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ABSTRACT

This paper presents a study for investigating and identifying features of oscillation patterns induced by vessel
motions in the context of statistical pattern recognition on the basis of time-domain oscillation series in addition
to traditional frequency-domain analysis. Numerical simulations are carried out for a semi-enclosed harbor of
variable depth with different vessel motions as external agitation sources and the oscillation responses are
measured at multiple locations along the backwall in the longshore direction and along one sidewall in the
offshore direction. Vector autoregressive type models are proposed and applied on the recorded oscillation time
series. From clustering of the selected vector autoregressive model coefficients fitted to the oscillation responses,
both the influences of a changing bathymetry and those of various vessel motions can be recognized, although
some of them are insensitive to frequency-domain analysis and cannot be revealed with the amplitude spectra.
With Mahalanobis distances calculated from the spatially distributed measurements at observation points within
the harbor, an insight into the internal structure and energy distribution of the vessel-induced oscillations can be
achieved by extracting the probability density distributions and the occurrence or absence of certain oscillation
components or modes can be analyzed with the proposed pattern recognition approach.

1. Introduction

Oscillations due to the trapping and amplifying effects of a semi-
enclosed area with variable water depth such as a bay or a harbor
may cause transient destructive effects with their non-trapped modes or
long-lasting detrimental effects with their trapped modes. By inducing
intolerable vessel motions and inacceptable wave force upon the marine
structures within the semi-enclosed area, harbor oscillations may lead to
severe problems such as interruption of cargo operations, excessive
forces within mooring ropes, overturning of vessels and even damage or
failure of marine structures. While the oscillation events as a suffering of
many harbors around the world are reported in continuance (Chen et al.,
2004; Gonzalez-Marco et al., 2008; Kofoed-Hansen et al., 2005; Kumar
2017; Kumar et al. 2014, 2016), investigations about their associated
hydrodynamic phenomena and wave patterns are worth further con-
cerns in both engineering and scientific aspects.

Research efforts have been made in the first place for harbor
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oscillations generated by external forcing coming from the open sea
outside of the semi-enclosed harbor area and both stationary and tran-
sient ones have been studied (Chen et al., 2006; De Girolamo, 1996;
Dong et al., 2010a; Gao et al., 2019b; Losada et al., 2008; Mei and
Agnon, 1989; Vanoni and Carr, 1950). Investigations have also been
carried out for the oscillations induced with the occurrence of
inner-harbor agitation forces including submarine landslides, seafloor
movements, atmospheric pressures, water surface disturbance etc. (Gao
et al., 2018b; Kulikov et al., 1996; Shao et al. 2016, 2017b; Wang et al.,
2011; Yalciner and Pelinovsky, 2007). For harbor oscillations induced
by various external forces or on different bathymetries,
frequency-domain approaches such as spectra analysis are widely
employed in the investigations based on the assumption of a quasi-linear
expansion of the stochastic moving water surface of the oscillations as a
system of independent random variables (Bellotti, 2007; Dong et al.,
2010a; Gao et al. 2017, 2018a, 2019a; Kakinuma et al., 2009; Kumar
et al., 2016; Rabinovich, 2010; Shao et al., 2017b; Thotagamuwage and
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Pattiaratchi, 2014a; Wang et al., 2011). With field observations or
simulations utilizing well-developed numerical models, water level
measurements of harbor oscillations have been extracted at a certain
number of observation points as basic data for analysis. In general, the
frequency-domain analysis is carried out based on the records of the
oscillating water surface when it turns into a quasi-steady state.
Together with the frequency-domain analysis, some time-domain at-
tempts have also been made in analyzing harbor oscillation series for
their evolution over time by mainly taking advantage of wavelet analysis
or even artificial intelligence methods (Dong et al., 2010b; Gao et al.,
2016; Kankal and Yiiksek, 2012, 2014; Londhe and Deo, 2004; Thota-
gamuwage and Pattiaratchi, 2014b).

For the time series analysis, autoregressive models have been suc-
cessfully applied to the structural mechanics in the first place and then to
hydrodynamics. With vibration-based structure detections, coefficients
of autoregressive models have been used for the extraction of structural
features in different conditions including damaged and undamaged ones
(Carden and Brownjohn, 2008; Das et al., 2016; Gul and Catbas, 2011;
Hoell and Omenzetter, 2016; Sohn et al., 2000; Zhang et al., 2018).
Spatial information about the features can also be provided with an
analysis of the vibration response of the structure measured at multiple
locations and in this regard, vector autoregressive models and moving
average ones may have the potential to be used in the spatial identifi-
cation of the features (Bodeux and Golinval, 2003; Carden and Brown-
john, 2008; Gul and Catbas, 2009; Heyns, 1997; Jayawardhana et al.,
2015; Owen et al., 2001; Yao and Pakzad, 2012). In addition to the
success of the autoregressive models in structural analysis, the same
kinds of time series models have also been applied in hydrodynamic
domain and utilized for representing and analyzing metocean variables
together with floating body dynamics including the motions of ships and
wave energy converters (Degtyarev and Gankevich 2015, 2019; Deg-
tyarev et al., 2019; Fusco and Ringwood, 2010; Gankevich and Deg-
tyarev, 2018; Jager et al., 2019; Reed et al., 2016; Vanem and Walker,
2013). Hydrodynamic features in both spatial and temporal aspects can
be extracted with the application of autoregressive models and on ac-
count of that, predictions can be made in a data-driven manner instead
of time-consuming numerical simulations. An analysis applied directly
on the instantaneously recorded harbor oscillation patterns in time
domain may be profitable to investigate the time series mostly with
non-stationary nature and extricate us from the limitations of assumed
stationarity and small-amplitude wave theory which are generally the
basis of frequency domain analysis of wave patterns. As the
autoregressive-kind models have been proved to be able to capture the
characteristics of propagating wave profiles and their evolutions, they
may present an efficient tool for the time series analysis of the harbor
oscillation problems with their computational performance.

