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Design and Tests of an Adaptive Triggering Method
for Capturing Peak Samples in a Thin Phytoplankton
Layer by an Autonomous Underwater Vehicle
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Abstract—Thin layers of phytoplankton have an important
impact on coastal ocean ecology. The high spatial and temporal
variability of such layers makes autonomous underwater vehicles
(AUYVs) ideal for their study. At the Monterey Bay Aquarium
Research Institute (MBARI, Moss Landing, CA), the authors have
used an AUV for obtaining repeated high-resolution surveys of
thin layers in Monterey Bay, CA. The AUYV is equipped with ten
“gulpers” that can capture water samples when some feature is
detected. In this paper, the authors present an adaptive triggering
method for an AUV to capture water samples at chlorophyll
fluorescence peaks in a thin layer. The algorithm keeps track of
the fluorescence background level and the peaks’ baseline in real
time to ensure that detection is tuned to the ambient conditions.
The algorithm crosschecks for concurrent high values of optical
backscattering to ensure that sampling targets true particle peaks
and not simply physiologically controlled fluorescence peaks.
To let the AUV capture the thin layer’s peak without delay, the
algorithm takes advantage of the vehicle’s sawtooth (i.e., yo-yo)
trajectory: in one yo-yo cycle, the vehicle makes two crossings
of the thin layer. On the first crossing, the vehicle detects the
layer’s fluorescence peak and saves the peak height; on the second
crossing, as the fluorescence measurement reaches the saved peak
height (plus meeting additional timing and depth conditions), a
sampling is triggered. Based on the thin layer’s vertical position
in the vehicle’s yo-yo profiles, the algorithm selects the pair of
detection and triggering crossings so as to minimize the spacing
between them. We use the algorithm to postprocess a data set of
20 AUV missions in the 2005 Layered Organization in the Coastal
Ocean (LOCO) Experiment in Monterey Bay, CA, and compare
its performance with that of a threshold triggering method. In
October 2009, the presented method was field tested in an AUV
mission in northern Monterey Bay, CA.

Index Terms—Autonomous underwater vehicle (AUV), peak de-
tection, thin phytoplankton layer, water sample acquisition.

I. INTRODUCTION

HIN layers of phytoplankton are often observed in the
T coastal ocean [1]-[5]. They have an important impact on
the patterns of primary productivity, the survival and growth of
zooplankton and fish larvae, the development of harmful algal
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Fig. 1. The ten gulpers on the Dorado AUV (courtesy of L. Bird and A.
Sherman of MBARI).

blooms (HABs), and other aspects of coastal ocean ecology
[1]-[5]. Thin layers have a thickness ranging from <1 mto a few
meters, and can horizontally extend for kilometers [1], [3]-[5].
For studying thin layers, high-resolution sampling in the vertical
dimension is required.

At the Monterey Bay Aquarium Research Institute (MBARI,
Moss Landing, CA), we operate a Dorado AUV [6], [7] to con-
duct surveys for interdisciplinary oceanographic studies. The
vehicle has a length of 4.2 m and a diameter of 0.53 m at the
midsection. Its sensor suite includes Sea-Bird SBE3 tempera-
ture and SBE4 conductivity sensors, a Paroscientific SCB4000-I
pressure sensor, and a HOBI Labs HydroScat-2 sensor that mea-
sures chlorophyll fluorescence at the 676-nm wavelength and
backscatter at two wavelengths (470 and 676 nm before Feb-
ruary 2009, and 420 and 700 nm afterwards). While in situ
measurements are essential for an AUV survey, many important
chemical and biological properties of seawater can only be mea-
sured in the laboratory, which calls for collecting water samples
and returning them to shore. AUV-borne water samplers are par-
ticularly needed for the studies of plankton and larval ecology,
primary production, and HABs [8]. MBARI engineers designed
and installed ten 2-L “gulpers” [9] on a Dorado AUV, as shown
in Fig. 1, which can capture water samples when some feature
is detected.
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Within a thin layer, a high biomass concentration leads to a
high level of chlorophyll fluorescence [5]. Therefore, for inves-
tigating the peak biomass, it is a critical task to have the gulpers
capture water samples at fluorescence peaks. As a first step, the
second and third authors devised a threshold triggering method
for capturing high-fluorescence water samples as follows.

1) Based on premission field measurements of fluorescence
(such as in a preceding AUV mission), set an appropriate
fluorescence threshold FLp esh-

2) During the mission, when .J out of K past (including the
current) fluorescence measurements [i.e., samples n,n —
1,...,n—(K —1)]exceed FLypyesh, consider the threshold
met. This “.J out of K (e.g., 4 out of 8) condition is for
rejecting noise spikes and outliers.

