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ABSTRACT
To improve the ability of avian radar to process bird information, a statistical analysis method
for the bird situation around airport is proposed based on avian radar data. By accumulat-
ing a large amount of avian radar data, hotspots of the activity area of bird targets can be
determined and taken as a reference point to realise lifecycle management of each bird target
from initiation to continuation and finally death. In the process of target tracking, combined
with the particle filter method, the probability of several possible events is estimated, leading
to completion of the data association and real-time statistics for the number of targets. The
simulation results reveal that this method is superior to the traditional logic method regarding
the timeliness of multi-target initiation. With the application of the proposed method to avian
radar data, the bird population and its basic activity rules can be discovered by fixing the bird
habitats around the airport.
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1.0 INTRODUCTION
As a traditional hidden danger to civil aviation(1), about 21,000 bird strikes occur each year
around the world, causing economic losses of about US 1.2 billion(2). The Hudson River
emergency landing of US Airways Flight 1549 on 15 January 2009 is the most well-known
bird strike accident to date(3). An advisory circular was released by the Federal Aviation
Administration in 2018, describing a protocol for carrying out and reviewing wildlife haz-
ard site visits, assessments and management plans, including a continual monitoring protocol
for avian surveys(4). Specifically, avian surveys must include 12 months of data collection
with a minimum of one survey per month for each survey point during the diurnal periods
of morning, midday and evening, unless an assessment, strike records or monitoring data
justify the elimination of one survey timepoint (e.g. the midday surveys). In Part 3 of the
Airport Services Manual issued by the International Civil Aviation Organization on wildlife
control and reduction(5), it is clearly highlighted that bird detection is necessary and best done
using mobile patrols with trained, competent and well-equipped staff who are dedicated to
this task. Portable equipment is less prone to habituation and should be chosen to deal with
target species. In addition, a record of all bird activity should be maintained. This log should
detail the number, species and location of birds seen as well as the action taken to disperse
birds and the results of this action.

Traditional survey methods to determine the bird situation and ecological environment at
airports mainly include the sample belt method, sample point method and bird-count method,
while research tools mainly include telescope and night-vision instruments(6). Such surveys
mainly rely on manual methods and require researchers to have professional knowledge of
ornithology, ecology and other related fields. Airports therefore usually hire a professional
research institute with bird situation and ecological environment knowledge to carry out such
work over a period of 5 years. This reveals that traditional methods for bird situation eco-
logical environment surveys are inefficient and not real time, making it difficult for airport
management agencies to understand the current bird situation around the airport and thereby
formulate targeted response strategies that can be adjusted in real time.

In recent years, great progress has made in avian radar technology. As an important tech-
nical means of bird observation at airport, such systems can operate automatically 7/24 and
continuously accumulate radar data on flying birds(7). Some results have suggested that avian
radar could be a useful tool for monitoring bird flock activity at airports, but less so for
monitoring single bird targets(8,9). Although current avian radar technology cannot achieve
accurate tracking of all single bird targets, it is helpful to discover the rules of bird activity
around the airport, provide a bird situation analysis report in time and guide the airport in
formulating reasonable and scientific bird prevention measures. Such processing and analy-
sis of avian radar data can help to identify bird activity rules around an airport(10). To meet
these requirements, a method is proposed herein to estimate the number of birds around an
airport based on avian radar data. A multi-target tracking algorithm with automatic initiation
is used to process and analyze bird target information obtained by avian radar and estimate
the number of bird targets in hotspot areas in real time, thus helping the airport management
organisation control the bird situation distribution around the airport in a timely fashion.

The remainder of this manuscript is organised as follows: In Section 2, the state of the art of
avian radar technology is introduced. Section 3 describes the multi-target automatic initiation
and tracking algorithm in detail. Then, some analysis results obtained using simulated and
real data are provided, in Section 4 and 5, respectively. Some conclusions close the paper in
Section 6.
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(a)

Dual-antenna avian radar

(b)

Coverage of VSR and HSR

(c)

Holographic antenna array

Figure 1. Typical airport avian radar systems(11).

2.0 AVIAN RADAR
Early avian radar systems used dual navigation radars. Examples are the Merlin radar in
the USA, Accipiter radar in Canada and Robin radar in the Netherlands. In recent years,
phased array and holographic radar technology has gradually been applied in the field of bird
detection, among which the Aveillant radar is a typical representative(11).

