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Abstract

Background: Acoustic positioning telemetry is nowadays widely used in behavioural ecology of aquatic animals.
Data on the animal’s geographical location and its changes through time are used to study for instance movement
patterns, habitat use and migration. The acoustic signals are detected by stand-alone receivers, allowing to collect
huge amounts of data over long periods of time. However, large volumes of data might contain large errors. The tradi-
tional Time Difference of Arrival (TDOA) method used to calculate underwater positions, is a point-by-point approach:
every position is calculated independently of all other positions. This method assumes that the acoustic transmissions
follow a linear path. In many environments, this assumption is violated, for instance by reflections of the acoustic
signal against hard surfaces, such as rock formations and concrete walls, or by diffractions around obstacles. Hence,
acoustic positioning datasets usually require additional filtering. Unfortunately, the performance of the available filter-
ing techniques is often unclear or ambiguous, especially when reflections occur. An alternative to the point-by-point
approach, is a track-oriented approach, as used by YAPS (Yet Another Positioning System). This novel algorithm uses
the information that is present in previous and subsequent positions, by combining a model of fish behaviour with
Time of Arrival (TOA) of the signals on the receivers. In this study, we investigated the performance of two filtering
techniques applied to positions provided by the Vemco Positioning System (VPS) in a highly reflective environment.
We compared the unfiltered VPS positions with a standard filtering technique, making use of the Horizontal Position-
ing Error (HPE), and developed a new filter based on receiver cluster classification. Finally, we recalculated the posi-
tions with YAPS and compared the performance of this system to the two filtering techniques.

Results: The performance of the VPS system was strongly impeded by the multiple reflections occurring in this study
area, but lowering the power output of transmitters can slightly attenuate this issue. None of the filtering techniques
was able to compensate for reflections and to improve the positioning accuracy significantly. Only the YAPS algorithm
could cope with the high level of reflectivity in this study site.

Conclusions: Point-by-point algorithms might fail to provide accurate fine-scale tracks in a highly reflective acoustic
environment. As this study has shown, the YAPS algorithm can provide a successful alternative, even in these difficult
conditions.
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could finally be (indirectly) observed beneath the water
surface [1, 2]. Both radio and acoustic telemetry have
since been developed further and are nowadays widely
used in behavioural ecology of aquatic animals. In acous-
tic telemetry, animal-implanted transmitters periodi-
cally emit acoustic signals that are heard and decoded by
receivers. By installing receivers at key locations, aquatic
animals can be tracked to investigate migration routes,
barrier passage, delay at structures, entrainment at water
intakes [3] and movement patterns along rivers during
migration [4]. Single receiver detections yield presence/
absence data, but do not allow to investigate fine-scale
movement, such as for instance swimming behaviour
related to hydrodynamics near structures [5, 6] and fine-
scale habitat use [7, 8]. In this case, a dense network of
receivers with overlapping ranges is used to calculate
2D (or 3D) positions, resulting in movement tracks.
The accuracy required on these positions depends on
the research questions. When fish are moving hundreds
of kilometres or when large-scale migrations are stud-
ied, accuracy of a km or so is adequate. In contrast, high
accuracies are needed for instance in ecohydraulic stud-
ies, where the interaction between animals and hydrau-
lics is studied at metre to sub-metre scale.

One of the most widely used acoustic positioning sys-
tems for fine-scale positioning is the Vemco Position-
ing System (VPS; Halifax, NS, Canada). Vemco provides
acoustic transmitters or tags, together with an autono-
mous receiver system that collects the transmitted sig-
nals of animals present within the system. They also
provide a positioning service based on the Time Differ-
ence of Arrival (TDOA) algorithm [9], a hyperbolic posi-
tioning system. The difference in detection time between
2 receivers is converted into a range difference, by use
of sound speed in water. This gives 3 equations for each
set of 3 receivers, that can be solved to find the position
and time of the transmitter and its transmission indepen-
dently of all other transmissions. Vemco uses a weighted
average of positions calculated from each available trian-
gle of receivers. The weights are determined by use of an
error sensitivity measure: the Horizontal Position Error
(HPE). HPE is a dimensionless measure based on the
sensitivity of the calculated position to injected errors in
range differences and transmitter depth [9].

The accuracy of TDOA positioning is influenced by 3
main types of errors [9]: uncertainty in the receiver posi-
tions, uncertainty in the transmitter depth, and errors on
range difference. In this study, the receivers were attached
at fixed structures and walls, minimising receiver move-
ment. The canal depth (about 5 m) is small compared
to the distance between receivers (80 m on average),
therefore depth error is also minimal. Range difference
error is primarily determined by error on the detection
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time, which depends on the receiver’s time resolution,
e.g., when a receiver has a time resolution of 1 ms, an
uncertainty of about 1.4 m (with 1435 m/s sound speed
in water) can be expected. Another source of error on
range difference is non-ideal sound propagation: TDOA
positioning assumes that the signal travels straight from
transmitter to receiver. When this assumption is not ful-
filled, errors are introduced. Any time a signal is reflected
or diffracted, its actual detection time does not match the
theoretical detection time and as a result, the calculated
distance between transmitter and receiver will be wrong.
Reflections occur in many environments: signals can for
instance bounce off the ocean floor, the water surface and
rock formations [10]. Particularly, human-made struc-
tures in concrete such as canal walls, dams and sluices
are very prone to reflecting acoustic signals. Diffractions
occur when a signal is deflected around an object, such
as corners, pillars and other structures in the water col-
umn. In addition, a low signal-to-noise ratio might also
contribute to positioning error [11, 12].

