System Application at Airport

The number and detection performance of radars are
determined by the size of the airport and then by the number
of runways. As shown in Figure 10, for small airports with
single runway, a dual X-band vertical and S-band horizontal
scanning radar configuration is enough to provide 3D
coverage with dedicated scanning of runways and approach
and departure corridors from the ground and around the
airfield [16].

For large, multi-runway airports like BCIA, multiple
radars can be installed to provide optimal coverage of the
airfield and the area around the airport (out to 13 km) with
dedicated monitoring of each runway and approach and
departure corridors (up to 3 km). Figure 11 presents a scheme
for avian radar system application in BCIA with three
parallel 3200 m, 3800 m, and 3800 m runways. X-band
vertical scanning radar (VSR) is installed on both ends of
each runway, and S-band horizontal scanning radar (HSR) is
installed in the center of the airport.
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All videos or images received by these networked radars
are streamed to a digital radar processor located in the airport
BASH observation workstation using standard TCP/IP
protocols. This processor includes the algorithm for bird
detection and tracking. Once bird targets are detected, alerts
are transmitted to anti-bird vehicles through wireless
networks, and related staff will take measures in no time.
Such an avian radar system network has the advantage of
providing day and night real-time monitoring, warning and
alerting of bird strike risk around the airport.

CONCLUSIONS

Performance of avian radar systems depends on two
aspects. One is the detection capability of radar. Flying bird
targets with smaller RCS at farther distance can be detected if
radar with stronger detection capability and higher resolution
is selected. The other is the algorithm for bird targets
detection and tracking. A low segmentation value is set to
improve detection rate, while more false alarms are
introduced. An effective tracking algorithm can detect small
targets and eliminate false alarms simultaneously.

BHU avian radar experimental system was in trial
operation at Nanyang Airport for a week in autumn 2008.
Based on airport experiments, it is known that the working
frequency of the system does not interfere with air traffic
management system, and many engineering problems are
solved. Bird-aircraft strike avoidance at airport is pushed
forward by trial operation of the system. Meanwhile, a
long-time operation of the system has made a preliminary
data foundation for the establishment of risk assessment
model of bird-aircraft strike.
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