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ABSTRACT

A technique for the efficient processing of bathymetric
data is presented. First, the characteristics of bathymet-
ric signals are analyzed in the time domain. A bathy-
metric signal is characterized by three components that
represent the blue-green surface reflection, volume back-
scatter, and bottom reflection. This characterization
facilitates the decomposition of the waveform and ren-
ders the depth estimation reliable and physically mean-
ingful. Recursive computational schemes for the eval-
uation of the signal model are derived. Our simula-
tions have demonstrated that these schemes can be used
in optimization-based depth estimation algorithms with
reduced computation complexity.

I. Introduction

Airborne laser bathymetry is a state-of-the-art remote
sensing technique utilizing laser pulses as a source for
light detection and ranging (LIDAR) for depth mapping
of shallow waters. For each laser sounding, a time-series
waveform, representing the amount of photon energy re-
ceived from the reflection of laser pulses, is collected by a
laser transceiver mounted on the aircraft platform. Each
of the received signals is sampled at 2-ns intervals and
contains 256 consecutive samples. Depth estimation for
each sounding is then carried out on the basis of the time
difference between the surface and bottom reflections.
Obviously, accurate identification of the reflections is of
critical importance in sea depth estimation.

The work presented here is based on waveforms col-
lected by the LARSEN 500 system, which is a Canadian
airborne laser bathymeter. It transmits a series of laser
pulses from an aircraft at an altitude of 500 metres into
the ocean and receives the reflections from the ocean
surface and floor. The system performs a circular scan
across the track as it moves along the track. A typical
waveform of the returning pulse energy and its four ma-
jor components are illustrated in Figure 1. If the time
difference between the detected surface and bottom re-
turns, Ty, is known, the vertical water column depth can
be obtained as

TaC
depth = o (1)
where T, is the time interval between the peaks of the
blue-green surface and bottom reflections, as illustrated
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in the Figure 1, C is the speed of light in air, and r is
the refractive index of sea water.

In this paper, a new parametric model which con-
sists of three signal components representing the blue-
green surface reflection, volume backscatter, and bot-
tom reflection is proposed. This model is based on the
waveform characterization and decomposition technique
proposed reported in [1, 2]. The amount of computa-
tion required for the evaluation of the model functions is
fairly large but through the use of a recursive algorithm,
efficient evaluation of these functions can be achieved.
Using this algorithm, the function value at a given sam-
ple point is obtained by multiplication of the function
value at the previous sample point by a constant de-
rived from a computation of function values at any two
consecutive sample points.

1I. Waveform Characterization

A. Blue-Green Surface Reflection

As we can see from Figure 1, there are two distinct
surface reflections which result from the infrared and
blue-green laser pulses. The appearance of the infrared
surface reflection indicates a “true” surface reflection
and serves as a marker between waveforms collected
from two consecutive sounding positions. The infrared
laser pulses of wavelength 1064 nm can only penetrate
about 20 cm of the water body, while blue-green laser
pulses whose wavelength is about 532 nm are much less
attenuated in the water and thus can serve as an effec-
tive source for ranging and detection.

A mathematical function that can model the blue-
green surface reflection is the exponentially modified
Gaussian (EMG) function [1]. The function offers a
variety of asymmetrical profiles that resemble the sur-
face reflection. It is defined by the convolution of the
standard Gaussian function with an exponential decay
function, i.e.,
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Function Yga¢ in (2) depends on four parameters, i.e.,
ha, og, T, tg, and the asymmetry of Yemg is deter-
mined by the peak height and peak position of Yguc
which are denoted as P and t,, respectively. From (2},
the relationship between P and ¢, can be expressed as

Ty

P =Yeuma (tp) = haS 5125 T / e~€/2 g¢
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where 1, is the time instant when the peak of Yema
occurs and T, = (tp — tg) /og. Hence

(3)

(tp—ta)/T
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L,

where
e de

and

_ (% —tg) _9G
- oG T

It follows that (2) can be written as

e(zp_t)/‘r
Yemc (i) =P l:————]—,—] I (Z) (4)
zp
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Integral I (z) in (4) can be approximated by a polyno-
mial expression [3] as

A(z)B(q) for z2<0
I(z):{ \/ﬂ_Aq(z)B(q) for z>0 (5)

where

~ 1
A(z)=e 22) B(q) = Zb,q and ¢ = 1+p|2]

with parameters p and b; (i = 1,...,5) given by Table 1.