Manufacturers usually provide a filtering measure, such
as the dilution of precision and reliability index of Lotek
Wireless Inc. [13], and the HPE and more recently root
mean square error (RMSE) in VPS. Depending on the
research question, these filtering techniques can result
in sufficient data quality for the study (e.g., [7, 8, 14—16]).
In highly reflective environments, however, such filters
might be affected and not work as expected.

A new development in the fine-scale acoustic position-
ing domain is YAPS (Yet Another Positioning Solver;
[17]). While traditional positioning methods depart from
TDOA-data, YAPS uses the time of arrival (TOA) data
directly to calculate the transmitter position. A state—
space model, describing acoustic signal transmission and
fish behaviour, is fitted to the TOA data, and the error-
minimising track is found by a maximum likelihood
analysis. The algorithm simultaneously estimates trans-
mission time, x and y coordinates and speed of sound. If
available, calculated sound speed data based on tempera-
ture measurements can be incorporated in the model.
Contrastingly to the TDOA algorithm, YAPS can also
use detections picked up by less than three receivers and
optimises as such the use of available information. More-
over, the movement model constrains the track to bio-
logically plausible positions, hence avoiding large errors.

This paper evaluates the performance of a TDOA-
based system (here the 69-kHz VPS) in a highly
reflective case study in the Albert Canal in Belgium,
comprising concrete canal walls (causing reflection)
and a corner (causing deflection) protruding in the
receiver array. It compares different filtering tech-
niques on the VPS data with the novel YAPS algorithm,
which is directly based on TOA. The outcome of this
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study can probably be extended to other TDOA-based
systems such as Lotek (Lotek Wireless Inc., Newmar-
ket, Ontario, Canada) and Thelma Biotel (Trondheim,
Norway).

Results

Verification of system performance

The positioning efficiency of the fixed transmitters was
82% on average. The lower-power V7 reference trans-
mitter (R4) did not deviate much from this average, and
performed with 79% positioning efficiency even better
than one of the high-power V16 synchronisation trans-
mitters (S12, 76%). The measured noise was best related
to ship passage (Fig. 1; R* = 55%, p = 1e’®), and not
to discharge of the hydropower turbines. The average
noise level was 257 mV, well below the level expected
to cause issues for detection efficiency (< 300 mV;
[18]). Consistent with this expectation, there was no
significant relationship between noise and positioning
efficiency.

The accuracy of positioning of fixed transmitters var-
ied among transmitters and over time (Figs. 2 and 3),
with errors up to 255 m (S16). 75% of the errors were
below 2.5 m and 8% above 5 m. Especially the transmit-
ters located next to a wall, showed deviations mainly
inwards the array (Fig. 3). Note that the guiding struc-
tures to which some receivers and fixed transmitters are
attached, are only superficial structures and no walls.
The errors were not statistically related to any environ-
mental variable (precipitation, temperature, discharge,
ship passage).

To compare the influence of power output, we com-
pared the error on the V7 reference transmitter (R4)
to the error on V16 fixed transmitters. The error on R4
(power output 136 dB) was significantly lower than the
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Fig. 1 Time series of average daily noise (blue line) and average daily
ship passage (red dotted line). The horizontal dotted red line indicates
the noise level for good detection efficiencies, i.e. 300 mV [18]
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Fig. 2 VPS positions calculated for the fixed transmitters S17 (purple),
S15 (blue), S16 (green), S13 (orange) and S7 (red) during the entire
study period, illustrating the variation in errors among transmitters. In
UTM coordinates to allow background plotting from the ArcGIS Map
server
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error on all V16 fixed transmitters (power output 150—
62 dB), according to a Mann—Whitney test (p = 0.00).

Comparison of VPS, filtering techniques and YAPS

Fixed transmitter positioning

The 3 filtering methods retained similar numbers of
positions for the fixed transmitters (76 to 79%; Table 1).
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Fig. 3 3D-timeseries of the daily average VPS position of fixed
transmitters: synchronisation transmitters (green) and reference
transmitters (red). The study area is outlined in the x-y plane. The
calculated positions are in the z-direction. Perfect positions would
result in a straight vertical line; any deviations from the vertical line
indicate positioning errors
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Table 1 Performance measures on fixed transmitter
positioning for the different filtering techniques (VPS-NF,
no filtering; HPE, 75%-quantile HPE as threshold; good
p., only positions from good performing receiver clusters;
bad p., removing positions from bad performing clusters)
and for YAPS positioning

VPS-NF HPE Goodp. Badp. YAPS
Fixed transmitters
% positions kept 100 77 76 79 131
% positions on land 17 8 18 18 2
N positions on land 159412 57610 125045 126572 27,238
Min error (m) 0 0 0 0 0
Mean error (m) 26 19 1.1 13 0.8
Median error (m) 1.1 0.9 0.8 0.8 04
95%-quantile error (m) 84 55 2.8 3 3
99%-quantile error (m) 324 21.5 4.1 57 6.6
Max error (m) 254.2 167.8 1418 219 18.6