3) Set a lockout time interval Tjockout between triggerings to
prevent “dense triggerings” that would use up gulpers over
a short distance. A triggering is allowed only if the elapsed
time since the last triggering exceeds Tiockout -

4) To prevent gulping air bubbles, a triggering is allowed only
if the vehicle’s depth exceeds a lockout depth DEP 1, cxout -

As will be demonstrated in the field test results in Section IV,
the threshold triggering method is a practical and robust mech-
anism for capturing high-fluorescence water samples. However,
this method has two shortcomings. 1) A fluorescence threshold
needs to be set prior to the mission. If the threshold is set too
low, the water sample acquisition capacity will be expended too
rapidly. As aresult, some truly high-chlorophyll patches will be
missed. If the threshold is set too high, triggerings will be scarce,
so the water sample acquisition capacity will be underutilized.
2) A sampling is triggered as soon as the threshold condition
is met, without the capacity of “waiting for” an ensuing peak.
On the basis of the threshold triggering method and to overcome
its shortcomings, we have developed an adaptive peak-detection
triggering method [10].

Real-time peak detection is a difficult problem. The basic ap-
proach of gradient (i.e., slope) tracking—declaring a peak when
the sign of the slope flips from positive to negative [11]—works
well in postprocessing, but not in real time: when it is found
that the gradient has just turned negative, the peak has already
passed. As a result, peak detection would come late. To prevent
false peak detections caused by noise spikes or minor bumps,
lowpass filtering is commonly required, which adds an addi-
tional delay in peak detection.

An example of peak detection is illustrated in Fig. 2. On the
raw measurement (the solid line), the peak lies at time index
n, but the flipping of the slope’s sign can only be detected at
n + 1. Hence, the peak detection on the solid line comes at
n + 1, late by one sample. Note that the raw measurement has
two minor peaks at n — 2 and n + 2. To remove those two minor
peaks, we lowpass filter the raw measurement by a two-sample
moving-average window, resulting in the dashed line. This low-
pass filtering carries a delay of one sample, hence “moving” the
peak from n to n 4 1. Consequently, peak detection by gradient
tracking on the dashed line comes at n + 2. Thus, the total delay
in peak detection is now two samples. In practice, more intense
lowpass filtering is often required to suppress stronger noise,
which means an even longer delay. For instance, a seven-sample
moving-average window will cause a delay of (7 —1)/2 =3
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Fig. 2. If using slope tracking for real-time peak detection, the detection would
come late.

samples. Then, the total delay in peak detection will be 1 4+ 3 =
4 samples. The sampling interval of the HydroScat-2 fluores-
cence and backscatter sensor is 0.25 s. So a four-sample delay
means a delay of 1 s. If an AUV carrying a HydroScat-2 sensor
crosses a thin layer of a 0.5-m thickness at a vertical speed of
0.5 m/s, a 1-s delay means that the AUV will miss the layer.

Another type of approach, under the premise that the signal
shape is known a priori, employs the technique of matched
filtering [12] for peak detection [13], [14]. However, not only
is the computation more complicated, but also the variability
of oceanographic signals often makes it infeasible to assume a
signal shape a priori.

In our adaptive peak-detection triggering method, we enable
an AUV to capture peaks without delay by taking advantage of
the vehicle’s sawtooth (i.e., yo-yo) trajectory. There is no need
to preset a triggering threshold. Rather, the vehicle automati-
cally determines whether a detected peak qualifies as a “high
peak” for triggering. The method is presented in Section II. To
evaluate the statistical performance, we use the algorithm to
postprocess a previous AUV data set, as discussed in Section I11.
The method was field tested in an AUV mission in northern
Monterey Bay, CA, in October 2009. The results are presented
in Section IV. We give the conclusion and propose future work
in Section V. Note that the presented method is for capturing
water samples in a horizontal thin layer where the signal reaches
a peak at some depth (i.e., in the vertical dimension). There are
a variety of other oceanographic processes, such as a front be-
tween different water masses, that exhibit signal peaks (or peaks
of the signal’s gradient) in the horizontal dimension. We are
working to extend our method to capturing peaks in the hori-
zontal dimension.

II. AN ADAPTIVE TRIGGERING METHOD BASED ON REAL-TIME
PEAK DETECTION

In a thin phytoplankton layer, chlorophyll fluorescence and
backscatter intensities exceed background levels [2]. When an
AUV traverses the layer, it can detect a fluorescence peak. As
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Fig. 3. On its sawtooth trajectory through a thin phytoplankton layer, an AUV
detects the fluorescence peak on the first crossing, with a delay. It captures the
peak on the second crossing with no delay.

discussed in Section I, peak detection cannot escape a delay in
a single crossing of the layer. However, in an ascent—descent
cycle (i.e., a sawtooth cycle), the AUV makes two crossings of
the layer, as illustrated in Fig. 3. The crux of our method is to
overcome the peak-detection delay by taking advantage of the
AUV’s two crossings of the layer, as depicted in Fig. 3. On
the vehicle’s first crossing on the ascent leg, the peak detec-
tion comes with a delay, but we let the vehicle save the past
peak height in a sliding window. On the second crossing on the
descent leg, as soon as the fluorescence measurement reaches
the saved peak height (plus meeting additional timing and depth
conditions that will be given in Section II-E), a sampling is trig-
gered. The key components of the peak detection and triggering
algorithm are elaborated upon in Sections II-A-II-E.