Since a single radar cannot provide three-dimensional information, early avian radar prod-
ucts usually applied two radars for this purpose. Figure 1(a) shows a typical dual-antenna
avian radar system, which is usually equipped with two radars operating in different wave-
bands: an X-band Vertical Scanning Radar (VSR) and an S-band Horizontal Scanning Radar
(HSR), both using T-type waveguide array antennas. First-generation dual-antenna avian radar
systems adopted this technical approach. The coverage of the VSR and HSR is shown in
Figure 1(b). The horizontal scanning radar can cover a vast area around the airport and
thus provide two-dimensional information in the horizontal plane, but it cannot provide
height information; similarly, the vertical scanning radar can obtain height information in the
vertical plane, but only when a bird target passes through the radar beam. Due to the different
coverage of the horizontal and vertical scanning radars, the overlapping area of the beams
is very small, so the information obtained by such systems is not truly three dimensional.
Avian radar systems are usually placed near or at one end of an airport runway to monitor
the airport area, including the approach sectors and departure routes. The VSR is placed near
the runway so that its scanning area covers flight take-off and landing channels and provides
height information on bird targets in the area; meanwhile, the HSR scans the area surrounding
the airport to survey birds flying in. A typical antenna array for a holographic radar system
is shown in Figure 1(c). The system uses holographic radar as a low-altitude target detection
technology, carries out all-round airspace surveillance around the airport, realises the func-
tion of bird target location and recognition, assists the management and control personnel in
controlling the target situation at low altitude and realises reliable surveillance without blind
areas in the whole situation. Compared with traditional radar systems, holographic radar uses
omnidirectional or wide-beam coverage to control the airspace, and Digital Beam Forming
(DBF) technology to receive signals and thus realise gaze detection but with full space–time
coverage. DBF radar can not only continuously acquire measurement information on target
distance, azimuth and pitch with high update rates(11) but also acquire high-resolution speed
information on targets via long-time accumulation to achieve better target recognition ability.

https://doi.org/10.1017/aer.2021.57 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2021.57


2152 THE AERONAUTICAL JOURNAL DECEMBER 2021

3.0 MULTI-TARGET TRACKING WITH AUTOMATIC
INITIATION

The measurement data obtained from the radar includes target information and some clutter
interference, whose amount depends on the area where the radar is situated(12). The purpose
of tracking is to extract the trajectory of each target from the clutter. Note that the bird tar-
get tracking algorithm discussed herein is suitable for all kinds of avian radar. The initial
correlation of the target state should be solved first in target tracking, which is called track
initiation. Existing track initiation algorithms mainly include sequence processing and batch
processing(13). A sequential processing algorithm is usually based on certain logic rules,
mainly including the intuitive method(14) and logical method(15). The basic principle of the
logic method is to judge the target initiation as long as the target measurement falls into the
gate of the target state prediction in multiple scanning cycles. This kind of method requires
less computation, but its performance is significantly reduced in cluttered environments.
The techniques based on batch processing algorithms mainly include the Hough transform
method and derived improved algorithms(16,17). This kind of algorithm originates from image
processing, where the target starts moving in a straight line, being suitable for cluttered envi-
ronment. However, due to the large amount of calculation required, the real-time performance
of track initiation is poor(17). In recent years, intelligent algorithms such as the support vector
machine(18), random forest(19) and neural network(20) have also been used for track initiation,
but these algorithms are usually only suitable for specific training data, and generally show
poor portability and timeliness(18).

In view of the above problems, based on the bird situation data obtained by avian radar and
taking the hotspot of bird target activity as a reference point, a probability distribution model
for bird target track initiation and extinction is established herein, which shortens the track
initiation time and reduces the false alarm rate of the track. In this paper, a hotspot refers to
a frequent activity area of bird targets as determined by statistical analysis of radar measure-
ments, which can be used as a reference point for the initiation of bird target tracks. In this
section, we first introduce the algorithmic flow for such multi-target automatic initiation and
tracking, then discuss the multi-target data association algorithm, the association probability
estimation of various possible events in the target lifecycle as well as the Kalman filtering and
smoothing methods(21).

