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ABSTRACT Performance of LAPAN-A2 and LAPAN-A3 space-based Automatic Identification Sys-
tem (AIS) have been successfully assessed as the satellites operated at individual and two-satellites con-
stellation modes. Since LAPAN-A2 and LAPAN-A3 respectively orbiting at 6◦ and 97◦ of inclination, they
form a unique constellation; hence, assessment on AIS performance from this equatorial-polar constellation
is unprecedented. The assessment is intended to measure both the system and receiver performance of space-
based AIS. The measurement of system performance calculates the capability of a space-based AIS system
in re-detecting a ship as it moves globally. This performance is used to analyze whether the satellite and
its AIS payload are systematically well-configured, including its orbital properties, antenna placement, and
receiver’s ability. The measurement of receiver performance is aimed to analyze the receiver capability in
detecting all existing ships transmitting the AIS messages. This performance is represented as the ratio
between the number of ships detected by the space-based AIS receiver and an ideal AIS receiver. In our case,
massive AIS messages collected by an integrated space-terrestrial AIS receiver network has been used as the
benchmark. By using 31 days of the collected AIS dataset, operating the satellites as a constellation increases
the system and receiver performance by a factor of 7.56% and 7.93%, respectively. The further result shows
that the constellated AIS receiver performs excellently in the deep-sea regions, with the value of system
performance ranging from 95% to 100%. Moreover, the receivers of constellation satellites overperformed
the benchmark receiver on up to 61.84% of their full coverage. The main contribution of this research is
to provide information related to the advantages of operating equatorial-polar AIS constellation regarding
its in-orbit performance. The results could become a reference in developing a space-based maritime
surveillance tool with excellent performance and frequent accesses in those regions.

INDEX TERMS LAPAN-A2, LAPAN-A3, space-based AIS, performance, satellite, orbit.

I. INTRODUCTION
Automatic Identification System (AIS) is an automatic
tracking system used by ships and vessel traffic ser-
vices (VTS) to perform data exchanging between the ves-
sels to other vessels, coastal stations, and satellites [1], [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Yuan Zhuang .

AIS reporting system allows ships to broadcast short
fixed-length Time Division Multiple Access (TDMA) mes-
sages containing their voyage information. AIS information
can be used in different applications, including dynamic
tracking, collision avoidance system, pilot scheduling, and
assist in navigation decisions [3]–[5]. Nowadays, the rapidly
growing communications, networks, and information tech-
nologies lead the AIS to become a reliable component in
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establishing navigational aid and safety information system
globally [6], [7].

Initially, the AIS technology was designed to be used in
terrestrial-based vessel monitoring applications with up to
40 nautical miles of visibility. However, due to the rapidly
increasing demand for vessel monitoring, attaching an AIS
receiver to a satellite, i.e., space-based AIS, is beneficial for
gaining global vessel surveillance capability [8], [9]. Since
the space-based AIS is capable of providing a large swath
area (up to 15 million km2 at 500 km of altitude), this system
is the most suitable component for demonstrating maritime
wide-area surveillance. As a comparison, due to the exis-
tence of curvature of the Earth, the line-of-sight for ship-to-
ship communications is limited to only 40-60 km, depending
on antenna height. This advantage has attracted government
space agencies and private companies, including Indonesia,
to equip their satellite with an AIS payload to gather vessel
information from Low Earth Orbit (LEO) [10], [11].

As the largest archipelago country in the world, Indonesia
consists of 5.8 million km2 of water area or 75% of the entire
region. This geographic advantage necessitates Indonesia to
enhance its maritime surveillance capability in which can
be achieved by implementing satellite-based AIS. Therefore,
a pair of experimental Indonesian microsatellites carrying
AIS payloads, LAPAN-A2 and LAPAN-A3, has been built
and injected into LEO orbit in 2015 and 2016, respectively.

LAPAN-A2 and LAPAN-A3 are the second and the
third generation microsatellites developed and operated by
the Satellite Technology Center, Indonesian National Insti-
tute of Aeronautics and Space (LAPAN). LAPAN-A2, also
known as LAPAN-ORARI (IO-86), has been launched on
28 September 2015 and placed in near-equatorial orbit with
an inclination of 6◦ at 650 km of altitude. The most recent
satellite, LAPAN-A3, also known as LAPAN-IPB, has been
launched on 22 June 2016 and has been injected into polar
sun-synchronous orbit (97◦ of inclination), 505 km above
sea level. Based on those orbital properties, LAPAN-A2
and LAPAN-A3 microsatellites pass through the Indone-
sian region 14 and 4 times per day. In addition to the AIS
payload, the LAPAN-A2 satellite was also equipped with a
mediummultispectral camera, Automatic Package Reporting
System (APRS), and Voice Repeater (VR). For the LAPAN-
A3, a hybrid fluxgate magnetometer, multispectral push-
broom imager, digital matrix camera, and a video camera
were also attached to demonstrate earth observation mis-
sions [12]–[15].

Each of the LAPAN-A2 and LAPAN-A3 AIS system con-
sisted of a receiver and a monopole antenna using frequency
point at 161.975 MHz and 162.025 MHz, the official fre-
quencies promulgated by the ITU for the traditional AIS sys-
tem [16]. Nowadays, each of these satellites can record about
13 thousand unique ships transmitting 2.5 million vessel
messages per day [12]. Those collected messages have been
widely used for a specific application such as illegal fish-
ing detection, investigation of vessel destructing coral reefs,
and provision of necessary data for maritime authorities in

investigating piracy cases around the Indonesian sea. Accord-
ing to those contributions, the AIS datasets provided by
LAPAN-A2 and LAPAN-A3 become a primary component
in performingmaritime surveillance, especially in Indonesian
sea territory.