A. Tracking of Background Levels: Generating
an Adaptive Threshold

First, a running average (from the start time to present) of
the raw fluorescence measurements is calculated to provide the
background level

n

1
FLbkgd(n) = — FL(L)
n+1 =
. nFLhkgd (TL — 1) + FL(n)

n+1 M
where 7 is the time index, n is the index of the current time,
and FL(7) is the raw fluorescence measurement. The iterative
formulation is used in the real-time computation.

Likewise, running averages of raw backscatter measurements
are calculated to provide the background level (for both 470- and
676-nm wavelengths)

n

1
=—— Y BB()
n+1 =
. nBBbkgd(n — 1) + BB(TL)

n+1

BBbkgd(n)

(@)

where BB(4) is the raw backscatter measurement.

To reduce spurious peaks due to noise, the raw measurements
are lowpass filtered by an M -sample moving-average window

M—-1

1

FLy(n) =— Y  FL(n —i) 3)
1 M-—1

BBy (n) = 7 > BB(n—i). 4
1=0

Two operationally defined criteria for a thin phytoplankton
layer are as follows[2]: 1) the peak fluorescence value ex-
ceeds twice the background level; and 2) the corresponding
backscatter value also exceeds twice the background level. To
avoid noise-induced peaks, we use the lowpass filtered signals
FL;,(n) and BBy, (n) to check against the criteria. A detected
peak of fluorescence qualifies as a “real peak” only when both
criteria are met

FLyy(n) BB, (n)
Flpkga(n) BBpga(n)
a “real peak” is detected: FL_PEAK(¢) =FLy,(n) (5)

If > Qafl AND > Qpp

where i is the peak index, and ay; and oy, are both set to 2
(note that the second criterion is for either of the two backscatter
wavelengths). The thresholds for a “real peak™ are thus adap-
tively adjusted in real time relative to the background.

B. Peak Detection by Slope Tracking

For fluorescence peak detection on the first crossing, we em-
ploy the basic approach of slope tracking. We define a state vari-
able [15] S¥y, and two other variables FL .« and FL,,;, for
storing the maximum and minimum fluorescence values. The
definitions of the states are as follows:

If FLy, (n
set SFL (’I’L
If FL[P (n

set SFL (TL

~

> Flnax,

to 1, and update FL ., by FL,(n).

< FLpin,

to 0, and update FL,,;, by FLy,(n). (6)

~— —

A fluorescence peak is detected when Sy, changes from 1 to
0 (i.e., the slope changes from being positive to being negative).
To prevent false state changes due to noise, we set two low-value
thresholds pr,_rise and OF1,_drop (both are positive numbers).
Only a rise/drop that exceeds the corresponding threshold is
considered significant enough to qualify as a nontrivial rise/
drop. State changes occur as follows:

If Spr(n — 1) = 1 AND
[FLip(n) = Flinax < —0FL_drop] OR
[FLi,(n) has dropped twice in a row]],
flip Sr1.(n) to 0. A peak is detected.
If Spr.(n — 1) = 0 AND FLj,(n) — FLyin > P10 _sise,
flip Skr(n) to 1. 7

The effect of dpp_rise is to prevent a small “bump” on a
downslope (of fluorescence) from flipping Sgy, from 0 to 1,
while the effect of 0r1._drop is to prevent a small “bump” on an
upslope from flipping Syr, from 1 to O (i.e., detecting a peak).
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We want the algorithm to be more sensitive to detecting a peak
than to flipping from state O to state 1, so we set OFL_drop
to a smaller value (i.e., a lower threshold) than Opr, _,ise. See
Section III for an example.

C. Tracking of Peaks’ Baseline: When to Call
a Detected Peak a “High Peak”?

Since the AUV is equipped with only ten gulpers, their trig-
gerings should only occur on high fluorescence peaks. For this
purpose, the running average of the detected fluorescence peaks
is taken as the peaks’ baseline

FL_PEAKbaseliHE(k)

k
1 .
= ]{;——{—1 i:E - FL_PEAK(L)
_ KFL_PEAKpaectine(k — 1) + FL_PEAK(k)

8

E+1 ®
where i is the peak index, k& + 1 is the number of detected peaks
up to present, and FLL_PEAK(7) is the value of the detected
peak. Only those peaks that are above FL_PEAKypaseline (k)
qualify as “high peaks”

If FL PEAK (k) > FL_.PEAKpaseline(k),
consider FL_.PEAK(k) a “high peak". (9)

Thus, the threshold for a “high peak™ is also adaptively ad-
justed in real time. Note that for the first peak (¢ = 0),
FL_PEAKpascline(0) = FL_PEAK(0), so the above condition
is not met, which disqualifies the first peak as a high peak. Only
later peaks (k > 1) can qualify as high peaks. This allows for
some time for FL_PEAK} ascline tO stabilize.