3.1 Algorithm flow
The first problem in multi-target tracking is to start the target automatically. After target ini-
tiation, the data association algorithm based on a particle filter associates the measurements
at the current time with the possible events one by one, including a new generation, continua-
tion and extinction of a target, while simultaneously eliminating the influence of clutter. After
the measurements have been correlated with the estimated state of all known targets and the
initial state of new targets, the updated values of the current state for all existing targets are
obtained using a Kalman state method. Finally, all the Kalman filtering results are smoothed
to obtain a smooth track for each existing target. The algorithm flow is shown in Figure 2.

Every target has a lifecycle process from birth to death, so the number of targets is always
changing. The data association algorithm can be applied to judge whether a measurement
belongs to an existing target, a new target or clutter, thereby simplifying the complex radar
multi-target tracking problem to the common single-target tracking problem. At the same
time, the lifecycle of each target is recorded to obtain real-time statistics on the total number
of existing targets.
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Figure 2. Multi-target automatic initiation and tracking algorithm.

3.2 Data association
Multi-target data association based on a particle filter algorithm can be regarded as a gener-
alisation of the Multiple Hypothesis Tracking (MHT) algorithm. Each particle represents a
different data association hypothesis for target initiation, known target or target death, which
reduces the complexity of the MHT algorithm. For each particle, the algorithm associates the
measurement with several possible events, calculates the prior probability Pp of each event
and the event correlation similarity Pl and then estimates the correlation probability P of each
event. The correlation probability models of all the possible events are listed in Section 3.3.

The algorithm gives each of the N particles the same initial weight {w(i)
k = 1/N ,

i = 1, . . ., N}, while the correlation probability P is calculated as

P = Pp · Pl · · · (1)

where Pp is the prior probability and Pl is the event correlation similarity. To estimate the
measurement correlation, the Monte Carlo sampling method is used to determine the event
category.

The weight of each sample is calculated as

w(i)
k = w(i)

k−1 · Pj,p · Pj,l/Pj · · · (2)

where Pj,p, Pj,l and Pj respectively represent the normalised prior probability, event correlation
similarity and normalised correlation probability of event j. Note that the index j represents
the event category while the index k represents the particle number.

Then, the weight of each sample is normalised as

w∗(i)
k = w(i)

k∑N
i=1 w(i)

k

· · · (3)
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The number of valid samples n is estimated as

n = 1
∑N

i=1

(
w∗(i)

k

)2 · · · (4)

If n is too small, resampling is performed.

3.3 Probability estimation of possible event correlation
In the absence of any prior knowledge, the correlation results of measurements depend on
the calculation of the probability of occurrence of all possible events, such as clutter, new
targets, known targets and target extinction. Firstly, pb is set as the probability of a new target,
which means that the current measurement is the starting state of a new target. In this paper,
an active hotspot of bird targets is taken as the reference point for target track initiation, and
track initiation is achieved by estimating the degree of correlation between the measurements
and the hotspot, which reduces the complexity of the tracking algorithm and improves its
efficiency and engineering applicability. In addition, pd is taken as the target death probability,
which is estimated by a gamma distribution function as

gamma(θ|α, β) = θα−1 βαe
−θ
β

�(α) · · · (5)

where θ is the interruption time of the association between the target track and measurements.
The target death probability means the probability of the end of the target trajectory. The
probability of the target disappearing increases with the extension of the interruption time.
Note that the slope of the function changes with different values of α and β.

Therefore, the probability models of all possible measurement-related events can be
established and summarised as follows:

(1) Clutter, no target death

Pp = (1 − pb) · (1 − pd)n · cp
Pl = cd · · · (6)

where cp is the prior probability of clutter, cd is the probability of clutter distribution and the
current number of targets is n.

(2) Clutter, one target death

Pp =
{

(1 − pb) · pd · (1 − pd)n−1 · cp, n > 1
(1 − pb) · pd · cp, n = 1

Pl = cd
· · · (7)

(3) Known target j, no target death

Pp = (1−pb)·(1−pd)n ·(1−cp)
n

Pl = ptlh
· · · (8)
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where p tlh is the target association similarity, which satisfies a Gaussian distribution with Tj

and Sj as parameters

ptlh = N(yk |Tj, Sj) · · · (9)

where Tj and Sj are the estimated state and covariance matrix of target j, and yk is the
measurement.

(4) Known target j, one target death

Pp = (1−pb)·pd ·(1−pd)n−1·(1−cp)
n−1 ,n > 1

Pl = ptlh
· · · (10)

(5) New target initiation, no target death

Pp = pb · (1 − pd)n

Pl = pilh
· · · (11)

where pilh is the target initial association similarity.