Due to the importance of LAPAN-A2 and LAPAN-A3
space-based AIS for maritime surveillance purposes, it is
necessary to assess these satellites’ in-orbit performance. The
assessment is intended to measure the performance of respec-
tive satellites as they operated as an individual satellite and
to analyze the impact of incorporating them as they operated
simultaneously, forming equatorial-polar space-based AIS
constellation. To represent the performance, in this work,
we have employed two types of statistical analysis, tracking
capability and detection probability.

The tracking capability is used to express the overall
performance of a space-based AIS system, which can be
influenced by several factors such as receiver capability
and satellite orbit. This includes other factors related to the
environment, e.g., signal interference and message collision.
According to this definition, it is reasonable to denote the
tracking capability as ‘‘system performance’’ as used in this
paper. Technically, the tracking capability, i.e., system per-
formance, can be obtained by calculating the probability of
a particular space-based AIS system to re-detect an already
detected ship as both of the satellite and the ship are moving
globally after the first detection. This type of approach has
already been introduced by Skauen in [17] to quantify the
system performance of Norwegian space-based AIS. The
idea behind this approach is that for an ideal AIS system,
at least one of the AIS messages transmitted by a particular
ship should be received by the space-based AIS as it crosses
the ship’s horizon. However, in the real case, due to the
imperfect condition of one or more factors influencing the
system performance, the absence of received messages might
occur. Therefore, the system performance of a space-based
AIS system can be estimated by comparing the total number
of messages received by the space-based AIS to the total
number of the satellite passing through the ship’s horizon.

Since the system performance only represents the over-
all capability of a space-based AIS, in this work, we have
also experimented with measuring the performance of
space-based AIS sub-system, i.e., the receiver. The receiver
performance has been quantified by involving another AIS
dataset as a reference, and the result is represented as a
detection probability. The detection probability is expressed
as the ratio between the number of ships detected by a
space-based AIS receiver and those recorded by an ideal AIS
receiver [18]. In this work, we used a globally-collected AIS
dataset provided by a company engaged in maritime data ser-
vices as the ideal AIS source. This option is reasonable since
this company has exploited a massive terrestrial receivers
network combined with space-based AIS receivers to provide
an extensive and nearly real-time AIS dataset. In this work,
the resulted receiver performance was used as the comple-
mentary material for assessment purposes. By having the
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FIGURE 1. Static distribution of global vessels obtained by LAPAN-A2 (green dot) and LAPAN-A3 (purple dot)
AIS receiver within 00.00 UT on 1 May 2019 to 23.59 on 31 May 2019.

information related to the receiver performance, one can
predict other AIS sub-systems’ performance. For example,
suppose the system performance in a particular area is unsat-
isfactory, whereas the receiver performance is the opposite.
In that case, the other factors apart from the receiver are
responsible for the decline in the performance.

Finally, the results of this work are organized to produce
information about the advantages of using equatorial-polar
AIS constellation in terms of its in-orbit performance. Since
this type of constellation can re-visit both equatorial and polar
regions in a short period, the results presented could become
a reference in developing a reliable space-based maritime
surveillance tool with excellent performance and a high num-
ber of accesses both in equatorial and polar regions.

II. MATERIAL AND METHOD
A. AIS DATASET
In this work, we used three different AIS datasets. The first
dataset consists of space-based AIS messages transmitted
by the ships that existed at the equatorial region at approx-
imately from −30◦ to +30◦ of latitude. This dataset was
collected by the LAPAN-A2 AIS receiver from 00:00 UTC
on 1 May 2019 to 23:58 UTC on 31 May 2019. Since the
LAPAN-A2 satellite orbiting at near-equatorial orbit with 6◦

of inclination, it can monitor the maritime activity around the
equatorial region, including Indonesia, 14 times per day.

The second dataset was gathered by polar-orbiting satellite,
LAPAN-A3. This dataset was acquired from 00:00 UTC
on 1 May 2019 to 23:59 UTC on 31 May 2019. As the
LAPAN-A3 orbiting at 97◦ of inclination, it is capable of
receiving AIS messages on the higher northern and southern
latitudes compared to LAPAN-A2. In the present, together
with LAPAN-A2, the LAPAN-A3 is continuously operated to
provide global ship monitoring service having a high number
of accesses both in the equatorial and polar regions.

The third dataset was recorded by an AIS network in
which is the combination of terrestrial & space-based AIS

TABLE 1. Comparison of the total number of unique ships and messages
received by different AIS receivers over 31 days.

receivers operated by a private company. We have received
the complete version of this dataset acquired from 00:00 UTC
on 1May 2019 to 23:59UTC on 31May 2019.We treated this
dataset as a benchmark in calculating the detection probabil-
ity, i.e., receiver performance. Employing this dataset as the
benchmark is reasonable since this dataset is the most com-
prehensive one compared to LAPAN-A2 and LAPAN-A3
datasets in terms of the number of collected messages and
unique MMSIs (Maritime Mobile Service Identity). We used
the term ‘‘benchmark dataset’’ to represent the dataset
recorded by the AIS network for convenience.

Furthermore, the dataset produced by the LAPAN-A2 and
LAPAN-A3, respectively, are denoted as the ‘‘A2 dataset’’
and ‘‘A3 dataset’’. For simplicity, the term ‘‘LAPAN
datasets’’ is also used to represent both the A2 and
A3 datasets. The complete comparison of these datasets over
the given acquisition range (31 days) is provided in Table 1.

All of the available datasets provide information fields
such as MMSI, timestamp, geographic position, speed, head-
ing, and message type. Fig. 1 and Fig. 2, respectively, show
the static distribution of unique ships identified by their
MMSI detected by the satellites and terrestrial-based AIS in
global coverage.