Table 2 Performance measures on test track positioning
for the different filtering techniques (VPS-NF,
no filtering; HPE, 75%-quantile HPE as threshold; good
p., good performance filter, i.e. only positions from good
performing receiver clusters; bad p., bad performance
filter, i.e. removing positions from bad performing
clusters) and for YAPS positioning

VPS-NF  HPE Goodp. Badp. YAPS

Test tracks
% positions kept 100 71 49 62 193
% positions on land 04 03 0 03 0.8
N positions on land 2 1 0 1 7
Min error (m) 0.1 0.1 0.1 0.1 0.1
Mean error (m) 55 38 47 54 6.7
median error (m) 19 1.5 1.7 1.8 3.1
95%-quantile error (m) ~ 24.4 208 233 26 26.5
99%-quantile error (m) ~ 45.5 429 405 452 385
Max error (m) 107 482 463 48.2 472

While the HPE filter decreased the on-land positions
with 9%, the receiver cluster filters even slightly increased
this percentage. Although the latter filters did remove
some positions on land, they removed a higher number of
positions in the water (resulting in a slightly higher per-
centage of positions on land). YAPS positioning obtained
30% more positions than VPS, and very few of these posi-
tions were on land. All filtering methods succeeded in
removing some erroneous positions (in which the good
performance filter was most successful), but none of the
methods achieved the accuracy of the YAPS positions.
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Test track positioning

The HPE filter succeeded in removing some erroneous
positions, decreasing the mean error to 3.8 m (Table 2).
In general, this filter removed mainly points outside
of the receiver array (Figs. 4b and 5b). The good and
bad performance filters omitted the largest errors, but
barely decreased the mean positioning error. Moreo-
ver, the good performance filter retained only half of
the VPS positions, therefore losing a lot of informa-
tion. YAPS calculated almost twice the number of posi-
tions, compared to VPS. However, this larger amount of
information came with some extra errors: a few YAPS
positions ended up on land, and the mean and median
error were larger than on the unfiltered VPS positions.
Nevertheless, YAPS did succeed in avoiding posi-
tions that were completely off track, given the strongly
reduced maximum error and the reduced 99%-quan-
tile error. Figures 4e and 5e show that the errors
occurred mainly in the entrance of the northern lock
chamber and on the parts of the track outside of the
array. Both VPS (with or without filtering) and YAPS
gave different results for the V13 versus the V7 track
(Fig. 4), even though both transmitters were deployed
simultaneously.

Fish positioning

All 3 filtering methods reduced the number of impos-
sible fish positions on land, as well as the percentage of
velocities that exceeded the sustained and burst swim-
ming velocity (Table 3). However, especially the good
performance filter led to huge data loss, retaining only
20 to 30% of the positions. In contrast, YAPS calculated
2 to 4 times more positions than VPS, hence signifi-
cantly increasing the amount of information. Moreover,
YAPS calculated the fewest positions on land and the
lowest percentage of velocities exceeding sustained/
burst velocity.

A visual comparison of all the methods on 3 fish
tracks (Figs. 6, 7 and 8) confirms that the YAPS tracks
are biologically the most plausible. Figure 8a shows the
difference between YAPS and VPS when the fish is out
of array: whereas YAPS continues to estimate a quite
plausible track, the VPS track becomes very noisy and
calculates positions that are very implausible from a
biological point of view. Only the good performance
filter (Fig. 8d) is able to filter out these erroneous posi-
tions originating from outside the array.

For 11 of the 119 tagged fish that reached the VPS
array, the YAPS algorithm did not converge in 5
attempts, and hence no track was obtained. These
fish had either very few observations (< 30) or were
detected only in periods with large burst intervals
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Fig. 4 Test track performed on August 4th 2016, resulting from the different methods: VPS (a), HPE filter (b), good performance filter (c), bad
performance filter (d) and YAPS (e). The gray line represents the ground truth, measured by a high-precision GPS. The green line connects positions
calculated for the V13 test transmitter, the blue dashed lined connects positions (with smaller dots) for the V7 test transmitter. The dots are shaded
according to their accuracy: darker shades green or blue indicate larger deviations from the GPS position. The gray polygon marks the contour of
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(Table 4). The large burst intervals were programmed
to save battery life for eels in periods when we did not
expect them to migrate.

Discussion

In this study, we investigated different positioning
approaches in a highly reflective environment: two fil-
tering techniques, applied on vendor-supplied VPS
positions, and YAPS tracks calculated directly from
the raw detection data. As our results showed: YAPS
performed well in a situation where VPS (and the

associated filters) did not. Before comparing the per-
formance of the different systems, we will discuss the
performance of the VPS-system, investigated by use of
fixed transmitters.

