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LETTER
Ultrasonic Measurement of the Thin Oil-Slick Thickness Based on
the Compressed Sensing Method

Di YAO†,††, Member, Qifeng ZHANG†,††, Qiyan TIAN†,††, and Hualong DU†,††a), Nonmembers

SUMMARY A super-resolution algorithm is proposed to solve the
problem of measuring the thin thickness of oil slick using compressed sens-
ing theory. First, a mathematical model of a single pulse underwater ultra-
sonic echo is established. Then, the estimation model of the transmit time
of flight (TOF) of ultrasonic echo within oil slick is given based on the
sparsity of echo signals. At last, the super-resolution TOF value can be
obtained by solving the sparse convex optimization problem. Simulations
and experiments are conducted to validate the performance of the proposed
method.
key words: ultrasonic measurement, thickness of thin oil slick, TOF esti-
mation, compressed sensing

1. Introduction

The oil spill accidents often happen when the offshore oil
is exploited and transported overseas. The risks of leakage,
blowout of pipelines is increasing significantly as the de-
mands on the offshore oil are increasing. Because of the
smaller density in comparison to water, most of spilled oil
have long-term hazardous effects to the sea environment [1].
To quickly reduce the impacts of spilled oil, the efficient oil
spill responses have been developed and the general spilled
oil cleanup methods. Although each option has specific ad-
vantages during a response to an oil spill, effectively esti-
mating the volume of the spilled oil is critical in making
response plans. Therefore, measuring the thickness of oil
slick has become one of the key features impacting the ef-
fectiveness of the selected technique [2].

Basically, the methods used to estimate oil thickness
can be categorized into following four aspects: the first one
is visual observation, it is the simplest method but would be
severely affected by the viewing conditions [3]; secondly,
microwave reflectivity is a proven technique for remotely
measuring the thickness of fresh oil on the water surface
while its ability is severely influenced by sea conditions and
water uptake [4]; thirdly, hyperspectral imaging has been
studied by many researchers to estimate slick thickness, so
far, it is still a big challenge to apply in the field [5]; last
one is laser ultrasound, however, the measurement ability
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can be affected by sea states, waves on the surface and oil
weathering [6].

To overcome the shortcomings of current techniques
and concepts, underwater ultrasonic method was proposed
to measure the thickness of oil slick underneath the oil slick
using a Remotely Operative Vehicle (ROV) as a platform
[7]. The slick thickness can be obtained by calculate the
transmit time of flight (TOF) of ultrasound within oil slick.
However, its performance is severely degraded when the
TOF is short. Unfortunately, this is an often case in open
seas.

In this paper, a mathematical model was developed for
underwater ultrasonic echo of a single pulse. The time-
domain sparse representation of the ultrasonic echo was
derived. Then, an sparse optimization model of the TOF
was proposed, and a simultaneous orthogonal matching pur-
suit (SOMP) method is applied to solving the above op-
timization problem. Finally, The simulation and experi-
ment results show that the proposed method can lead to a
higher TOF estimation accuracy and thinner thickness esti-
mation ability comparing with the generalized cross corre-
lation (GCC) [8] and second cross-correlation (SCC) [9].

2. Echo Model and Sparse Representation

2.1 Principal and Method

The principal of measuring the oil slick thickness with ul-
trasound hinges on the ability to measure echoes from the
oil-water and oil-air interfaces. The measuring schematic of
the oil slick thickness using an ultrasonic transducer in the
pulse-echo mode is shown in Fig. 1(a), the thickness of the
oil slick can be calculated by the following equation,

d =
V(T ) · t1

2
(1)

where d denotes the thickness of oil slick, V(T ) is the speed

Fig. 1 The measurement schematic of the oil slick thickness.
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of sound in oil which is relevant to temperature T , t1 is
the TOF of ultrasound within oil slick and is denoted in
Fig. 1(b).