(6) New target initiation, one target death

Pp =
{

pb · pd · (1 − pd)n−1 n > 1
pb · pd n = 1

Pl = pilh

· · · (12)

Based on the estimation results of the correlation probability of these six kinds of possi-
ble event, management of the whole lifecycle of each target from birth to death can be
realised.

3.4 Kalman filtering and smoothing
The essence of the Kalman filter is to estimate the future state of a target according to its
current state, and to modify it based on the measured value. The Kalman filter can be divided
into two steps. The prediction part estimates the next state of the system according to the
measurement value in the previous step, while the update part estimates the current state of
the system according to the measurement value at the current time. The prediction part is
completed using the equation

m−
k = Ak−1mk−1

P−
k = Ak−1Pk−1AT

k−1 + Qk−1

Tk = Hkm−
k

Sk = HkP−
k HT

k + Rk

· · · (13)

where m−
k and P−

k are the mean and variance of the estimated state before measurement at
time k. A, Q, R and H are the transfer matrix, process noise matrix, measurement noise
matrix and measurement model matrix of the dynamic model, respectively. T and S are the
mean and variance of the estimated measurement state. The update part is completed using the
equation
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vk = yk − Tk

Kk = P−
k HT

k S−1
k

mk = m−
k + Kkvk

Pk = P−
k − KkSkKT

k

· · · (14)

where mk and Pk are the mean and variance of the estimated state after the measurement at
time k, v is the measurement modification and K is the filtering gain, which defines the degree
of the modification of the estimated value.

The process of Kalman smoothing is similar to that of Kalman filtering, the difference being
that the recursion of filtering is forward, while the recursion of smoothing is backward. Higher
precision can be obtained after Kalman smoothing compared with only Kalman filtering.

4.0. SIMULATION DATA ANALYSIS
In this section, the effectiveness of the algorithm, especially the target track initiation algo-
rithm, is evaluated by Monte Carlo experiments based on simulated target tracking data in
different cluttered environments, focusing on the timeliness of target track initiation and the
change of the number of targets under different parameter settings. In the simulation experi-
ments, the target tracks and clutter are arranged in an area of [−5, 5] × [−1, 9], where some
Gaussian noise is added to the measurements belonging to the target while the clutter is evenly
distributed. The number and initiation point of the target trajectories can be simulated accord-
ing to the test requirements in the above simulation area. Through the simulation experiments,
the optimal parameter setting could be found and used in the processing and analysis of real
data in Section 5.

4.1 Simulation of target track initiation
The state of the moving target is expressed as

xk = (
xk yk ẋk ẏk

)T · · · (15)

where (xk , yk) and (ẋk , ẏk) are respectively the position and speed of the target in the two-
dimensional rectangular coordinate system at time k.

The discrete dynamic model of a target can be expressed as a linear time-invariant
construction equation

xk =

⎛
⎜⎜⎝

1 0 �t 0
0 1 0 �t
0 0 1 0
0 0 0 1

⎞
⎟⎟⎠ xk−1 + qk−1 · · · (16)

where qk−1 is the white noise of the discrete Gaussian process, and the moment characteristic
is

E[qk−1] = 0

E[qk−1qT
k−1] =

⎛
⎜⎜⎝

1
3�t3 0 1

2�t2 0
0 1

3�t3 0 1
2�t2

1
2�t2 0 �t 0

0 1
2�t2 0 �t

⎞
⎟⎟⎠ q · · · (17)
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(a)

Target tracking initiation without delay

(b)

Local enlarged view of (a)

(c)

Target tracking initiation with delay

(d)

Local enlarged view of (c)

d=0.2

Reference point

Figure 3. Simulation data of target tracking initiation.

where the time step is set to �t = 0.01 and the power spectral density of the process noise is
set to q = 0.001. Note that the time unit in the simulation is set to seconds.