The vicinity of a navigation lock complex is a chal-
lenging environment for acoustic positioning. Ship traf-
fic through the study site amounts to 74 vessels per day
on average (except on Sundays, when the navigation
locks are not operating). The operation of the locks and
the hydropower installation might increase the noise
level already produced by the ships. Nevertheless, the
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Fig. 5 Test track performed on August 5th 2016, resulting from the different methods: VPS (a), HPE filter (b), good performance filter (c), bad
performance filter (d) and YAPS (e). The gray line represents the ground truth, measured by a high-precision GPS. The green line connects positions
calculated for the V13 test transmitter. The dots are shaded according to their accuracy: darker shades indicate larger deviations from the GPS

measured noise level was in a favourable range, resulting
in a good acoustic positioning efficiency of about 80%.
Despite the good positioning efficiency, the position-
ing accuracy of the VPS system was moderate: 8% of the
fixed transmitter positions had 5 to 255 m error. Accord-
ing to Vemco, errors up to 7 m can be expected from
VR2W-receivers due to their low time resolution of 1 ms,
but higher inaccuracies are probably caused by non-ideal
sound propagation. The concrete canal walls surround-
ing the system can reflect up to 98% of acoustic energy
[19]. After receiving a transmission, each receiver sleeps
for 260 ms and hence is deaf for reflected signals arriving

in this time span [10]. However, when the direct signal is
not heard, this protection is absent. Smith et al. (1998)
[11] stated that reflections cannot be predicted, because
they depend on each position individually. This chaotic
behaviour of reflections is apparent when analysing fixed
transmitter positions over time (Figs. 2 and 3). Especially
the receivers close to the walls are prone to errors, with
positions deviating mostly inwards the array (Fig. 3).
The main cause of diffraction in this study site is prob-
ably the presence of corners within the receiver array
(Fig. 9). The path length of a signal travelling around the
corner, for instance from transmitter S15 to receiver S7,
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Table 3 Performance measures on eel and salmon positioning for the different filtering techniques
VPS-NF HPE Good p. Bad p. YAPS
Eel
% positions kept 100 47 21 52 198
% positions on land 13 7 10 11 5
N positions on land 11,496 2763 1886 4891 8860
95%-quantile vV 1.1 0.5 0.6 1 04
99%-quantile V 33 0.7 14 34 0.6
Max V 177 5 139 17.7 89
%V > sustained 9.5 14 35 8.2 0.8
%V > burst 1 0 03 1 0
Salmon
% positions kept 100 57 33 59 417
% positions on land 5 2 6 5 2
N positions on land 1376 262 502 769 2302
95%-quantile V (m/s) 0.6 04 04 0.6 03
99%-quantile V (m/s) 3.1 0.6 0.6 29 04
Max V (m/s) 15.7 3 10 15 29
%V > sustained 6.8 13 13 5.7 04
%V > burst 0.8 0 0.1 0.7 0

(VPS-NF, no filtering; HPE, 75%-quantile HPE as threshold; good p., only positions from good performing receiver clusters; bad p., removing positions from bad

performing clusters) and for YAPS positioning

is augmented with about 30%, causing an error on the
range difference between receiver S7 and other detecting
receivers. The passing ships are probably another source
of reflections and diffractions.

The observation that the error on the V7 reference
transmitter was significantly lower than on the V16
transmitters, while keeping a good positioning efficiency,
is promising. This lower-output transmitter appears to be
less prone to reflections than the other fixed transmitters.
Since the fish were tagged with similar output transmit-
ters (V7 and V13), their positioning accuracy is probably
better than for the V16 transmitters.

We compared the performance of VPS, the three filter
methods and YAPS on three sources of data: fixed trans-
mitter positions, test tracks and fish tracks. The fixed
transmitter positions allow error calculation, since the
real position is known. However, the positioning of V16
transmitters might not be fully representative for posi-
tioning of the fish transmitters (V7, V9 and V13), which
have a lower power output. Therefore, we used V7 and
V13 transmitters in the test tracks. Since the test tracks
contain only a small amount of data, we also used the
proper fish tracks to compare the different filtering and
positioning methods. We used optimal swimming speed
and burst speed as biological thresholds to verify posi-
tioning quality by means of measured swimming veloci-
ties. These can be merely used to check for unlikely and
impossible swimming velocities. Although positions with

velocities that do not exceed these values are not nec-
essarily correct, positions that do exceed the limits are
guaranteed to be wrong, and hence a measure of wrong-
ness (rather than correctness).

Despite successful implementation in other studies [7,
20], we could not find a relation between HPE and the
2DRMS statistic on fixed transmitters in this case study.
The reason is that HPE does not take into account the
error caused by reflected or diffracted signals. More pre-
cisely, reflections do not only cause positioning error,
but also error estimation error (personal communication
with Frank Smith, Vemco). This can result in positions
with high error but low HPE value, and hence incon-
sistencies in its representation of error sensitivity. In the
absence of a more supported HPE threshold, we used the
75%-quantile HPE value as a threshold.

HPE values are high outside the array and small within
the array [9]. This is reflected in the ability of the HPE fil-
ter to decrease the number of positions situated on land
(hence out-of-array). Also, the HPE-filtered test tracks
and fish tracks clearly show the filter’s bias towards
inside-array positions. At the same time, the filter did not
completely remove on-land positions and retained some
erroneous positions inside the array. Although the HPE
filter improved the accuracy on fixed transmitter posi-
tions and test tracks, the filtered fish tracks do not show
an improvement in quality: rather they are fragmented
and noisy. (Note that the number of unlikely swimming
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Fig. 6 Track of salmon 34435, tagged with a V7 transmitter (rbi 40-80 s). The time series (a) show the X- and Y-coordinates of the VPS track (blue)
and YAPS track (green). The other panels show the track in 2D from 13:00 on, resulting from the different methods: VPS (b), HPE filter (c), good
performance filter (d), bad performance filter (e) and YAPS (f). The gray polygon marks the contour of the receiver array