B. Bottom Reflection

The bottom reflection is affected by a number of fac-
tors such as sea turbidity, bottom reflectivity, sea state,
and sea depth. For example, a sea bottom composed
of rocks and sea grass can broaden the reflected pulse
significantly while the dispersion effects of laser pulse in

Table 1: Constant in polynomial approximation of (5)

[ Parameter [ Value |
P 0.231642
bl 0.319382
b2 —0.356564
b3 1.781480
b4 —1.821260
bb 1.330270

~ water may skew the bottom reflection. The Gaussian

function is used to characterize the bottom reflection in
the LARSEN waveform, i.e.,

Yo (t) =

where A4z is the maximum amplitude of the Gaussian
function, tmas is the instant when the maximum am-
plitude occurs, and o is the standard deviation. The
three parameters Amaz, tmar, and o can be adjusted
to quantify amplitude, peak position, and width of the
profile.

C. Volume Backscatter

In between the surface and bottom reflections, there
exists a large section of the profile that represents the
laser backscatter of the water column. It is usually re-
ferred as volume backscatter. It represents the inter-
action of laser pulses with the water body where the
suspended particles and incidental materials in between
the water column defract the laser light by scattering.
Throughout our studies, the turbidity of the water col-
umn is assumed to be uniform. Consequently, the back-
scatter energy from the water column decays exponen-
tially and causes the trailing edge of the reflection pulse
to become asymmetrical. The same EMG function as
in (2) can be used for the characterization of the back-
scatter. The significance of characterizing the volume
backscatter in the course of sea depth estimation is that
a large amount of backscatter from the water column
sometimes shifts the peak positions of the surface and
bottom reflections, which may result in unreliable depth
estimates.

Arna:rze_(t_tm")Z/QO72 (6)

D. Recursive Computation of the Modeling Functions

In the process of characterization and decomposition
of the waveforms into the three components, namely,
surface reflection, volume backscatter, and bottom re-
flection, we need to find an optimal set of parameters
for each characteristic function. This is done by using
numerical optimization techniques to minimize the dif-
ference between sample values and the values calculated
from the waveform model. In order to facilitate the ef-
ficient calculation of the values of the function at the
sample points, a recursive computation scheme is devel-
oped in the next two subsections and the computation
efficiency will be demonstrated thereafter.

E. Recursive Computation of the Surface Reflection

At time tx, the EMG function can be expressed as
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At the next sampling instant tx11 = tx + A, Yeyg is
given by

eltp—tht1)
Yepme (tes1) = P [I—] I (2k41)
zp

e(tp—th)/T—A/T
l:__"[——:' 1 (zk+1)
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= Yemar (tk) €27 I (zk41)

= Yemai (te) Cal (2x41) (8)
where
Zk+1 o
Ci=e¢"2/" and I (zp41) =/ e~ /2 ge

Concerning the evaluation of I (z) and I (241}, we note
that using (5) one can approximate I (zx) and I (zx41)
by polynomials of A (z) and B(q) at zx and 241, re-
spectively. Furthermore, A (zx41) can be obtained re-
cursively through the following formulas. If we let

a=A(z) — e %/2 (9)
then

Alzpqr) = e7Hhnl?
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= a[C5.-1C6] C7

= aCsxCr (10)
where
Csxe = Cs5-1C6 = (“J’Cﬁ)“‘-l (ecs)—Cs
and
c = (e_A/aG)A/QaG
Cs = RN