As illustrated in Fig. 3, presuming the fluorescence peak de-
tected at the first crossing on the ascent leg exceeds the peaks’
baseline FL_PEAK},aseline, then at the second crossing on the
descent leg, the vehicle is likely to encounter the peak again
due to the thin layer’s horizontal extent. As the two adjacent
crossings are only separated by a short distance, the two peak
measurements are likely to have similar heights. On the second
crossing, when the fluorescence measurement reaches the saved
peak height (saved on the first crossing), an AUV gulper is trig-
gered. As a thin layer’s intensity may vary over distance, the
peak heights at the first and second crossings may have a small
difference. If the second peak is lower than the first (i.e., the
saved peak height), there will be no triggering. This actually
serves our objective of triggering gulpers only on high peaks.
Conversely, if the second peak is slightly higher than the first,
the gulper will be triggered slightly before the second peak ar-
rives. Since the water sample takes 1-2 s to fill the gulper, trig-
gering slightly early will tend to center the sample on the peak.

D. Timing of the First-Peak Detection and the Subsequent
Triggering: On an Ascent Leg or a Descent Leg?

The threshold for triggering at the second crossing is set by
the peak height saved on the first crossing, based on the assump-
tion of similar peak heights at the two consecutive crossings.
Since horizontal variation in peak height is more probable with a
larger horizontal separation, minimizing the separation between
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Fig. 4. The AUV determines the timing of the first-peak detection and the sub-
sequent triggering based on whether the thin layer lies in the upper or lower half
of the AUV’s yo-yo profile.

the pair of layer crossings is important. If the thin layer lies in the
upper half of the yo-yo profile, the first-peak detection should
occur on the ascent leg and the subsequent triggering should
occur on the descent leg (as shown in the left panel in Fig. 4).
Conversely, if the thin layer lies in the lower half of the yo-yo
profile, the first-peak detection should occur on the descent leg
and the subsequent triggering should occur on the ascent leg (as
shown in the right panel in Fig. 4). Thus, the distance between
the first-peak detection and the subsequent triggering is no more
than half the distance spanned by one yo-yo cycle.

Using the same algorithm as presented in Section II-B, the
AUV tracks the state of its own depth by a variable Sprp
(Spep = 1: descending; Spgp = 0: ascending), and tracks
in real time the maximum and minimum depths by variables
DEP .x and DEPi,,. The real-time middepth of the yo-yo
pattern is DEP ;g = (DEP pax + DEPyin) /2.

When a high fluorescence peak [satisfying the condition in
(9)] is detected on the first crossing, the corresponding depth
DEP(n) is compared with DEP,,;4. Only if Spgp = 1 (ie.,
the AUV is descending) plus DEP(n) > DEP ,q (i.e., the thin
layer lies in the lower half of the yo-yo profile), or Spgp = 0
(i.e., the AUV is ascending) plus DEP(n) < DEP,q (i.e., the
thin layer lies in the upper half of the yo-yo profile), does the
peak qualify as a “pretrigger peak” (preparing for a subsequent
triggering on the second crossing).

E. Additional Conditions for Triggering a Sampling

For triggering a sampling, besides the condition of reaching
a fluorescence peak, we also add the Tiockout and DEPocxout
conditions just as in the threshold triggering method (introduced
in Section I). Note that 71i,ckout 1S for the entire AUV mission,
not for each yo-yo cycle.

III. TESTS BY THE LOCO EXPERIMENT AUV DATASET

In the 2005 Layered Organization in the Coastal Ocean
(LOCO) field program [2] in Monterey Bay, CA, a Dorado
AUV conducted 20 surveys on a triangular track (as shown by
the dashed lines in Fig. 5, counterclockwise starting from the
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Fig. 5. The triangular survey tracks of the Dorado AUV in the 2005 LOCO
Experiment (dashed line), and in the October 2009 AUV Mission 2009.280.00
(solid line). Labeled contours are bathymetry (in meters). Longitude: West. Lat-
itude: North.

northernmost vertex) from August 18 to September 6 [5]. The
vehicle flew on a yo-yo trajectory in the vertical dimension,
from 2.5-m depth down to 7 m above the bottom (the deepest
point was about 100 m). The vehicle’s horizontal and vertical
speeds were about 1.5 and 0.5 m/s, respectively. The perimeter
of the triangle was about 38 km. Taking into account that the
AUV periodically ascended to surface for global positioning
system (GPS) fixes, each one-lap survey took about 6.5 h.
In this section, we test the adaptive peak-detection triggering
method by postprocessing the full data set of the 20 AUV
surveys. The algorithm is coded in MATLAB and runs on a
desktop computer.