velocities nevertheless decreased.) Hence, the usability of
the HPE-filter in this type of study site seems limited.
Both receiver cluster filters slightly improved the accu-
racy on fixed transmitter positions and test tracks, but
removed less positions on land. Although these filters
removed a lot of test track positions wrongly (i.e. false
negatives), they were not biased towards inside-array
positions and hence retained more information out-
side of the array. However, in general the cluster filter-
ing resulted in a large information loss, especially for the
V7 transmitter (Fig. 4c, d). The loss of information and
abundance of false negatives indicate the shortcomings
of this method: the receiver clusters were classified based

on V16 fixed transmitter data, and hence the derived fil-
tering probably only works well on V16 transmitters. V13
transmitters are less likely to be heard by the same groups
of receivers, and V7 transmitters even less, due to the
lower output. The fish tracks confirmed the unsuitabil-
ity of these filters, and especially the salmon track (V7)
was heavily deformed by both bad and good performance
filters.

The positioning accuracy of fixed transmitter was bet-
ter for YAPS than for any VPS filtering approach. Sur-
prisingly, this was not the case for the test tracks, where
the average error on YAPS positions was even larger than
on unfiltered VPS positions. The main cause of the larger
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Fig. 7 Track of eel 100, tagged with a V13 transmitter (rbi 17-33 s). The time series (a) show the X- and Y-coordinates of the VPS track (blue) and
YAPS track (green). The other panels show the track in 2D resulting from the different methods: VPS (b), HPE filter (c), good performance filter (d),
bad performance filter (e) and YAPS (f). The gray polygon marks the contour of the receiver array

average error is YAPS’ ability to calculate more positions.
Signals coming from the out-of-array zone are detected
by fewer receivers. Therefore, VPS can calculate only
a few positions, resulting in a very noisy track. YAPS,
which does not need three receivers to calculate a posi-
tions, retains almost the same frequency of positioning.
However, the low number of detecting receivers, com-
bined with a random burst interval (so that the algorithm
has to almost interpolate between points with more
receivers), results also for YAPS in a lower out-of-array
accuracy. And since YAPS calculates more positions,
these errors contribute more in the average error than in
the case of VPS. In contrast to the VPS track, the YAPS

tracks captured better the form of the boat path, espe-
cially outside of the array. Since this zone is not the main
zone of interest, exact positions are less important here,
but it can be interesting to have an idea on how a fish is
behaving just before entering the study area. Moreover,
this avoids that erroneous positions from out-of-array
end up inside the array, disturbing the interpretation
of behaviour inside the zone of interest (as observed in
VPS-tracks). Due to the presence of guiding structures
in the study site, the boat tracks covered a restricted area
(around the guiding structures) and are not entirely rep-
resentative for fish tracks. More test tracks covering the
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Fig. 8 Track of eel 103, tagged with a V13 transmitter (rbi 17-33 s). The time series (@) show the X- and Y-coordinates of the VPS track (blue) and
YAPS track (green). The other panels show the track in 2D until 03:00, resulting from the different methods: VPS (b), HPE filter (c), good performance
filter (d), bad performance filter (e) and YAPS (f). The gray polygon marks the contour of the receiver array

entire receiver array could probably enhance this com-
parison exercise.

Although the V7 and V13 YAPS tracks are slightly dif-
ferent outside of the array, the difference is by far less pro-
nounced than in the VPS tracks and the filtered tracks.
Apparently, YAPS is less sensitive to the power output
of the transmitter. This is related to its resilience against
reflected signals and its capacity to calculate tracks with
little information, which are probably the causes of the
difference between V7 and V13 VPS tracks.

The power of YAPS to use all available detection infor-
mation, is unmistakable in the fish tracks. Especially the
salmon tracks contain a multitude more YAPS than VPS

positions. These lower-power V7-transmitters are more
prone to signal loss than the V16-fixed transmitters and
V13-transmitters. Hence, YAPS ability to estimate a
track from few detections, in contrast to VPS, is empha-
sised on V7 transmitters. Moreover, visual analysis indi-
cates that the YAPS tracks are the closest to the real fish
tracks.

When comparing the fish tracks visually, three features
of YAPS stand out. Firstly, its ability to calculate more
positions results in more information about behaviour
(Fig. 6), and a biologically plausible track. In contrast,
the numerous missing points in the VPS track, combined
with some erroneous positions from reflections, make it
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Table 4 Acoustic transmitter (tag) types, burst interval and power output