B. AIS DATA PRE-PROCESSING
This section is provided to give a detailed explanation related
to AIS data pre-processing stages. Before calculating the
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FIGURE 2. Static distribution of global vessels on benchmark dataset recorded by combined terrestrial &
space-based AIS network within the time interval of 00.00 UT on 1 May 2019 to 23.59 on 31 May 2019.

FIGURE 3. The chain used for pre-processing AIS raw data and AIS
messages.

performances, all of the space-based AIS raw data is fed into
a pre-processing chain to guarantee the resulted dataset free
from unwanted noise and erroneous messages. As depicted
in Fig. 3, the pre-processing chain consists of two main
stages, i.e., raw data and AISmessage pre-processing. For the
sake of better understanding, we expanded the explanation of
these stages into two respective sections.

1) RAW DATA PRE-PROCESSING
The raw data pre-processing stage is used to produce a dataset
containing AIS messages from binary data gathered by the
ground receivers. This type of pre-processing consists of three
consecutive sub-stages as follows:

a) Firstly, a searching algorithm used to recognize the
locations of desired AIS data frames is performed.

Afterward, the frame extraction technique is applied
based on those location identifiers. This step results in
AIS data blocks containing ship-related parameter and
Cyclic Redundancy Check (CRC) identifier. The CRC
identifier holds the information related to frame quality,
which can be used to remove noise-disturbed blocks.

b) Secondly, since the collected AIS raw data often suf-
fer from unwanted noise and other artifacts, a data
selection schema to remove noise-contaminated blocks
must be applied. In this step, the selection process is
made based on the CRC identifiers. The blocks of data
marked by a specific CRC identifier representing the
noise-contaminated state will be canceled out. Finally,
an AIS dataset holding only noise-free data blocks will
be resulted after passing through this step.

c) Lastly, to convert the raw data into an interpretable
format, a decoding process need to be performed. This
process is run by implementing the National Marine
Electronics Association (NMEA) decoding protocol
specifically designed for the respective LAPAN-A2
and LAPAN-A3 satellites. As a result, a dataset con-
taining static and dynamic parameters of the ships is
then resulted at the end of this step.

2) MESSAGE PRE-PROCESSING
Even though the dataset resulted from the raw data pre-
processing chain is free from unwanted noise, this dataset
could still suffer from unrepresentative AIS messages, e.g.,
duplicate messages, out-of-view messages, and messages
transmitted by re-used MMSIs. In this work, we applied a
sequence of filtering process to exclude all of those messages.
The detail of AIS messages filtering is given as follows:

a) Firstly, we started from the most basic process,
i.e., removing duplicate messages. This step is cru-
cial since using duplicate messages is unnecessary and
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leads to an incorrect final result caused by repetitive
calculations. The duplicate messages might be found
on the merged dataset as the combined LAPAN-A2 and
LAPAN-A3 performance being assessed.

b) Secondly, to ensure dummy reporting location or
out-of-view messages are not included in subsequent
processing, we employed the SGP4 orbit propaga-
tor algorithm to remove those dummy messages.
SGP4 was used to determine the coverage footprint of
the respective satellite at a particular time. All mes-
sages reporting the positions outside of the satellite’s
coverage is then excluded from subsequent processing.
Furthermore, since the benchmark dataset was used
as the comparative dataset, this step is also applied to
this dataset to provide a fair comparison between the
LAPAN datasets and the benchmark dataset. It is not
reasonable to compare the messages found in LAPAN
datasets to those found in the benchmark dataset in a
particular location while the satellites do not access
such location. In other words, the comparative dataset
for a particular satellite in a certain location consists
only of the messages recorded by the AIS network
during the visibility time of the respective satellite on
that location.

c) Lastly, based on the fact that many MMSI identifiers
are used by more than one ship, suspected re-used
MMSI must be removed. The re-used MMSI iden-
tifier was identified and removed by calculating the
speed required to move between two points based on
timestamps and positions reported by the ships. In case
the speed exceeds 60 knots, then MMSI is removed.
The remaining MMSI identifiers are then used in the
subsequent calculation.

The final product, filtered dataset free from unrepresenta-
tiveAISmessages, is then used for performancemeasurement
purposes.

C. CALCULATION OF SPACE-BASED AIS PERFORMANCE
In this paper, the tracking capability and detection probabil-
ity terms represent the system and receiver performance of
space-based AIS globally. Calculating the meter-resolution
level’s performance on the entire Earth’s surface is very
extensive; it is reasonable to carry out the calculation in a
discrete manner. Hence, the global area was divided into
grid cells to represent the tracking capability and detection
probability of certain areas covered by those grid cells. In our
work, a 2◦×2◦ grid was used by default so that the Earth’s
surface is divided into 90×180 grids. A smaller or even larger
grid size has not been investigated, but one must sensibly
allow enough space for a large number of ships to fit on the
grid.

1) SYSTEM PERFORMANCE
The system performance represented as tracking capability
was determined by employing the method developed by

Skauen presented in [17]. Tracking capability is defined as
the probability of re-detecting an already detected ship as they
move around the globe and are used to represent the perfor-
mance of a space-based AIS system. The advantage of using
this approach is that the calculation can be performed using
only data recorded by the space-based AIS itself without
involving any ground-truth dataset. In calculating the tracking
capability, the following definitions are used:
• NMMSI

det (g)TendTstart : The number of space-based AIS accesses
the grid cell g in which an MMSI was detected within a
specified timeframe between Tstart and Tend .

• N acces
tot (g)TendTstart : The total number of space-based AIS sys-

tem accesses the grid cell g over the specified timeframe
between Tstart and Tend .

For the detection, a single message per access to an area is
sufficient. Then, the tracking capability of a particular MMSI
in a particular grid cell g, TCMMSI (g), can be quantified by
using Eq. (1).