F. Recursive Computation of Bottom Reflection

The bottom return function Y (¢) can also be eval-
uated recursively. At time 5, Y (¢x) is given by

Yo (r) = Apmag e~ (te—tmos)?/207
If we let
b =Yg (t) = Amage™ (14~ tmas)?/2 sigma®
then Yg (tk41) is given by

Yo (tk+1) = Ama:cﬁ_(t‘ﬁ—l”tm‘m)g/za2

— Amwe—(tk+A—z,,..,z)2/2a2

= bC1Co (11)

where
Cl — e—A2/2<72
Cop = e~ (r=tmez)/o?
= Cop-1Cs

Cs = G—A/az

G. Simulation Results

In terms of the number of floating-point operations
used, the evaluation results obtained by implementing
the recursive as well as direct computation schemes are
given in Table 2. It is noted that the computational
complexity is reduced by 32.97% and 19.33% for the
evaluation of functions Yem¢ and Y, respectively.

Table 2: Computation complexity: recursive v.s. direct

| Function | Direct | Recursive | Reduction Percentage

YEMma 10220 6850 3297 %
Yo 1283 1035 19.33 %

ITI. Waveform Decomposition

As was mentioned earlier, the waveform can be mod-
eled mathematically as

Yr (t) =Yeme (t) +Ye (t) +Yss (t) (12)

where Yp is the lowpass-filtered waveform, Yg g is the
surface reflection function, Yg is the bottom return func-
tion, and Ygg is the backscatter from the water column.
In order to determine the parameters of Ygupra, Yas,

and Y¢, we define the objective function
= T
E(@)=) ¢ (z) =c(2) ¢(z) (13)
k=1

where

ek (2) = e(=, tx) = Yr (t) — y(t)

e(z) = [ea(@) - ex(@) - em(@)]
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t; is the value of t at the kth sampling point, y (i)
represents the value of the waveform at ¢, and Yr (tk)
is defined by (12). Using optimization, E (&) can be
minimized with respect to parameters @ [1, 2].

Several quasi-Newton optimization methods are avail-
able in the literatures [4, 5]. The Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method is one of the robust
and efficient quasi-Newton methods, and it was found
to give good results in the above minimization.

The first block of 35 samples is largely contributed
by the surface reflection, since the backscatter envelop
and bottom return are negligible in this range. Thus
Y7 (t) in (12) can be simplified as

Yr (1) = Yema (1)

By applying the BFGS optimization to the objective
function defined by (13) with Yr (t) given by (14), we
can determine the values of the parameters of Yeuma.
Having done this, we subtract the modeled surface re-
turn signal, i.e., Ygpmq from the smooth waveform data,
which 1s obtained by applying a 12th-order lowpass fil-
ter [6] to the original waveform. Finally, we proceed
to identify the bottom reflection by applying the BFGS
method to the objective function in (13) with

Yr (t) = Yo (t)

(14)

(15)

to determine the values of the parameters for Yg (1).
Figure 2 shows the plot of the three-function modeling
and decomposition of the waveform in Figure 1.

1V. Conclusion

A new parametric model which consists of three signal
components representing the surface reflection, volume
backscatter, and bottom reflection has been proposed.
It has been shown that the functions involved in the
model can be efficiently evaluated by using recursive for-
mulas.

On comparing the proposed algorithm with the ex-
isting evaluation method which computes the function
values directly [1, 2], our algorithm yields a 30 percent
reduction in the number of floating-point operations.
Simulations have been included to illustrate the method
proposed.

The information provided by the method presented
may be found useful in marine engineering research in

addition to sea depth estimation, for example, for the
measurement of turbidity.
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Figure 1: A typical bathymetric waveform. I: infrared
surface reflection; II: blue-green surface reflection; III:
volume backscatter, IV: bottom reflection.
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Figure 2: Decomposition of the waveform in Figure 1.
The dotted line is the blue-green surface reflection, the
dashed line is the volume backscatter, the solid line
1s the bottom reflection, and the dashdot line is the
smoothed waveform.
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