Nb Type Programmed burst Power output db Battery life Dimensions (mm) Weight
interval (s) relppaat1m in water
(9)
Fixed tags
Sync tags 1 V16-4x 540-660 150-162 10 years 54 x 16 8.1
Ref tags R1-3 3 V16-4x 540-660 150-162 10 years 54 x 16 8.1
Ref tag R4 1 V7 540-660 136 10 years 7 %18 0.7
Fish tags
Eel tags 10 V13P-1L 17-33 147-153 301 days 13 x 48 6.5
29 V13-1L 17-33 147-153 507 days 13 x 36
1 V13-1L 17-33 147-153 85 days 13 x 36 6
60-120 130 days
20-40 430 days
1 V9-2L 17-33 146-151 85 days 9 x 21 33
300-360 130 days
20-40 153 days
Salmon tags 47 V7-2L 15-33 136 64 days 7x18 0.7
25 V7-4L 0-80 136 107 days 7x18 0.7
Test tags
255 1 V13-P 17-33 147-153 301 days 13 x 48 6.5
53,427 1 V7 15-30 136 64 days 7x18 0.7
16,200 1 V13-P 10 147-153 301 days 7% 18 6.5

difficult to interpret the track correctly, and none of the
filters provide an improvement. Secondly, YAPS can cor-
rect for reflected signals, in contrast to VPS (Fig. 7). Note
that the eel transmitter suffers more from reflections
than the salmon transmitter, due to its higher power out-
put. Thirdly, YAPS is able to capture the behaviour of a
fish outside the study area, where most VPS positions are
completely off track (Fig. 8). These erroneous VPS posi-
tions not only fail to capture the out-of-array behaviour,
but also disturb the interpretation of the track inside the
array.

The average burst interval of fish transmitters in this
study was at least 22.5 s. Smaller burst intervals would
cause more signal collisions, especially when many fish
are present simultaneously in the receiver array. This
is due to the type of signal transmission (PPM or pulse
position modulation), which takes 3 to 5 s to transmit
[21], and inherently limits the amount of information
that can be obtained on a fish track. Recently developed
systems now allow using smaller burst intervals (in the
order of seconds). Examples are the high residency (HR)
system (Vemco) and the code division multiple access
(CDMA) system (Lotek), which use signals that take <
10 ms to transmit [21]. In combination with a better tem-
poral receiver resolution, these systems are expected to
allow sub-meter accuracy [22]. Hence, it would be useful

to repeat this paper’s comparison exercise with these
systems.

Despite the promising performance of YAPS, one
cannot ignore the extra effort it demands from practi-
tioners. Before running the YAPS algorithm, the raw
detections must be synchronised in time, cleaned-up
and rearranged. Especially the time synchronisation is
an essential, but potentially tedious task. The details of
these preprocessing steps are not discussed in this paper,
but references to online available code are given in the
“Methods” section. In addition, recent developments of
the YAPS package have added the possibility to perform
the time synchronisation inside the package [23], in an
effort to make YAPS positioning accessible to all. Our
results suggest that for research questions on detailed
fish behaviour (with required meter or submeter preci-
sion), company-provided black-box positions and filter-
ing methods might not provide the required precision,
where YAPS does. This statement specifically holds for
reflective environments as presented here.

Conclusions

Reflective case studies form a challenge for traditional
point-by-point positioning algorithms. Additional fil-
tering on these methods is not likely to succeed, given
the lack of information to detect which positions origi-
nate from reflected or diffracted signals. Indeed, neither
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the standard HPE filter nor a newly developed filtering
method based on receiver cluster classification was able
to provide sufficiently reliable fish tracks in this highly
reflective study site.

The positioning accuracy of VPS in a reflective study
site depends on the power of the transmitters used.
Therefore, it is advisable to incorporate some reference
transmitters of the fish transmitter type in the study. The
resulting dataset will be more representative to monitor
fish positioning during the study than a set of V16 trans-
mitters. Also, corners in the receiver array should rather
be avoided, since these create non-linear transmission
paths (although in some case studies, like the present
one, this might not be possible).

Methods that incorporate models of fish behaviour are
promising because positions that deviate from the path
due to reflections can be intercepted. YAPS proved to
be high-performing in reflective environments, condi-
tions with a low signal-to-noise ratio (in this case due to
a low-power signal), and even in grasping information
about fish behaviour outside of the receiver array. Hence,
it seems that this new algorithm manages even less con-
venient study sites. Despite the necessary effort in the
time synchronisation of the dataset, and the possible
effort needed to adapt YAPS to certain case studies, we
advocate that the strain is more than worth it to obtain
scientifically sound results in difficult study sites such as
the one presented.

Methods

Case study

The Albert Canal is an impounded shipping canal con-
necting the Meuse River in Liege to the Scheldt Estuary
in Antwerp. The canal contains 6 navigation lock com-
plexes to bridge the level difference of 56 m between
Liége and Antwerp. We collected information about fish
behaviour in a 200 x 150 m area (about 5 m deep) in
front of the navigation lock complex of Kwaadmechelen,
which embarks about 74 vessels daily (Fig. 9). Adjacent to
this navigation lock, a combined hydropower/pumping
installation generates energy at high flow and can pump
water upstream at low flow.

VPS data collection

We tracked European eels (Anguilla anguilla) in the sil-
ver eel phase and Atlantic salmons (Salmo salar) in the
smolt phase during 3 deployments, starting, respectively,
in November 2015, January 2016 and August 2016. The
data of the last deployment were offloaded in June 2017.
The mature and large silver eels were tagged with V13
transmitters, while the juvenile salmon smolts required
the smaller V7 transmitters. All acoustic transmitters had
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Fig. 9 Aerial view of the navigation lock complex and receiver
array for 2D-positioning in Kwaadmechelen. The green dots are the
receivers, the blue dots are the synchronisation tags (collocated with
receivers). The blue triangles are reference tags, of which R4 was only
installed towards the end of the study, since April 5th 2017. On that
day, S8 was also moved to another position, indicated with S8-2.
Background from Google Maps Satellite

a random burst interval, transmitting on average each
22.5 (salmon), 25 (eel) or 60 s (salmon) (Table 4).