TCMMSI (g) =
NMMSI
det (g)TendTstart

N acces
tot (g)TendTstart

(1)

Afterward, the tracking capability, i.e., the re-detection
probability for all MMSI on the grid cell g can be obtained
by using Eq. (2),

PR(g) ∼ TC(g) =

∑
MMSI TCMMSI(g)
NMMSI (g)

(2)

where NMMSI (g) refers to the total unique MMSI identifiers
seen by the space-based AIS system.

In summary, to quantify the tracking capability as
described in Eq. (1) and Eq. (2), the following steps must be
performed:
• Calculate the access time of the space-based AIS system
to every grid cell per pass over the specified timeframe
using the SGP4 orbit propagator to obtain N acces

tot (g)TendTstart .
• Locate the position of each MMSI in grid representation
by using available position information reported by the
ships over the analysis timeframe in order to calculate
NMMSI
det (g)TendTstart .

• Calculate the tracking capability, i.e., re-detection prob-
ability per MMSI by using Eq. (1), then quantify the
re-detection probability for all MMSI per grid cell by
employing Eq. (2).

As the space-based AIS system observes a grid cell
multiple times over the specified timeframe, the resulted
re-detection probability can be statistically accumulated. The
accumulated result can be used to show the temporal evolu-
tion of system performance. The accumulated result can be
calculated according to Eq. (3).

TCacc(g) = 1−
N acces
tot (g)∏
1

(1− TC(g)) (3)

TheN acces
tot (g) refers to the number of space-based AIS system

accesses to a grid cell within the accumulation time in which
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FIGURE 4. Distribution of global tracking capability using LAPAN-A2 space-based AIS receiver.

is also calculated using SGP4 propagator. The result TCacc(g)
is then used to represent the average system performance
within the accumulation time.

2) RECEIVER PERFORMANCE
The receiver performance was represented as detection prob-
ability. The detection probability can be obtained directly by
comparing the number of ships detected by a space-basedAIS
receiver to the number of ships seen by the other AIS receiver
in the same area over the same timeframe. In mathematical
form, the equation used to calculate detection probability on
a particular grid cell g can be expressed as:

DP(g) =
Nsat (g)
Nbch(g)

(4)

where, Nsat (g) and Nbch(g) respectively, represent the total
number of MMSIs seen by space-based AIS system and the
total number of MMSIs collected by other AIS sources in the
same grid cell during the same period.

A similar implementation of this approach can also be
found in Li et al.’s work presented in [18]. In their work,
the detection probability was used to quantify the perfor-
mance of TianTuo-3 (TT3) satellite-based AIS. However,
they only use two days continuously recorded dataset, which
is insufficient to analyze the receiver’s performance in a
longer duration, mainly to cover the satellite’s entire orbit.

III. RESULTS AND DISCUSSIONS
A. INDIVIDUAL SYSTEM PERFORMANCE OF
LAPAN-A2 AND LAPAN-A3 SPACE-BASED AIS
This section describes the measurement results of individual
system performance of LAPAN- A2 and LAPAN-A3 space-
basedAIS represented as tracking capability, i.e., re-detection
probability.

The individual tracking capability of LAPAN-A2 and
LAPAN-A3 space-based AIS, respectively, are presented

in Fig. 4 and Fig. 5. In general, both results show that in the
high traffic zones, such as East Asia, Western Europe, North
America, and other economically active areas, the tracking
capability is low, and even down to 0%.We have analyzed that
this phenomenon is caused by a slight increase in the number
of ships. As shown in Fig. 6, the number of ships per grid cell
is exceptionally high in the high traffic zones. As a result,
the chance of messages collision faced by the AIS receiver
will increase as a massive amount of messages reach the AIS
receiver simultaneously. Moreover, based on the AIS chan-
nels’ signal environment map from space provided by [19],
land-based interference sources are found near the high traffic
zones. These sources were confirmed to have a contribution
in degrading the system performance. However, in deep-sea
regions with lower ship traffic density, such as the Pacific
Ocean and South Atlantic Ocean, both the LAPAN-A2 and
LAPAN-A3 AIS systems are in an excellent performance.

As the system performance represents the capability of
an AIS system to track a particular ship during its move-
ment, a high value of this performance can be influenced by
three possible factors. Firstly, the amount of simultaneously
received messages is still acceptable; hence, the space-based
receiver experiences significantly lessmessage collision. As a
result, the possibility of amessage to be successfully recorded
by the satellite’s onboard system will increase. Secondly,
according to the AIS channels’ signal environment map pro-
vided by [19], there is no source of interference found in
the deep-sea regions. As a result, the probability of the AIS
signal to reach the receiver is high. Thirdly, we have found
and presented in Fig. 7 that the ships were actively moving
at a higher speed in these regions than in high traffic zones.
The higher the ships’ speed, the shorter the reporting interval
set by the ship AIS transceiver. For example, ships at anchor
or not moving faster than 3 knots will automatically trans-
mit their AIS signal every 3 minutes. Simultaneously, ships
moving with speed larger than 3 knots will have reporting
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FIGURE 5. Distribution of global tracking capability using LAPAN-A3 space-based AIS receiver.

FIGURE 6. Global ship density map in 2◦×2◦ grid generated using the benchmark dataset.

interval 2–10 seconds depending on their dynamic condi-
tions. Therefore, as the averaged speed is relatively high in the
deep-sea regions, shorter reporting interval will be set by the
sailing ships in these regions. As a result, more messages will
be transmitted during a satellite pass so that the probability
of re-detecting a minimum one message per pass per ship
will also increase. Since system performance represents the
overall capability of a space-based AIS system, it can be
inferred that this excellent performance could be influenced
by at least one or all of those factors mentioned above.