Figure 3 shows the simulation tracking process of the target in cluttered environments with
different parameters. There are 50 simulation steps, with the target measurements shown by
open circles and the clutter by crosses. The amount of clutter in each scanning period follows
a Poisson distribution with a mean value of λ. Taking (0, 0) as the starting reference point
for the target, the distance between the starting point of the target track and the reference
point is d, the absolute value of the starting speed of the target is 1 and the starting direction
is randomly distributed in the range from 0◦ to 360◦. Figure 3(a) shows a global view and
Figure 3(b) shows a local enlarged view, where the target initiation point is labelled with an
open circle. In this experiment, the parameters of the tracking algorithm are set to d = 0.2 and
λ= 0.5, and the particle number is N = 50. Figure 3(c) shows a global view of the target track
in another simulation experiment, while Figure 3(d) shows a local view of the target trajectory.
In this experiment, the parameters are set as d = 3 and λ= 1 with a particle number of N = 50.
Comparing the two target tracking results shown in Figure 3, it is clear that the target track
starting point in Figure 3(a) is close to the reference point (d = 0.2), leading to no delay in
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(a)

0.5d =

(b)

1.5d =(c)

2.5d =

(d)

3d =

Figure 4. Target initiation delay under conditions with different amounts of clutter.

Figure 5. Target initiation delay under different initiation conditions.

track starting, while the target track starting point in Figure 3(c) is relatively far from the
reference point (d = 3), leading to three cycles of delay in track starting.

Setting different clutter environments (� value) and target track starting conditions
(d value), the average target tracking results obtained from 100 Monte Carlo simulation exper-
iments are shown in Figures 4 and 5, and the stability of the target tracking and the timeliness
of track initiation under different parameter settings are investigated.
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Table 1
Comparison of delay periods of target initiation

� Proposed algorithm Three-cycle logic
method

TD N In
T N In

F TD N In
T N In

F

0.1 0.0044 1 0.01 3 0.99 0.03
0.5 0.0371 1 0.01 3 0.98 0.03
1 0.2485 1 0.01 3 0.97 0.05
1.5 0.8026 1 0.02 3 0.95 0.05
2 1.8583 1 0.02 3 0.95 0.06

Figure 4 shows the change of the initial delay period of the target track with the cluttered
environment when the distance between the initial position of the target track and the ref-
erence point is varied (d = 0.5, 1.5, 2.5 and 3). It is clear that, as the amount of clutter is
increased (from � = 0 to 1.5), the fluctuation of the delay period of target track initiation
will also increase, and the increase of the clutter density will affect the timeliness of target
correlation, resulting in a delay in track initiation. The fluctuation of the delay period curve
may be related to the number of Monte Carlo experiments, and its fluctuation will decrease
with increasing number of experiments. The experimental results shown in Figure 4 reveal
that, when d < 3 (d = 0.5, 1.5 or 2.5), the range of the delay period of track initiation does not
change greatly, and it is generally less than 1, which is obviously better than the logic method
for track initiation in three scan cycles(12). Even when d = 3, the value of the initiation delay
period curve is still less than 3 on the whole.

The logical initiation method is the most widely used engineering method for target track-
ing, usually taking the nearest measurement from the gate centre as the effective measurement
and completing target initiation in three or four scanning cycles(12). The logic initiation
method in this paper refers to the three-cycle logic initiation method, which can realise the
start of a target trajectory based on target measurements in three scanning cycles under the
ideal condition with no clutter. In fact, in a cluttered environment or in the case of target mea-
surement loss, the number of cycles required to achieve target initiation by the logic initiation
method may be further increased.

Figure 5 shows the variation of the delay period of the target track initiation with the dis-
tance between the track initiation point and the reference point in environments with different
amounts of clutter (�= 0.1, 0.5, 1.5 and 2). Similar to the conclusion related to Figure 4,
with increasing relative distance (from d = 0 to 2.5), the delay period curve of each track ini-
tiation shows some fluctuation, but the overall value range changes little. In addition, when
the amount of clutter is small (� = 0.1), the delay period of track initiation is close to zero,
with almost no delay. When the value of � is gradually increased, the delay period of track
initiation increases, but the overall delay period does not exceed 3.

Table 1 presents the average value of the delay period (TD) of track initiation for differ-
ent values of �, all of which are less than 2, being shorter than the logic method, which
requires three scanning cycles to complete track initiation. When the value of � is set low
enough, there is barely any delay in target initiation. When � = 2, the average value of the
initiation delay period is 1.8583, which is caused by the clutter in the simulation data. In the
simulation model established in this paper, part of the clutter data is used to replace the target
measurement data, which leads to a certain degree of initiation delay of the target track.
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(a) (b)

Figure 6. Multi-target tracking simulation experiment.