For example, we show the test result on AUV Mission
2005.241.02 (starting from 20:05:27 on August 28, 2005
(PDT), lasting for 6.5 h) in Fig. 6. The raw fluorescence mea-
surement is shown by the black solid line. The background
level, tracked by FLygq as calculated by (1), is shown by the
black dashed line. Similarly, BBykgq tracks the background
level of backscatter on the 470- and 676-nm wavelengths.
The lowpass filter (the same as the sliding window that saves
the peak height on the first crossing) length M is set to 8 for
calculating FL;;, and BBy, by (3), (4). FL;, is shown by the
magenta line. o y; and oy, in (5) are both set to 2. To disqualify
very small bumps as peaks, we set Op1,_rise and OFr1,_drop in (7)
to small nonzero values 10~% and 1075 (set empirically based
on inspection of the FL;, time series), respectively. drr,_drop iS
set to a lower value than dgr,_.ise as explained in Section II-B.
As long as those two parameters are very small compared
with the signal level, the performance of the peak-detection

AUV mission starting from 8/28 20:05 (PDT), 2005.

A

0.015

Raw
- - -Running average
Lowpass filtered
O Peak (detected with a delay)
- - -Running average of peaks
0.01} @ Pretrigger peak
A Triggered capture

Fluorescence

0.005

‘ e
e
flom! ‘
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T|me (seconds) '

Fig. 6. Unconstrained peak-detection triggerings (red triangles) in postpro-
cessing of the Dorado AUV Mission 2005.241.02 data.

algorithm is not sensitive to their values, as will be shown at
the end of this section.

In Fig. 6, the detected fluorescence peaks that exceed twice
the background level (with the corresponding backscatter value
also exceeding twice the background level) are shown by the
blue circles. (Note that before 3000 s, backscatter values do not
exceed twice the background level, hence there was no quali-
fied fluorescence peak.) The average height of the fluorescence
peaks, tracked by FL_PEAK}.seline as calculated by (8), is
shown by the blue dashed line. The pretrigger peaks (as defined
at the end of Section II-D) are marked by the blue filled circles.
To fully reveal the triggerings’ statistics, we do not exert the
lockout time and lockout depth constraints (i.e., setting Tjockout
and DEP,ciout both to zero). There are 44 triggerings, as
marked by the red triangles.

For performance comparison, we also test the threshold trig-
gering method using the same data. We set FL;p,osn to a level,
as previously applied in field tests of the threshold triggering
method, specifically at the 80th percentile of all fluorescence
measurements in the mission. In Fig. 7, for each triggering, we
plot the fluorescence profiles on the first and the second cross-
ings of the thin layer.

1) Using the threshold triggering algorithm, on the first
crossing (blue), a triggering (blue triangle) occurs as soon
as the preset FLesn is reached. A triggering can occur
well before the arrival of the actual peak (blue circle), thus
missing the peak by a relatively large error.

2) Using the peak-detection algorithm, the actual peak on the
first crossing is detected and saved in a sliding window to
prepare for the triggering on the ensuing second crossing
(red). On the second crossing, when the fluorescence
measurement reaches the saved peak height on the first
crossing, a triggering (red triangle) occurs. As discussed
at the end of Section II-C, if the second peak (red circle)
is slightly higher than the first (blue circle), the triggering
will come slightly before the arrival of the second peak,
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direction of the triangle indicates the AUV was ascending or descending.

but this error is typically small. Fig. 7 demonstrates that
in most peak-detection triggerings, the triggering point
overlaps or lies very close to the second peak. Note that the
peak depths on the two crossings can have some difference
if the thin layer is not level. This depth difference does not
hinder the algorithm because the triggering on the second
crossing depends on the value, rather than the depth, of
the fluorescence peak on the first crossing.

Next, we test the two methods by the entire data set of the
20 AUV surveys, which produce about 310 peak-detection trig-
gerings and as many threshold triggerings (for comparison pur-
poses). To evaluate the peak-capture performance, we examine
the following two errors, as shown in Fig. 8.

1) The triggering depth error dep,,, = depthg e peax —
depthy,iygering, Where depthy, e peai is the depth of the
actual peak, and depthy,sgering 1S the depth of the trig-
gering. The depth error by peak-detection triggering is very
small (mean = 0.08 m and standard deviation = 0.98 m),
much better than that by threshold triggering (mean =
—0.4 m and standard deviation = 3.6 m). Also note that
the peak-detection triggerings’ depth errors are well cen-
tered around zero, while the threshold triggerings’ depth
errors have a bimodal distribution because a triggering al-

most always comes earlier than the actual peak (shallower
than the actual peak if on a descent leg, or deeper than the
actual peak if on an ascent leg).

2) The triggering level error fleyy = flirue_peak — fliriggering
where flirue_peak 1S the actual fluorescence peak level,
and fliyiggering 18 the fluorescence level at the triggering.
The peak-detection triggerings very accurately capture the
peaks (mean of fl.,, = 0.0002 and standard deviation of
flerr = 0.0004), an order of magnitude more accurate than
the threshold triggerings (mean of fl.,, = 0.002 and stan-
dard deviation of fl... = 0.001).