It should be noted that the system performance presented
this work has been estimated by involving a relatively small
number ofAIS data points since it resulted only from two con-
stellated satellites. However, to implement a similar approach
for an extremely large dataset, it is important to compress
the ship trajectories for computational cost. One of the most

successful approaches related to the ship trajectory compres-
sion has been demonstrated by Yu et al. [20]. In their work,
massively parallel computation capabilities of the Graphics
Processing Unit (GPU) have been employed to reduce the
execution time of the Douglas-Peucker (DP) based trajectory
compression algorithm. As a result, their approach is not
only capable of reducing the amount of unnecessary AIS data
points but also provides fast processing capability.

The averaged probability of re-detection of respective
space-based AIS can be obtained by statistically accumu-
lating the results in Fig. 4 and Fig. 5. The accumulated
probability represents the re-detection probability’s tempo-
ral evolution as the space-based AIS systems access a grid
cell multiple times within the specified timeframe. This
probability is then used to represent the averaged system
performance within the specified time range. According to
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FIGURE 7. Averaged ship speed map in 2◦×2◦ grid generated using the benchmark dataset.

FIGURE 8. Statistically accumulated system performance of LAPAN-A2 space-based AIS receiver over 48 hours.

Fig. 8 and Fig. 9, the averaged system performance after
48 hours of in-orbit operation shows that both the LAPAN-A2
and LAPAN-A3 can establish their utility space-based
AIS system as global maritime surveillance perfectly. The
48-hours of duration was chosen since, in our case, using the
duration below this value is unable to produce a sufficient
map showing the temporal evolution. Similar to the tracking
capability pattern, it is found that both systems are excellent,
resulting in 95%-100% of averaged performance in all
deep-sea regions. However, in the Southeast Asia region,
including the Gulf of Thailand and the Philippines Sea,
the average performance of LAPAN-A2 is ranging from 0%
to 50%. Furthermore, in areas populated by the high density
of ships such as the Norwegian Sea, Mediterranean Sea,
Black Sea, Baltic Sea, English Channel, South China Sea, and
the East China Sea, the performance of LAPAN-A3 is also
degrading, resulting in 0% to 70% of averaged performance.

Since the averaged system performance is directly derived
from tracking capability, a low averaged performance expe-
rienced in high traffic zones, and the Southeast Asia region
is suspected to be caused by the same factors as faced by
the tracking capability, i.e., message collision and land-based
signal interference. Even accumulated for 48 hours, there
is no significant change in system performance in these
zones. This result indicates that the message collision and
signal interference are continuously happening and decreas-
ing space-based AIS performance in these zones during the
specified period. In contrast, as the averaged performance
reaches the maximum values in the deep-sea regions, it can
be inferred that during the specified period, both the ships
and space-based AIS systems are respectively stable in trans-
mitting and receiving the AIS signal. According to this
result, it can be concluded that as individually operated, the
LAPAN-A2 and LAPAN-A3 space-based AIS are reliable to
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FIGURE 9. Statistically accumulated system performance of LAPAN-A3 space-based AIS receiver over 48 hours.

FIGURE 10. Global receiver performance obtained using LAPAN-A2 space-based AIS receiver.

be used in ship monitoring and tracking purposes in which are
essential capabilities required to develop a maritime surveil-
lance tool. However, there is an exception for LAPAN-A2 in
the Indian Ocean as its system performance is relatively low
in this region.

B. INDIVIDUAL RECEIVER PERFORMANCE OF
LAPAN-A2 AND LAPAN-A3 SPACE-BASED AIS
In this section, the measurement results on individual
LAPAN-A2 and LAPAN-A3 space-based AIS receivers per-
formance are presented and discussed. The receiver perfor-
mance was represented as detection probability in which can
be obtained by comparing the number of ships detected by a
space-based AIS receiver to those detected by a benchmark
receiver.

In Fig. 10 and Fig. 11, the global receiver performance
maps of LAPAN-A2 and LAPAN-A3 space-based receivers
are presented.

For visualization purposes, the upper limit of perfor-
mance shown in the maps is limited to 100%. Accord-
ing to Fig. 10 and Fig. 11, both of the LAPAN-A2 and
LAPAN-A3 AIS receivers also experienced a low-
performance in the high traffic zones similar to their system
performance presented in Fig. 8 and Fig. 9. It is shown
that the maximum receiver performance is about 60% with
the lowest value near to 0% in the sea near the Europe
mainland, Persian Gulf, East China Sea, South China Sea,
and sea near the Southeast Asia region. Since the receiver
performance represents a relative comparison between two
different receivers, this low-performance value indicates that
the LAPAN space-based AIS receiver is not as reliable as
the benchmark receiver in high traffic zones. To explain
why both LAPAN-AIS receivers experience a decline in
performance in these regions, in Fig. 12, we provided the
distribution of ship detected by different receiver types of the
AIS network.
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FIGURE 11. Global receiver performance obtained using LAPAN-A3 space-based AIS receiver.

FIGURE 12. Distribution of ships detected by the different types of receivers of the AIS network. The
orange-colored markers represent ships detected by the terrestrial receiver while the gray markers belong
to the ships detected by the satellite receiver.

According to Fig. 12, it is shown that in the benchmark
dataset, most of the ships found in high traffic zones were
detected by the terrestrial receiver of the network. In contrast,
in the area far from the land, the ships were mainly detected
by the network’s satellite-based receiver. This phenomenon
indicates that the AIS network exploits and puts a high num-
ber of terrestrial-based receivers on the land near the high
traffic zones. Moreover, this map also showed that the AIS
network mainly operates its space-based receivers to accom-
modate the area’s detection far from the land.Moreover, since
a single terrestrial receiver’s coverage is only up to 50 nautical
miles, the number of ships covered by this receiver is not as
much as the space-based AIS receiver. Therefore, the prob-
ability of the terrestrial-based receiver’s message collision is
lower than that of the LAPAN-A2 space-based receiver. This
contradictive behavior between space-based and terrestrial-
based receivers explains why the receiver performance is low
in the high traffic zones.