To further verify the advantages of the proposed algorithm, two additional indexes are
considered: the average number of true track initiation and the average number of false track
initiation, represented by N In

T and N In
F. In 100 experiments of target tracking in environments

with different amounts of clutter, only one real track is generated in each simulation. For
example, in 100 simulations, if the track is started correctly 99 times while a false track
is generated 3 times, then N In

T = 0.99 and N In
F = 0.03. The average experimental results

for environments with different amounts of clutter are presented in Table 1, where all the
performance indexes of the proposed algorithm are better than those of the three-cycle logic
method. In an environment with more clutter (�= 2), the current algorithm can still maintain
the correct target initiation (N In

T = 1) with fewer false tracks (N In
F = 0.02), but the average

number of correct target initiations using the logic method will decrease (N In
T = 0.95) while

the false alarm tracks will increase (N In
F = 0.06) significantly.

4.2 Simulation analysis of multi-target lifecycle
As shown in Figure 6, the total number of simulation steps designed in this experiment was
500 with a time step of 0.01, when three target tracks starting in sequence are simulated. The
lifecycle of target 1 is t = 0 to 5. Starting from (–0.25, –1.5), it moves at a constant speed
of (0, 1) from t = 0 to 2, makes a left turn from t = 2 to 4 and moves at a constant speed
(–1, 0) from t = 4 to 5 until the end of its track. The lifecycle of target 2 is from t = 1 to 4.5,
starting from (0, –1.5) and moving at a constant speed of (0, 1) throughout its lifecycle until
the end of its track. The lifecycle of target 3 is from t = 0.5 to 4.5. Starting from (0.25, –1.5),
it moves at a uniform speed of (0, 1) from t = 0.5 to 3, makes a right turn from t = 3 to 4,
and moves at a uniform speed of (1, 0) from t = 4 to 4.5 until the end of the track. The real
moving track of the target is shown by a solid line in Figure 6, where an open circle represents
a target measurement with certain Gaussian noise added and a cross represents clutter with a
parameter value of � = 0.1, being randomly distributed in the area of [–3, 2] × [–2, 3]. In the
data association, the number of particles is set to N = 50, pb is set to 0.01, cp is set to 0.02, cd
is set to1/16 and the starting reference point of the target track is set to (0, 0).

Figures 6 and 7 compare the tracking results and target number estimation results for three
targets with different parameters set in the target extinction model, both achieving timely
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(a) (b)

Figure 7. Target number estimation.

initiation and stable tracking of all targets in the cluttered environment. In the estimation of the
tracking end time, when the parameters in the target death model are set to α = 2 and β = 0.5,
the judgement of the target track initiation time and death time is basically consistent with
the real situation, as shown in Figures 6(a) and 7(a). When the parameters in the target death
model are set to α = 2 and β = 2.5, the judgement of the target death time is delayed, and the
tracks of targets 2 and 3 fail to finish at a time at t = 4.5, resulting in deviation of the estimation
results from the target data, as shown in Figures 6(b) and 7(b). It is demonstrated that the
parameter β controls the target death probability by changing the correlation interruption
time between the target track and the measurements, and increasing β leads to a decrease of
the target death probability.

5.0 DATA PROCESSING OF AVIAN RADAR
In this section, based on bird situation data obtained by airport avian radar, the multi-target
tracking method with the automatic initiation algorithm described in Section 3 is used to carry
out statistical analysis on the bird situation around an airport.

5.1 System platform
Figure 8 shows the experimental avian radar system developed by China Academy of Civil
Aviation Science and Technology (CAST). The system uses a solid-state transmitter to replace
the original magnetron of the S-band navigation radar, and introduces the signal processing
technologies of pulse compression, pulse Doppler and constant false alarm rate. The algo-
rithm for bird target detection and tracking is also improved continuously. So far, the system
has collected and accumulated a large amount of bird radar target information over more than
two years at several airports. In this paper, two bird observation cases from different locations
are described, where the analysis of each example is based on observation data taken over 10
days. Due to the unsatisfactory performance of the avian radar in bad weather conditions, all
the bird data processed in this paper were collected under conditions without precipitation.

5.2 Case 1
The resident birds around the airport usually follow the rule of leaving their nests in the
morning and returning home in the evening. By using the avian radar to obtain the bird
information around an airport in southwest China, some statistical analysis could be carried
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Figure 8. CAST experimental avian radar system.