2.2 Single Pulse Echo Model

According to [10], the mathematical model of a single pulse
ultrasonic echo can be expressed as:

s(t) = βe−α(t−τ)2
cos (2π fc(t − τ) + φ) + σn(t) (2)

where t = 0, 1, 2, . . .N − 1. s(t) stands for the echo signals,
and n(t) represents the Gaussian random noise, φ denotes the
orientation of the reflector, τ indicates the time-delay value,
fc represents the center frequency of echo, and α is band-
width factor. However, due to the movement of the ROV, the
center frequency would be drifted. The drift value depends
on the speed of the ROV, the Eq. (2) need to be rewritten as

x(t) = βe−α(t−τ)2
cos (2π( fc + ∆ f )(t − τ) + φ) + σn(t)

(3)

where ∆ f =
2v fc

c denotes the drifting frequency, c is the
speed of sound in water.

2.3 Sparse Representation

From the Fig. 1(b), we can know that the echoes show ob-
vious sparsity in the time domain. According to the com-
presses sensing theory, the sparse representation of the echo
can be given by building a time-domain transformation ma-
trix with the discrete form. The transformation matrix is
expressed as

A =


blk(x) 0 · · · 0

0 blk(x) · · · 0
...

... · · ·
...

0 0 · · · blk(x)

 ∈ RI×J (4)

where blk(x) = x(1), x(2), · · · , x(K) is a discrete form of
the Eq. (2), K indicates the number of sampling points of
the transmitted signal, it just depends on the bandwidth fac-
tor and sampling rate fs. I denotes the number of sampling
points of the interested time range, J = I − K + 1. Now, the
ultrasonic echo signal expression is rewritten as

X = A · S + N ∈ RJ×1 (5)

S = [0, · · · , s1 · · · , s2, · · · , 0, · · · , sM , · · · , 0]T (6)

where S is the signal amplitude, M denotes the number of
the desired signals. Usually, we focus only on the reflec-
tion signals from the oil-water and oil-air interfaces, which
ensures that the signals are much smaller than the discrete
samples and satisfy sparsity.

In the signal amplitude S , the number of interval points
between the oil-water and oil-air signals corresponds to the
TOF. In order to estimate the signal amplitude, the sparse

optimization model need to be built, which is expressed as

arg min
S ,N

‖N‖2F + λ‖S ‖1s.t. X = A · S + N (7)

where ‖ · ‖F and ‖ · ‖1 indicate Frobenius norm and l1 norm,
respectively, λ is a regularization factor.

3. TOF Estimation

From the Eq. (7) can be seen that it is a convex function,
which can be solved by the l1 minimisation, alternating di-
rection method of multipliers or alternatively by the greedy
approaches. In this paper, we choose the SOMP [11] al-
gorithm considering estimation accuracy and computation
complexity. The estimation procedure of the TOF based on
SOMP is shown as:
1. Initialize the residual r0 = X, the index matrix Λ0 = ∅,
the number of iterations t = 1, and stopping condition of
iteration ε.
2. Let a j denotes the j-th column of matrix A, then, find
index λt that solves the optimization problem

λt = arg max j=1,2,··· ,J

∣∣∣∣〈rt−1, a j

〉∣∣∣∣ (8)

3. Augment the index set Λt = Λt−1 ∪ {λt} and the matrix of
chosen atoms

θt =
[
θt, a jt

]
(9)

where θ0 is usually assumed to be empty.
4. Solve a least squares problem to obtain a new signal esti-
mate

xt = arg min
x
‖y − θt x‖2 (10)

5. Calculate the new approximation of the data and the new
residual rt = y − θt xt.
6. Increment t, and return to Step 2 if rt > ε.
7. The estimate S for the ideal signal has nonzero indices at
the components listed in Λm. Select two largest values in S
as oil-water and oil-air echoes, respectively.
8. Assume that there are L sampling points between oil-
water echo and oil-air echo, the TOF and thickness can be
calculated by

TOF = L/ fs, thickness = TOF × c/2 (11)

4. Performance Analysis

In this section, the simulation and experiment trials were
conducted to demonstrate the superiority of the proposed
method. In the simulation, the bandwidth factor was set
60 MHz, the orientation of the reflector was set 0, N = 2000,
fs = 25 MHz, λ = 1. The signal amplitudes of oil-water, oil-
air and noise were 10, 66, 1, respectively. When calculating
the thickness with GCC and SCC methods, the oil-water and
oil-air echoes need to be obtained with gate1 and gate2 in
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Fig. 2 The RMSE estimation with different thickness.

advance. The widths and beginning points of the gate1 and
gate2 were set according to reference [7].