Still based on Fig. 10 and Fig. 11, surprisingly, in
the sparsely distributed regions far from the land, includ-
ing the Pacific Ocean, Atlantic Ocean, the Indian Ocean,
the individual performance of LAPAN-A2 and LAPAN-A3
receivers are excellent with the value ranging from 95%
to 100%. Furthermore, in the extreme northern latitudes,
the LAPAN-A3 receiver also demonstrates a satisfying per-
formance varying from 60% to 100%. Since these regions
are far from the land, based on Fig. 12, the AIS net-
work operates only the space-based receivers. Hence, high
receiver performance on these regions means that the indi-
vidual LAPAN-A2 and LAPAN-A3 receivers can com-
pete for the space-based AIS receiver used by the AIS
network.

It should be noted that the upper limit of performance
value shown in Fig. 10 and Fig. 11 are confined to 100%.
It is found the values higher than 100%, representing that
the LAPAN space-based AIS overperforms the AIS network.
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FIGURE 13. Global distribution of blind and overperformed grids obtained by LAPAN-A2 space-based AIS
receiver.

FIGURE 14. Global distribution of blind and overperformed grids obtained by LAPAN-A3 space-based AIS
receiver.

To show the superiority of LAPAN AIS receivers over the
AIS network receivers, in Fig. 13 and Fig. 14, we respectively
provided the areas in which the LAPAN-A2 and LAPAN-A3
receivers detected more ships compared to the AIS net-
work receivers. Fig. 13 and Fig. 14 consists of two cat-
egories of grids; ‘‘blind’’ and ‘‘overperformed’’ grid. The
‘‘blind’’ grid refers to a location in which none of the ships
is found in the benchmark dataset but is existed in the
LAPAN dataset. The other one, the ‘‘overperformed’’ grid,
represents a location where one or more ships are detected
in both datasets, but more ships are found on the LAPAN
dataset.

We have calculated that in Fig. 13, respectively, 1.34% and
63.57% of the global coverage of LAPAN-A2 consisted of
blind and overperformed grids.While in Fig. 14, the blind and
overperformed grids take 3.30% and 47.85% of total grids

covered by the LAPAN-A3 space-based AIS receiver. It is
also shown that the blind and overperformed grids are mainly
distributed in the deep-sea regions. Since the AIS network
only has operated its space-based receivers in these regions,
the existence of blind and overperformed grids proves that
the LAPAN-A2 and LAPAN-A3 AIS receivers are not only
having a satisfying performance in the deep-sea regions but
also exceeds the performance of space-based receiver of the
AIS network.

To deeply compare the capability of LAPAN space-based
AIS and AIS network receiver, in Fig. 15, we have provided a
snapshot of the number of unique ships detected by respective
receivers.

We have verified that in some grids in the North Pacific
Ocean near the Hawaiian Islands (Fig. 15 (A)), there is found
12 times larger of the number of ships in A2-dataset than that

184130 VOLUME 8, 2020



W. Hasbi, Kamirul: Tracking Capability and Detection Probability Assessment of Space-Based Automatic Identification System (AIS)

FIGURE 15. The maximum overperformed grid resulted by comparing the A2 dataset to the benchmark dataset; (B) similar result
achieved using the A3 dataset.

found in the benchmark dataset. Moreover, in Fig. 15 (B),
the highest performance of the LAPAN-A3 receiver was
found in the SouthAtlantic Oceanwith a value of 25. It should
be noted that the calculation of receiver performance is based
on the number of detected ships. Therefore, these results
indicate that the LAPAN-AIS receivers are excellent in accu-
mulating a high number of unique ships visiting a particular
area. This capability complements their excellent tracking
capability in the deep-sea regions, as previously discussed in
Section III.A. Hence, it can be concluded that in the deep-
sea regions, the LAPAN-A2 and LAPAN-A3 space-based
AIS can be used to perform maritime surveillance activity
capable of collecting a high number of ships and tracking
them continuously.

Based on the results of the individual receiver performance
of LAPAN-A2 and LAPAN-A3 space-based AIS, it can be
seen that strategies to improve the detection probability are
still required, especially in the high traffic zones. There
is a possibility for currently orbiting satellites to improve
detection probability by adjusting the monopole antenna ori-
entation so that the AIS receiver’s footprint in optimum per-
formance. The term ‘‘optimum’’ in this context is related to a
condition in which the footprint covers only a particular area
so that the number of AIS transceivers covered by the receiver
can be reduced. As a result, the probability of messages
collision can be reduced, and the detection probability may
increase accordingly [11].

C. SYSTEM AND RECEIVER PERFORMANCE OF
CONSTELLATED LAPAN-A2 AND LAPAN-A3 SPACE-BASED
AIS
In this section, assessment results on system and receiver per-
formances of combined LAPAN-A2 and LAPAN-A3 space-
based AIS are presented. The term ‘‘combined’’ is used
to represent a situation in which the satellites are operated
simultaneously as a constellation. For convenience, we used

the term ‘‘combined LAPAN-AIS’’ to denote those combined
LAPAN space-based AIS. Since the LAPAN-A2 orbiting at
near-equatorial, the combination only affects the equatorial
region’s performance, from about -30◦ to +30◦ of latitude,
the maximum latitude that can be covered by LAPAN-A2.
Therefore, this region became the region of interest (ROI)
in assessing both the system and receiver performance of
combined LAPAN-AIS.

In Fig. 16, the global tracking capability map of combined
LAPAN-AIS is shown. According to this map, in the Pacific
Ocean and the Atlantic Ocean, the combined LAPAN-AIS
capable of resulting satisfying system performance ranging
from 70% to 100%. However, in the high traffic zones near
South India, South China mainland, and waters nearby the
Southeast Asia region, the low-performance is still experi-
enced. This condition happened since both the individual
LAPAN-A2 and LAPAN-A3 system performance are also
low in these regions; hence, there is no significant improve-
ment in performance even when the constellation scheme is
applied.