Fig. 9 shows the fluorescence histograms of the peak-
detection triggering cluster and the threshold triggering cluster
in relation to the whole population. The lower end of the
peak-detection triggering cluster lies at the 91st percentile of the
whole population, another demonstration of the peak-capture
performance of the presented method. In contrast, the lower
end of the threshold triggering cluster lies at the 66th percentile
of the whole population. Note that in each individual AUV
survey, we set the threshold to the 80th percentile level, but
the lower end of the entire cluster of threshold triggerings
turns out to lie only at the 66th percentile of the whole data
set of the 20 AUV surveys.
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Fig. 8. Performance comparison of the two triggering methods on the entire data set of the 20 AUV surveys in the 2005 LOCO Experiment: the histograms of the
triggering depth error (left) and the triggering level error (right).
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Fig. 9. The histograms of all fluorescence measurements in the 20 AUV surveys in the 2005 LOCO Experiment (upper panel), the fluorescence measurements at
the peak-detection triggerings (middle panel), and those at the threshold triggerings (lower panel). The vertical dashed and solid lines mark the percentile of the
lower end of the threshold triggering cluster and that of the peak-detection triggering cluster in the whole population, respectively.

To test the peak-detection algorithm’s sensitivity to the values  for AUV Mission 2005.241.02, as shown in Table I. At higher
of OFL_rise and OF1_drop, We compare the algorithm’s perfor-  values of Orr,_rise and OF1_drop, the total number of detected
mance at three different sets of Orr_rise and Orr1_drop values peaks drops because a larger number of small bumps are elimi-
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TABLE I

5 Total number of | Average height of | Total number of | Average height of
FLyise? “FL_drop detected peaks detected peaks triggerings triggerings
0,0 303 0.0027 44 0.005

107, 10° 264 0.0028 44 0.005
2x10%,2x10° 255 0.0029 44 0.0051

AUV-measured fluorescence. Starting from 10/7

0-n l v 1l

Depth (m)
3 &

N
[6)]

&

AUV gulper triggered on threshold

14:14 (PDT), 2009.

w i |

=

r 10.007
- 10.006
- 10.005

r 10.004

AUV gulper triggered on peak detection 0.002
— 0.001
Gulpers 0-4 armed for threshold triggering. Gllpars 5 9Iarme.>d for.
) peak-detection triggering.
All riggersd. Gulpers 5-7 triggered
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0 1 2 3 4 5 6
Time (seconds) x 10*

Fig. 10. During the Dorado AUV Mission 2009.280.00, the vehicle completed nearly three laps on the triangular track (as manifested by the repeated bathymetry).
In the first lap, five gulpers were triggered on threshold. In the third lap, three gulpers were triggered on peak detection. Fluorescence measurement is the raw

reading from the sensor.

nated. Correspondingly, the average height of the detected peaks
rises but only slightly (note that the eliminated bumps can lie at
a low or high signal level). As a result, the average height of
the triggerings [which are required to exceed the peaks’ base-
line FL_PEAKpageline (k)] also rises but only slightly, while
the total number of triggerings remain the same. This shows
that while small nonzero g1, rise and Orr_drop help prevent
small bumps from being detected as peaks, the performance of
the peak-detection triggerings is not sensitive to the values of
5FL_rise and 5FL_dr0p~

IV. FIELD TEST

On October 7, 2009, we field tested the presented method
in Dorado AUV Mission 2009.280.00 [starting from 14:14:05
(PDT), lasting for 17 h] in northern Monterey Bay, CA. The
algorithm was coded in C++ and ran in real time on the AUV
computer. The vehicle ran counterclockwise on the sides of a
triangle (as shown by the solid lines in Fig. 5, starting from the
southernmost vertex). The three vertices of the triangle were set

to be the mooring sites of three environmental sampling pro-
cessors (ESPs) [16], so that the water samples acquired by the
AUV’s gulpers could be compared with the in situ biological
analyses by the ESPs. The vehicle flew on a yo-yo trajectory in
the vertical dimension, from 2.5-m depth down to 10 m above
the bottom (the maximum depth was set to 35 m for good hori-
zontal resolution). The vehicle’s horizontal and vertical speeds
were about 1.3 and 0.3 m/s, respectively (thus the flight-path
angle of the yo-yo track was about 13°). The perimeter of the
triangle was about 28.5 km. Taking into account that the AUV
periodically ascended to surface for GPS fixes, it took the ve-
hicle about 6 h to complete one lap. In the 17-h mission, the
vehicle completed nearly three laps.

The distance spanned by the longest yo-yo cycle was about
(35 m/tan(13°)) x2 = 303 m. The distance between a peak
detection (on the AUV’s first crossing of a thin layer) and the
subsequent triggering (on the second crossing) is no more than
half that distance, i.e., about 150 m. Studies in [5] showed that
the horizontal scales of thin-layer patches in Monterey Bay, CA,
range from <100 m to >10 km, with a median of 320 m. Thus,
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our assumption of short distance between peak detection and
triggering reasonably held.