Avian radar data

Statistics of bird activity period

Bird data during peak hours

Distribution statistics of bird
activity grid

Statistical analysis of bird
population with target tracking

Distribution of resident birds around airport

Hotspots of bird acitivity

Figure 9. Analysis flowchart of bird distribution situation.

out on the activity rhythm of the airport resident birds to determine the number and distri-
bution of birds around the airport. In this section, based on the bird target data of an airport
obtained by the CAST experimental avian radar system, the basic steps and examples of sta-
tistical analysis of bird target number around the airport are presented. Figure 9 shows a
flowchart of the statistics and analysis of the bird situation data to summarise and clarify the
innovation presented herein, revealing that the proposed tracking algorithm is especially suit-
able for the case of automatic initiation of multiple targets to determine the starting reference
point of a flock of targets, as in this case of a flock of birds leaving their nests
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Hot spot

Figure 10. Hotspot statistics of bird activities around the airport in case 1.

5.2.1 Statistics of bird activity period

Based on the bird information obtained from the airport on a certain day by the avian radar,
the number of birds per hour during the whole day in the avian radar monitoring range was
counted. The statistics reveals two peaks of bird activity in the 8th period (07:00 to 08:00) and
18th period (17:00 to 18:00). Combined with the results of artificial bird investigation around
the airport, the birds around the airport usually nest around the airport and enter the flight
area to feed at a specific time. The radar observation results are consistent with the results
of the artificial investigation by professional ornithologists, so the two time periods can be
determined as the nest leaving and roosting time of the surrounding birds. The location of
bird habitats was also determined by the observers, being completely consistent with the
results of the radar data analysis described below. The following results compare the number
of targets recorded by artificial observation with the number of targets estimated based on
the automatic initiation algorithm with multi-target tracking to verify the effectiveness of the
proposed algorithm.

5.2.2 Grid distribution statistics of bird activities

As shown in Figure 10, the surveillance area of L × L of the avian radar was divided into a
series of rectangular grids, each having an area of l × l, both in units of m2. In this example,
the radius of coverage of the avian radar is 3km with L = 6000m and l = 100m, and the total
number of grids in the monitoring range is 60 × 60. In the figure, the upper-left corner is set
as the origin of the coordinate system (0, 0), while the X -axis is horizontally to the right and
the Y -axis is vertically downwards.

During the period of bird departures (07:00 to 08:00) around the airport, the grids with
bird target measurements exceeding a certain threshold value are marked in colour. In this
case, after ten scanning cycles of radar data accumulation, grids with more than ten bird
target measurements are determined to be the cells representing the hotspot. Using the marked
grid distribution map, binary image processes such as erosion and dilation are carried out to
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(a)

Radar coverage

(b)

Local enlarged view

Figure 11. Flight path distribution of birds in case 1.

(a)

The first estimation

(b)

The second estimation

10

Figure 12. Bird population estimation of case 1.

eliminate isolated points, thereby forming a connected area called the hotspot, as shown in
Figure 10. In combination with the bird survey results around the airport, the bird habitat can
be determined. The centre point of the hotspot area is taken as the reference point of the target
initiation. In this case, the reference point coordinate is (4750m, 2650m).

5.2.3 Statistical analysis of bird population

Figure 11 shows the flight trajectory distribution of birds leaving the habitat in the hotspot
area in the early morning of a certain day, including a global view within the radar coverage
and a local enlarged view of the bird flight paths. The bird habitat is located to the northeast,
outside the flight area. The process of birds leaving their nests, as shown in Figure 11, occurs
between 07:00 and 08:00, lasting for about 1min. The population number is about 20, and the
flight direction is generally southwest, when the birds usually enter the flight area to feed.

Figure 12 shows the estimated results for the number of birds leaving the nest in the habitat
between 07:00 and 08:00 on different days, when the target tracking time lasts about 70s. In
the data association, the number of particles is set to N = 50, pb is set to 0.01, cp is set to
0.02, cd is set to 1/16 and the reference point of target track initiation is set to (4750, 2650).
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Table 2
Estimation results of bird population in case 1

No. Avian radar Artificial observation

1 23 22
2 24 22
3 22 20
4 24 24
5 26 27
6 25 26
7 25 22
8 27 27
9 23 24
10 25 22

The parameters in the target death model are set to α = 2 and β = 0.5. The maximum value of
each bird target number estimation process is taken as the estimated value of the population
number, thus the first estimate is 23 and the second estimate is 24.