As explained in Section III (A), three major factors, i.e.,
message collision, signal interference, and the variation of
the speed of the ship globally, also influences the low-
performance result in high traffic zones as well as high-
performance result in deep-sea regions.

By specifically comparing the combined system per-
formance map to the individual LAPAN-A2 performance
in Fig. 4, it can be seen that the constellation schema is
capable of increasing the low performance in the Indian
Ocean as experienced by LAPAN-A2. This result indicates
that the constellation schema can improve both the system
performance and the number of passes in this region. As a
comparison, by operating LAPAN-A2 and LAPAN-A3 satel-
lites individually, the number of passes in a particular grid
in the Indian Ocean are 14 and 4 times per day, respectively.
As they operated together as constellated satellites, the num-
ber of passes becomes 18. Hence, this schema will benefit
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FIGURE 16. Distribution of global tracking capability obtained using combined LAPAN-AIS receivers.

FIGURE 17. Statistically accumulated system performance obtained using combined LAPAN-AIS receivers.

one in developing a well-performed AIS system with a high
number of accesses.

We have also compared the LAPAN-AIS combined sys-
tem performance to those generated by combined Norwegian
AISSat-1 and AISSat-2 space-based AIS reported in [17].
The complete comparison of the Norwegian AISSat con-
stellation and LAPAN-AIS system performance in several
locations is given in Table 2.

According to Table 2, there is found a close similar-
ity of performance pattern between the Norwegian and
LAPAN-AIS satellites. In the deep-sea regions such as the
South Atlantic Ocean and the South Pacific Ocean, both
the Norwegian and LAPAN-AIS demonstrate an excellent
performance from 70% to 100%. However, in the high traffic
zones, including the Gulf of Mexico, Mediterranean Sea,
and the East China Sea, both of the system performance
of the Norwegian and LAPAN-AIS satellites are drastically

dropped between 0% to 20%. According to these results,
it can be concluded that the Norwegian space-based AIS also
faces the same problems as experienced by LAPAN satellites
in these zones. Still referring to this table, it is also found
that combined LAPAN-AIS overperforms the Norwegian
AISSat constellation performance in some areas, i.e., the
North Pacific Ocean and the Gulf of Guinea. Since the Nor-
wegian AISSat constellation operating in polar orbit, it passes
the deep oceanic regions about four times per day. It means
that operating LAPAN-A2 and LAPAN-A3 as constellated
satellites give an advantage in terms of the number of access
provided and better system performance in those particular
locations. Moreover, as the combined LAPAN-AIS provides
a higher number of passes than that of the Norwegian AISSat
constellation in the deep oceanic regions, the combined
LAPAN-AIS is more suitable to be used as a ship monitoring
tool in those regions.
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FIGURE 18. Global receiver performance was obtained using combined LAPAN-A2 and LAPAN-A3 space-based AIS
receivers.

TABLE 2. Comparison of System Performance of The Norwegian AISSat
Constellation and Combined LAPAN-AIS in Several Location.

The accumulated re-detection probability map of Fig. 16
representing the averaged system performance of combined
LAPAN-AIS within a specific time range is shown in Fig. 17.
Based on this map, it is clear that over 48 hours, the con-
stellated satellites reach the best performance in almost all
the deep-sea regions. This result is not surprising since the
averaged individual performances of both satellites on the
ROI also provide the same pattern, except in the Indian Ocean
region. In that specific region, the individual performance
of LAPAN-A2 is less compared to other regions. However,
as the satellites are combined, the averaged performance in
this region can be increased. According to this result, it can
be concluded that the combined LAPAN-AIS is excellent to
be used as a tracking system in all deep-sea regions, including
the Indian Ocean.

By comparing the total number of unique ships found
in the combined LAPAN-AIS dataset to those found in the
benchmark dataset, combined LAPAN-AIS’s receiver perfor-
mance can be obtained. As presented in Fig. 18, the com-
bined LAPAN-AIS receiver performance pattern resembles
its system performance provided in Fig. 17. It is shown that
in the deep-sea regions, the performance is almost perfect,

FIGURE 19. Comparison of daily receiver performance in high traffic
zones (HTZ) and deep-sea regions (DSR).

with value ranging from 70% to 100%. Furthermore, in the
waters near the Eastern United States, China mainland, and
other economically active areas, similar to what was found
in Fig. 17, declining in performance was also experienced
by the combined LAPAN-AIS receivers. The receiver perfor-
mance in these areas is ranging from 0% to 40%.

According to the result in Fig. 18, it can be concluded
that even the constellation schema has been used, the com-
bined receivers are unable to compete with the capability of
massively-incorporated terrestrial-based receivers of the AIS
network in the high traffic zones. However, compared to their
individual performance, the constellation scheme is evidently
capable of increasing the receiver performance in high traffic
zones and deep-sea regions.

As provided in Fig. 19, in the deep-sea regions (denoted
as ‘‘DSR’’), the daily receiver performance increases to
80%-93% as the receivers combined. As a comparison,
by operating only a single LAPAN-A3 receiver, a lower
performance ranging from 52% to 82% is obtained. More-
over, in the high traffic zones (denoted as ‘‘HTZ’’), the
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TABLE 3. Comparison of results produced by individual and combined mode of LAPAN-AIS receivers in ROI.

FIGURE 20. Comparison of daily total detected ships in high traffic
zones (HTZ) and deep-sea regions (DSR).

constellation was also found to increase the averaged daily
performance to the range of 17% - 33%. By operating a single
LAPAN-A2 receiver, only 9% - 28% of performance has
resulted. Simultaneously, the single receiver performance of
LAPAN-A3 is the lowest in these zones, ranging from about
6% to 18%.