During the AUV mission, we tested both the adaptive
peak-detection triggering method and the threshold triggering
method. We set five gulpers (numbers 0—4) to the threshold
triggering mode, and set the other five gulpers (numbers 5-9) to
the peak-detection triggering mode. In the AUV mission script,
gulpers 0—4 were armed (i.e., enabled for triggering) at time
zero (the start of the mission), and gulpers 5-9 were armed at
time 43 599 s (when the AUV had finished the second lap on
the triangular track). The gulpers’ triggering modes and the
actual triggerings are shown in Fig. 10.

A. Field Test Results of the Threshold Triggering Method

For threshold triggering, DEP}ckout Was set to 2 m, and
Tockout Was set to 1800 s. K and J were set to 8 and 4, re-
spectively (i.e., four out of eight past samples were required to
exceed FLipresh ). By inspecting the fluorescence measurements
in an AUV mission on the preceding day, we set FLipesh to
4 x 10~3. In the early phase of the mission, gulpers 0—4 were all
triggered to capture high-fluorescence water samples, as shown
in the left panel in Fig. 11. This demonstrates that the threshold
triggering method is a robust mechanism.

Near the second triggering, the fluorescence measurement
rose sharply. As soon as four out of eight measurements ex-
ceeded FLiy esn, the second gulper was triggered (the fluores-
cence level at the triggering was about 6 x 1073). After that
triggering, fluorescence continued to rise up to 8 x 1073, but
threshold triggering was not designed to wait. After the second
triggering, as soon as Tjockout = 1800 s had elapsed, the AUV
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The five threshold triggerings and the three peak-detection triggerings during the Dorado AUV Mission 2009.280.00.

measured fluorescence exceeding FLip,esn and the “J out of
K condition was also met, so the third gulper was immedi-
ately triggered. That triggering happened to fall on a “hot spot,”
capturing a very high fluorescence water sample.

B. Field Test Results of the Adaptive Peak-Detection
Triggering Method

The peak-detection triggering algorithm was kicked off at
30000 s (the middle of the mission), and gulpers 5-9 were armed
atalater time at 43 599 s (the end of the second lap). The settings
of M, afy, iy, OF L _rise, aNd OFL,_drop Were the same as those used
in Section I1I. Since triggerings were to occur only on high peaks,
“dense triggerings” were less likely than using the threshold
triggering method. Hence, we set Tjockout t0 a reduced value of
600s. DEPckout Was still setto2 m. Gulpers 5—7 were triggered,
as shown in the right panel in Fig. 11. The red square marks a
fluorescence peak that satisfied the triggering conditions but no
triggering occurred because gulpers 5-9 were not armed yet.

Diurnal variation of the thin layer [5] is noted in Fig. 10: it
migrated down from 5-m depth (for the triggerings of gulpers
0—4) to 20-m depth (for the triggerings of gulpers 5-7), while the
fluorescence signal strength weakened. The details of the three
peak-detection triggerings are given in Fig. 12 and described as
follows.

1) Gulper 5: The AUV detected a fluorescence peak (the blue
filled circle) on the ascent leg. The fluorescence level was
higher than the peaks’ baseline (the blue dashed line), thus
was considered a high peak. Although the peak detection
came with a delay, the true peak height (the green triangle)
was saved in the sliding window (marked by the two vertical
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AUV-measured fluorescence. Starting from 10/7 14:14 (PDT), 2009.
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Fig. 12. Details of the peak-detection triggerings of gulpers 5, 6, and 7. In each middle panel, the two vertical dashed lines mark the sliding window that saved
the true peak height on the first crossing of the thin layer. Fluorescence measurement is the raw reading from the sensor.

2)

dashed lines). On the descent leg, as soon as the measured
fluorescence exceeded the saved peak height, gulper 5 was
triggered (the red triangle). When the fluorescence peak was
detected onthe ascentleg, the corresponding depth was shal-
lower than DEP ;4 (see Section II-D). Hence, the vehicle
determined that the thin layer lay in the upper half of the
yo-yo profile, so the subsequent triggering occurred on the
descentleg. Note that since the thin layer slanted downward,
the triggering point (the red triangle) on the descent leg was
slightly deeperthan the pretrigger peak (the blue filled circle)
on the ascent leg. The horizontal distance between the saved
peak (on the ascent leg) and the triggering point (on the de-
scent leg) was 115 m.

Gulper 6: The AUV detected (with a delay) a high fluo-
rescence peak on the descent leg, and saved the true peak
height in the sliding window. On the ascent leg, as soon as

the measured fluorescence exceeded the saved peak height,
gulper 6 was triggered. The horizontal distance between
the saved peak and the triggering point was 17 m.