To collect fish positions, we attached 12 69-kHz VR2W
receivers (with time resolution 1 ms) to the guiding
structures of the lock complex, on average about 80 m
apart (Fig. 9). The configuration of the receivers ensured
that every location in the area of interest was covered
by at least 3 receivers. Since the receivers of the Vemco
system are not cable-connected, synchronisation of the
receiver clocks happens by synchronisation transmit-
ters. Additionally, we installed 3 reference transmitters
in the receiver array. Both synchronisation and reference
transmitters produce signals every 10 min on average
(randomly between 540 and 660 s). These data were used
to verify the system performance. During placement, we
measured the position of synchronisation and reference
transmitters with a hand-held Garmin GPS (about 5 m
accuracy).

To make sure that the synchronisation signal is not lost
during the study, we used synchronisation (and also ref-
erence) transmitters of the V16-family, characterised by
a high power output (Table 4). In the course of the study
(on April 5th 2017), we added a 4th V7 reference trans-
mitter (R4), to also verify positioning performance of a
low-power transmitter. Simultaneously, we moved one of
the receivers (ST08) about 50 m to the east, to improve
the coverage of the receiver array. Receiver S9 was origi-
nally not collocated with a synchronisation transmitter,
but on January 11th 2017, we replaced this receiver with
the newer VR2TX type, containing an internal synchro-
nisation transmitter and capable of measuring noise (one
measurement every 10 min). After each deployment, we
offloaded the receivers and sent the data to Vemco for
positioning (Fig. 10).

During the 2nd deployment, we collected 3 test tracks
with 3 different test transmitters. We mounted a Trimble
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Fig. 10 Workflow of the study

TSC2 GPS with 0.01 m average horizontal accuracy on
a boat, measuring the true position every second. We
attached the test transmitters to a rope with a heavy
weight to keep them vertically underneath the boat, and
towed them through the study site. On August 4th 2016,
we combined a V13 (17-33 s) and a V7 (15-30 s) trans-
mitter in one boat track (average ground speed 0.24 m/s).
On August 5th, we performed a second boat track (aver-
age ground speed 0.40 m/s) with another V13 transmit-
ter, having a fixed delay of 10's.

Verification of system performance

The performance of a positioning system depends on
positioning accuracy and efficiency. The fixed transmit-
ters in the VPS array allow verifying both measures. Posi-
tioning efficiency is the number of calculated positions
in proportion to the number of expected positions in
a given time frame and is related to the signal-to-noise
ratio. The transmitter’s output level determines the
power of a signal and is different for different transmit-
ter sizes (Table 4). The main source of acoustic noise in
this study can be expected to be ship noise and noise
related to the operation of the navigation lock complex
and hydropower installation. We used the noise measure-
ments of the VR2TX receiver to verify the influence of
noise on positioning efficiency. Accuracy is determined
by the error between real and calculated transmitter
position. We analysed the error on fixed transmitter posi-
tions visually, by use of 3D timeseries plots. Furthermore,
we compared the error on the V7 reference transmitter
(R4) to the V16 fixed transmitters, to verify the influence
of power output.

Filtering methods

Every VPS position is delivered with some additional
information, containing the HPE value (a dimensionless
error sensitivity measure) and the set of receivers used
for the position calculation. We used this information
in two filtering techniques: HPE threshold and receiver
cluster classification.

HPE threshold

According to Coates et al. (2013) [7], calculated posi-
tions can be filtered by use of an HPE threshold, deter-
mined by a relationship between HPE and a statistic on
the positioning error on fixed transmitters. To find this
relationship, we binned the HPE values of all fixed trans-
mitter positions per unit of 1 HPE and calculated the
“twice the Distance Root Mean Square error” (2DRMS)
in each group [20]. Since the HPE measure is to be inter-
preted for each deployment separately, we did this for the
3 deployments. However, in none of the deployments, a
linear relationship between HPE and 2DRMS could be
found (Fig. 11). As an alternative, we used the 75%-per-
centile of HPE values as HPE threshold: 3.0, 5.7 and 6.7
for the 3 deployments, respectively.

Classification of receiver clusters

In this approach, we filtered positions based on the
overall performance of the receivers used for the posi-
tion calculation. To this end, we classified every receiver
cluster (i.e. every group of receivers used at least once to
calculate a position) in two performance categories. The
classification of receiver clusters assumes that the choice
of receivers used to calculate a position, influences the
accuracy of that position. The performance of a receiver
cluster can be verified by use of the positions calculated
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for synchronisation and reference transmitters. We clas-
sified every cluster that calculated at least 10 stationary
transmitter positions, according to its performance. If a
receiver cluster calculated at least 95% of the positions
with an error of max 5 m, it is classified as a well per-
forming cluster, otherwise as a badly performing cluster
[24]. This results in 2 options to filter the positions: (1)
only keep the positions calculated with well performing
clusters (and hence omit the unclassified clusters that
calculated too few positions) or (2) remove all positions
calculated with badly performing clusters (and hence
keep unclassified positions). The first is further referred
to as ‘good performance filter, the second as ‘bad perfor-
mance filter’

YAPS positioning

Although the default time precision of the detection data
is only 1 s, the softwares VUE and FATHOM provided
by Vemco allow to obtain the millisecond time precision
(see the APosTel web page). This precision is needed to

execute a positioning algorithm independent from VPS.
The YAPS R package is available online [25] and can
be user-adapted to specific case studies and situations
[23]. The results come with an estimated error, indicat-
ing model uncertainty for each position estimate. Since
we had water temperature measurements available, we
incorporated sound speed data calculated by use of the
Mackenzie equation [26].