We have also compared the results in Fig. 19 to those
resulting from Li et al.’s work presented in [18]. Li et al.
have used a similar approach to assess the TianTuo-3 (TT3)
space-based AIS receiver’s performance. It is found that the
average performance of TT3 in the near offshore regions
is very close to those resulted from LAPAN-AIS receivers,
ranging from 10% to 40%. However, in the sparsely dis-
tributed regions, this satellite’s measured performance was
relatively low compared to our result, with the value ranging
from 40% to 70%. According to these results, based on daily
receiver performance, the LAPAN-AIS receivers are better
than TT3 in deep-sea regions.

In addition to daily receiver performance, in Fig. 20,
we have also provided the detected ship’s daily number.
According to the plot in Fig. 20, the constellation schema is
also found capable of increasing the receivers’ capability in
detecting unique ships.

It is confirmed that the total number of unique ships
in high traffic zones and deep-sea regions can also be
increased by incorporating the LAPAN-A2 and LAPAN-A3
space-based AIS receivers. In the high deep-sea regions,
we have calculated that the combined receivers could improve
the number of detected ships by up to 42.8% relative to
LAPAN-A3. Simultaneously, 9.9% of improvement in the
number of detected ships is also experienced as the com-
bined result compared to those resulting from LAPAN-A2.
Moreover, in the high traffic zones, the total number of

ships collected by combined receivers is about 33.1% and
60.3% higher than those collected by single LAPAN-A2 and
LAPAN-A3 receivers, respectively.

Last but not least, still based on Fig. 20, there is also found
an interesting result. Even the number of ships existing in
high traffic zones is slightly higher than that of the deep-
sea regions (according to global ship density map in Fig. 6),
an inverse phenomenon of performance is experienced by
LAPAN-AIS receivers. This result reinforces the fact that the
probability of message collisions in the high traffic zones is
higher than that of deep-sea regions.

To summarize the comparison of results produced by oper-
ating LAPAN-AIS as single and as a constellation, in Table 3,
we provided the globally-averaged performance, including
the ratio of blind and overperformed grids. According to
Table 3, it is confirmed that by operating the satellites
simultaneously, the averaged system performance increase by
5.87% and 9.26% compared to the individual performance
of LAPAN-A2 and LAPAN-A3, respectively. Moreover, it is
also found that this strategy is also capable of improv-
ing the averaged receiver performance of about 10.93%
and 4.93% compared to using individual LAPAN-A2 and
LAPAN-A3 receiver, respectively. However, there is no sig-
nificant improvement in the ratio of blind and overperformed
grids as the satellites combined. This condition happened
since the blind or overperformed grids found in individual
satellites may decrease as a more significant number of
ships in the benchmark dataset are also used in combined
mode.

Finally, in addition to the improvement in the performance
of space-based AIS, an alternative benefit of combining two
or more satellites as a constellation is that one could increase
the satellite’s duration of observation as their footprints are
sometimes overlapping. This increment also could decrease
the period without satellite’s visibility of an area. According
to these facts, the constellation schema allows maritime mon-
itoring more frequently in a longer observation duration.

IV. CONCLUSION
In this paper, a performance assessment on AIS receivers
mounted on uniquely-constellated equatorial-polar satellites,
LAPAN-A2 and LAPAN-A3, has been successfully con-
ducted. The assessment is intended to analyze both the satel-
lites’ system and receiver performance as they are working in
individual and constellated operation mode.

The measurement of system performance involves a
calculation to determine the capability of a space-based
AIS system in re-detecting an already detected ship. The
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calculation used only the AIS dataset collected by the respec-
tive satellites as the input. The system performance is used
to analyze whether the satellite and its AIS payload are
systematically well-configured, including their orbital plane
and altitude, antenna placement, and the receiver’s ability to
handle signal interference. As the in-orbit configuration of
the space-based AIS system could change periodically, and a
ship is probably moving globally to different environments,
there is a possibility that the space-based AIS system does not
detect the ship during a pass. Therefore, the system perfor-
mance can be obtained by comparing the number of times the
ship detected by the space-based AIS system to the number
times the satellite crosses the ship’s horizon. The receiver
performance is represented as detection probability in which
can be obtained by comparing the number of ships detected
by the space-based AIS receiver to those detected by an ideal
AIS receiver. An extensive dataset gathered by a combined
space & terrestrial-based AIS receiver network has been used
as the comparative dataset in our work. The assessment of
receiver performance is very important to analyze whether
the existing AIS receiver is already working as expected.

By using 31 days of continuously collected AIS datasets,
it is found that the receiver performance of constellated
LAPAN-A2 and LAPAN-A3 space-based AIS increases to
a value of 91.70%. This value is relatively larger than those
achieved by operating the LAPAN-A2 and LAPAN-A3 indi-
vidually, resulting in 80.77% and 86.77% of performance,
respectively. Based on the calculation, it is confirmed that
the constellation schema is also capable of increasing the
system performance to a value of 49.67%. As a comparison,
the system performance values of LAPAN-A2 and LAPAN-
A3 as they operated individually are 43.80% and 40.41%,
respectively.

Further results also show that in the deep-sea regions,
the constellated satellites demonstrate an excellent receiver
performance with the value ranging from 95% to 100%.
Moreover, during the same period of time, the LAPAN-
A2 and LAPAN-A3 receivers overperform the AIS receiver
network in terms of the total number of detected ships on up to
63.57% of their global coverage. Based on these results, it can
be concluded that simultaneously operating equatorial-polar
space-based AIS constellation is not only capable of provid-
ing a higher number of visiting time on respective regions
but also increasing the system and receiver performance.
Therefore, this type of AIS constellation schema is suitable
to be implemented as a well-performedmaritime surveillance
tool capable of giving frequent accesses in both equatorial and
polar regions.
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