Table 2 presents the bird population statistics of the habitat for 10 consecutive days. It
is clear that the bird population number automatically counted by the algorithm is almost
consistent with the results of artificial observations completed by professional bird watchers
with the help of telescopes.

5.3 Case 2
The processing and analysis results of the bird situation in this example are based on radar
data obtained during the application of the CAST experimental avian radar system at a general
airport in northeast China, trying to reveal the general number of birds around the airport and
any regularity in their activities.

Similar to case 1, the surveillance area of the avian radar is again divided into a series of
rectangular grids with coverage radius of 2km. As shown in Figure 13, the upper-left corner
is also set as the origin of the coordinate system (0, 0), while the X -axis is horizontally to the
right and the Y -axis is vertically downwards. Based on a large amount of bird data accumu-
lated by the avian radar and combined with artificial observation results, it is confirmed that
two bird activity hotspots in the northern area outside the airport are bird habitats, as marked
in Figure 13. Moreover, in this case, the centre points of the two hotspots are respectively
taken as the reference points of the target initiation: (630m, 835m) and (3430m, 410m).

Figure 14 shows the flight path distribution of the birds leaving the habitat in this case
and a local enlarged view of the two hotspots. The two bird flocks usually left the habitat
between 07:00 and 08:00 in the morning, when the flight direction of birds from hotspot 1
was scattered in the easterly direction, while that of hotspot 2 was mainly concentrated in the
southwest direction. Figure 15 shows the estimated results for the number of birds in the two
flocks when leaving their nest in the habitat on a certain day, lasting about 60s. The parameter
settings used for target initiation and tracking are the same as in case 1. The maximum values
in the process of the two target number estimations are taken as the number of bird targets
in the two flocks, viz. 24 and 15, respectively. Table 3 presents a comparison of the bird
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Hot spot 1

Hot spot 2

Figure 13. Hotspot statistics of bird activities around the airport in case 2.

(a)

Radar coverage

(b)

Local enlarged view of hot spot 1

(c)

Local enlarged view of hot spot 2

Figure 14. Flight path distribution of birds in case 2.

(a)

Hot spot 1

(b)

Hot spot 2

Figure 15. Bird population estimation of case 2.
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Table 3
Estimation results of bird population in case 2

No. Hotspot 1 Hotspot 2
Avian radar Artificial observation Avian radar Artificial observation

1 24 23 15 15
2 25 24 16 15
3 22 23 15 14
4 22 24 16 15
5 21 25 15 14
6 25 24 15 16
7 22 23 16 15
8 26 25 14 15
9 25 22 15 15
10 22 23 15 14

populations in the two hotspots over ten consecutive days, including the results estimated
using the avian radar and artificial observations. According to the results of the artificial bird
survey and the avian radar observation, there are about 25 birds in hotspot 1 on the northwest
side of the airport, and their activity range is mainly in the flat area on the north side of the
airport. There are about 15 birds in hotspot 2 located in the northeast side of the airport. Note
that the birds in hotspot 2 often fly over the airport runway and enter the mountainous area to
the south side of the airport, which causes a high risk of bird strikes.

6.0 CONCLUSIONS
Based on the particle filter data association method and establishing birth and death models
for each target, the tracking of multiple radar targets in a cluttered environment can be effec-
tively realised with automatic initiation and is successfully applied herein to analyse the bird
situation around an airport, leading to the following conclusions:

a) The proposed tracking algorithm with automatic initiation sets a common initial asso-
ciation point for new targets before data association. By calculating the association
probability between the measured value and starting point, it can judge whether it belongs
to a new target. The selection of the initial association point is based on an estimation of
the initial range of the target trajectory and depends on prior knowledge to a certain
extent.

b) The simulation results show that the algorithm is superior to the logic method using
three or four cycles in terms of the timeliness of target initiation. Even in a cluttered
environment, the delay period for target initiation is still less than two steps.

c) The algorithm is applied to statistical analysis of the bird population around an airport,
which can help to determine the habitat distribution, population number and activity rules
of birds around the airport, and thus guide the airport in carrying out targeted ecologi-
cal/environmental management measures, and effectively improve the scientific level of
bird strike prevention in and around the airport.
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