Gulper 7: The AUV detected (with a delay) a high fluo-
rescence peak on the descent leg, and saved the true peak
height in the sliding window. A triggering was to occur
after the vehicle turned from descent to ascent. In our al-
gorithm, the criterion for such an attitude change is that
the vehicle has ascended at least 0.5 m from the turning
point. When the vehicle had just ascended 0.5 m from the
turning point, the measured fluorescence already exceeded
the saved peak height, so gulper 7 was immediately trig-
gered. That explains why the fluorescence level at the trig-
gering was higher than the saved peak height. The hori-
zontal distance between the saved peak and the triggering
point was 10 m.

3)
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1

FL_PEAKpasetine(k) = { 11

Lwindow

¥  FL_PEAK(i),

k .
ik (Lwmaon —1) FL-PEAK(4),

k< Lwindow -1
(10)
k Z Lwindow -1

A main advantage of the adaptive peak-detection triggering
method is that there is no need to preset a triggering threshold.
Instead, the thresholds (the background level FLyygq and the
peaks’ baseline FL_PEAKj,,scline) are adaptively learned from
real-time measurements. For the three peak-detection trigger-
ings (gulpers 5-7), FL_ PEAK}aseline turned out to be 5 x 1073,
This automatically produced level was actually higher than the
preset threshold FLipesn, = 4 X 1072 for the five threshold trig-
gerings. Note that the fluorescence signal strength had subsided
(compared with the early phase of the mission) when gulpers
5-7 were triggered. Even so, the average height of the three
peak-detection triggerings (0.0067) was not lower than that of
the five threshold triggerings (0.0063).

For this AUV mission, FL_PEAK},.celine Was calculated as
the running average of the detected peaks from time zero (de-
fined as when the peak-detection algorithm started to run) to
present, as expressed in (8). A defect of this formula is: if the
peaks are strong in the early stage of the AUV mission but be-
come weaker in the later stage, the early strong peaks will set
FL_PEAKpaseline to a high level. If the later peaks are lower
than this level, they will miss the opportunity of being sam-
pled. In this AUV mission, the fluorescence peak strength in
the first half of the mission was significantly higher than that
in the second half. Fortunately, since the peak-detection algo-
rithm started only from the middle of the mission, the above
problem was circumvented. A long-term solution is to calculate
FL_PEAKypaseline in a sliding window instead from time zero.
This way, FL_PEAK},aseline is only determined by the recent
peaks. Posterior to the above AUV mission, we have revised the
calculation of FL_PEAKj/, ascline from (8) to (10), shown at the
top of the page, where ¢ is the peak index, FL_PEAK(%) is the
value of the detected peak, and k + 1 is the number of detected
peaks up to present. Lyindow 18 the number of peaks within the
sliding window, which is set based on how fast the peak strength
may vary during an AUV mission. For example, in a succeeding
AUV mission, we set the window length to 20 min.

V. CONCLUSION AND FUTURE WORK

We have developed an adaptive triggering method for an AUV
to capture water samples at chlorophyll fluorescence peaks in
a thin phytoplankton layer. Tests by a previous data set of 20
AUV missions demonstrate the method’s excellent performance
in capturing peaks. In the October 2009 field test in northern
Monterey Bay, CA, an MBARI Dorado AUV ran the algorithm
in real time and successfully triggered three samplings at the
peaks in a thin layer.

The tests have also revealed several aspects for improvement.
The purpose of setting a minimum time interval Tjockout be-
tween triggerings is to prevent using up the gulpers over a short
distance. If 11, ckout 18 too small, the AUV may run out of gulpers
too early, before more significant fluorescence signals show up.

If Tiockout 1 too large, the AUV may miss significant fluores-
cence signals and end up with empty gulpers. For example, as
shown in the upper panel in Fig. 12, strong fluorescence sig-
nals between the first and second triggerings did not trigger a
gulper due to the 600-s lockout time. Tjockout Should be adap-
tively adjusted instead of being fixed. Following the scheme in
[17], Tiockout can be adjusted based on the number of triggerings
so far and the signal level. If the detected fluorescence peak is
high and the number of triggerings so far is low, Tiockout Needs
to be reduced to allow for more triggerings, expressed as fol-
lows:

FL_PEAK(k)

If |: |: FL—PEAKbaseline ( k)

> (3| AND

Telapsed :| :|
)
whole_mission

Y

where Ngulpers_total and Ngulpers_triggered are the total number
of gulpers and the number of already-triggered gulpers so far,
respectively. Tihole_mission a1d Telapsed are the whole mission
duration and the elapsed time, respectively. § > 1 is some ap-
propriate ratio.

An interesting feature to add is to let the AUV adaptively
shrink the vertical range of its yo-yo profiles once a thin layer
is detected, so that samplings can better concentrate on the thin
layer. If the vertical range is narrow enough, the vehicle will
closely track the layer. We previously developed a method for an
AUV to track an internal tidal wave by way of closely following
the thermocline. A new capability of tracking a thin layer will
be very useful for coastal studies.

|:Ngu1pcrs_triggorod < Ngulpors_total T

reduce T’lockout
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