4.1 Performance Analysis with Different Thickness

The estimation accuracy of the different thickness of oil-
water and oil-air echoes were first evaluated. Then, based
on 500 times Monte Carlo trials, the root-mean squared
error (RMSE) were given to show the comparison result,
and the center frequency was set to 5 MHz. Figure 2
shows the RMSE estimation result with thickness uniformly
distributed from 0.4125 mm to 0.78 mm with the interval
0.0075 mm. In comparison with the other methods. It can
be seen that the estimation accuracy of our proposed method
has a nearly double improvement when the thickness is less
than 0.6825 mm.

4.2 Performance Analysis with Different Frequency

The ultrasonic wavelength is determined by the frequency
of the signal, which ultimately affects estimation accuracy
and the minimum detectable thickness of oil slick. In this
simulation, the thickness between oil-water and oil-air was
set to 0.6825 mm, the frequency uniformly distributed from
1 MHz to 6 MHz with interval 0.1 MHz, 500 times Monte
Carlo trials were done. The comparison result was given in
Fig. 3, which shows that our proposed method has excellent
frequency robustness and is significantly superior to other
methods. Especially in low frequency, our method still has
high resolution performance and accuracy, which benefits
from super-resolution ability of our method.

4.3 Performance Analysis with Experiment Data

To build the experimental system, An observer class ROV
developed by Sirio was used as a platform to integrate
two unfocused ultrasonic immersion transducers, Fig. 4(a)
shows two transducers were installed in the front of the
ROV. Two channels of a 8-channel micropulser was used
to transmit ultrasonic pulses and receive ultrasonic reflec-
tions in the pulse-echo mode in the experiment. Fig. 4(b)
shows a water tank used for measuirng the thickness of oil
slick in the laboratory experiment. A data acquisition pro-
gram was developed with Matlab for making a connection

Fig. 3 The RMSE estimation with different frequency.

Fig. 4 The experiment system of measuring thickness of oil slick.

Fig. 5 The measurement echoes of the oil slick.

with the Micropulser and collecting ultrasonic signals. The
pulse width was set 100 ns, center frequency was 5 MHz and
fs = 25 MHz.

Based on the above system, the measured echoes used
for proving the algorithm effectiveness are shown in Fig. 5.
In Fig. 5(a), the oil-water signal is generated when partial
energy is reflected from the oil-water interface due to the
difference of acoustic impedances. Besides, when partial
energy reach the oil-air interface, the much stronger oil-air
signal will be obtained due to the larger difference of acous-
tic impedances between oil and air. At last, some remaining
energy can reverberate twice within the oil slick, which cor-
responds to the reverberation. However, if the thickness of
oil slick is thin, i.e. the TOF is very short. The above three
types of signals are merged into a mixed signal, can not be
directly distinguished in time domain. The mixed signal is
shown in Fig. 5(b). For the Fig. 5(a) and Fig. 5(b), the true
thicknesses of oil slick are around 2.43 mm and 0.465 mm,
respectively. The estimation results were given in Table 1.
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Table 1 Estimation results (mm).

Based on the results, we can see that our algorithm still has
better super-resolution ability and performance for the ex-
periment data.

5. Conclusion

In this letter, we proposed a super-resolution algorithm for
measuring thickness of oil slick based on the compressed
sensing method. A mathematical model of a single pulse
underwater ultrasonic echo was firstly constructed using a
ROV platform. On this basis, the sparse optimization model
of the TOF was built in time domain. The simulation and ex-
periment results indicate that it has a better performance ver-
sus different thickness and frequency. For future research,
we will focus on the research on the further performance
improvements using multiple measurement data.
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