To position fixed transmitters, we split the observa-
tions whenever a silence of 60 min occurred (an obser-
vation is defined as all receiver detections originating
from one transmission). We split the resulting groups in
chunks of 2000 observations, and if the algorithm did not
converge, we truncated these chunks further to size 1000,
500, 250 and 100. For each run, we allowed 5 attempts of
YAPS to find a solution, for each new attempt changing
the initial conditions and requiring the estimated error
to be smaller than 2. For the synchronisation transmit-
ters, we omitted each transmitter’s self detections, i.e. on
the receiver collocated with the transmitter. In addition,
we omitted detections on receivers that were completely
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outside direct-line-of-sight. For instance for receiver S15,
these are S7, S10 and S12.

The test tracks needed no splitting of the data and were
run until an estimated error < 10. To estimate the fish
tracks, we split the observations at silences of 30 min-
utes (again no further chunking needed). We allowed 5
attempts and used an estimation error threshold of 100.
A higher threshold was needed since the model uncer-
tainty was overall larger for fish tracks than for fixed
transmitter positions.

An essential step preceding each positioning algorithm
is time synchronisation of the receiver clocks [27]. Addi-
tionally, some preprocessing in terms of rearrangement
and clean-up of the raw detection data are needed before
feeding the TOA data to YAPS [28]. Examples of the
actual YAPS positioning on fish, fixed and test data can
be found online [29], even as all resulting YAPS tracks
[30].

Measures to compare performance

To compare the two filtering techniques with unfiltered
VPS positions and with the YAPS algorithm (Fig. 10), we
calculated performance measures on the fixed transmit-
ter positions, test tracks and fish tracks.

With the VPS positions on fixed transmitters, Vemco
also provides the positioning error in reference to the
so-called ‘derived’ GPS positions. These GPS positions
originate from a receiver station calibration [9], per-
formed prior to VPS analysis, by use of calculated dis-
tances between receiver pairs. A calibration is required,
since GPS positions may come with a significant error.
To ensure a fair comparison, we also performed a sta-
tion calibration on the YAPS analysis, where the most
frequently prevailing YAPS position of a fixed transmit-
ter was used as ‘true’ position. This is comparable to the
result of the Vemco calibration, where the derived posi-
tion of a transmitter is close to its most abundant VPS
position.

In the receiver cluster filter, the cluster classification is
directly based on the fixed transmitter data. Therefore,
we used 3-fold cross validation to calculate the error on
the fixed transmitter positions that remained after this
filtering.

For the test tracks, we used the high-precision Trimble
GPS tracks as ground truth to calculate the error on the
positions. Furthermore, we visually compared the tracks
resulting from the different methods.

In case of fish tracks, the real track is unknown. How-
ever, the biological plausibility of fish tracks can be esti-
mated by use of knowledge on the swimming velocities.
Fish are characterised by an optimal swimming speed, at
which the energetic cost is minimal. For silver eels this is
about 0.66 m/s [31, 32]. This speed would optimise the
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eels’ energy use during their long trip to the Sargasso Sea.
Salmon smolts can sustain a velocity of 0.54 m/s during
a few hours [33]. We can assume that swimming veloci-
ties above these values are less likely to occur, therefore
the percentage of such positions is a measure for possibly
erroneous positions.

Another measure is the burst speed, which is the
highest speed a fish can attain and can be maintained
for less than 20 seconds [34]. Large fish such as silver
eels (with an average length of 840 mm in this study)
can reach a speed of 4 body lengths/s [35], or 3.4 m/s
in this case. Small fish such as salmon smolts (average
length of 160 mm) can reach 25 body lengths/s [35],
or 3.9 m/s. Swimming velocities that exceed these
respective values can be considered with high cer-
tainty as originating from erroneous positions, there-
fore we calculated the percentage of positions where
this occurred. In addition, we calculated the 95 and
99%-percentile of swimming velocities, and the maxi-
mum occurring swimming velocity for each method.
We summarised all performance measures separately
for the 2 species, since they have different swimming
velocities.

A frequently occurring phenomenon are positions
situated on the embankment and the surrounding land.
These are obviously erroneous positions, indicating
directly how a method is performing. Since 5 receivers
were fixed on the canal walls, the majority of calculated
positions for their collocated synchronisation transmit-
ters will be on the wall and hence on land. To account
for this, we applied a buffer of 3 m around the walls to
determine on-land positions. Furthermore, every filter-
ing of the positions is a trade-off between increasing
the accuracy and retaining information. Therefore, we
calculated the percentage of positions retained relative
to the VPS results (i.e. the positions delivered by Vemco
without any filtering or positioning effort). Both meas-
ures were calculated for the 3 groups of positions (fixed
transmitters, test and fish tracks).
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