This paper presents a comprehensive study to investigate the harbor
oscillations induced by vessel motions with bathymetry effects taken
into account. With conventional analysis in frequency domain for the
induced harbor oscillations, an analysis method for the time-domain
harbor oscillation behavior is proposed in the context of a pattern
recognition problem. An overview of the vector autoregressive model is
presented in Section 2 together with the proposed diagnosis scheme.
Theoretical formulations of harbor oscillations with variable water
depth are briefly reviewed in Section 3 before the numerical model
simulating the vessel-induced oscillations. The numerical results are
compared with theoretical solutions as a validation. More detailed nu-
merical investigations are presented in the following section with con-
siderations of the effects of variations in both regard to the harbor
bathymetry and vessel motions. Multivariate autoregressive models are
used to predict the oscillation time series recorded from multiple loca-
tions within the harbor. Features for different locations are extracted
and analyzed with Mahalanobis distances by measuring the amount of
variations in the coefficients of vector autoregressive models. Conclu-
sions are drawn in the last section.
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2. Pattern recognition procedure

The vector autoregressive moving average model VARMA (p,q) is
employed in the analysis procedure of the oscillations induced by vessel
motions within the semi-enclosed harbor area described in the following
sections. The form of the model can be written as

P q
v = Z(D;y,,,- +Z@js,,,+s, (@D
i= Jj=

where y; = (16, Yat, ..., Yu)" corresponds to as the vector of dependent
response variables, and ¢ = (&1, €2, ...,em)T is referred to the vector
white noise process. Here the parameters p and q represent orders of
the autoregressive and moving average parts of the VARMA model
respectively with n representing the number of dependent response
variables used in estimating the VARMA model. In this study, n will be
the number of observation points where oscillation time history re-
sponses have been measured within the harbor. The interpretation of
this model is that the response variables, which are water surface re-
sponses at different locations, are not only contemporaneously corre-
lated to each other, but also correlated to each other’s past values.

The model coefficients in Eq. (1) @; and ©; include implicitly infor-
mation about physical properties of the harbor and the moving vessel.
The &; coefficients define the AR function of order p, and can be used to
determine the natural frequencies, mode profiles and damping ratios
while ; coefficients define the MA function of order g and include in-
formation about power of the response in different modes (Pandit and
Wu, 1983). Therefore, if only modal properties of the harbor oscillation
patterns are required, the water surface response can be modeled
exclusively by the AR part of the model and besides which it is possible
to express all VARMA models with AR models of infinite order theo-
retically. Nevertheless, in a practical account, they may be modeled
adequately by a finite order series (Box et al., 1994). There are several
different criteria such as the Akaike information criterion (AIC) (Ljung,
1987) and Schwarz’s Bayesian criterion (SBC) (Schwarz, 1978) that can
be checked to suggest the required order of the AR model. By checking
the randomness and Gaussianity of the prediction errors through trial
and error, the order of the AR model is determined in this study in
parallel with these criteria. The VAR model coefficients are estimated
with least squares regression and for each set of the harbor oscillation
time histories, p matrices will be obtained as components of ® = (d1, Pa,

., @;, ...®p) where @; can be given in matrix form as

P Pioi P
&, = (Pz:u (»02:2,[ ¢2:n.i (2
Puri Pu2i " P

While they are related to the mode profiles and modal frequencies
(Andersen, 1997; Andersen and Brincker, 1998), the relation between
these coefficients and the modal parameters can be expressed by

(U 0 -0

0 0 1 -0

. . =yuy! 3)
0 0 0 -1

CD/; d)p—l czs/7—2 ° d)l

With 4 and ¥ indicating respectively the eigenvalues and the mode
profiles whereas m equals to np.

p=diag{y;} €]
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For the pattern recognition procedure, the diagnosis approach can be
divided into several steps, during which the oscillation responses of the
harbor obtained at a variety of conditions are indirectly compared to
each other by extracting sensitive features revealed by the application of
the chosen VARMA models to the observation data and by statistically
measuring the deviations that occur in the estimated coefficients of the
models due to the underlying mechanisms. Coefficients of the VARMA
model include spatiotemporal information about the vessel-induced
oscillations and the amount of deviation observed for different harbor
or vessel motion conditions may potentially reveal information about
the oscillation characteristics. The details are discussed in the following
three steps for the pattern recognition procedure of the harbor oscilla-
tions induced by vessel motions:

(1) Formation of the observed oscillation sample: The recorded
oscillation data at different conditions are divided into smaller
data samples in this diagnosis scheme, which leads to obtaining a
number of different VARMA models representing the oscillation
response of the harbor in smaller data samples rather than fitting
one single model to the entire recorded oscillation time history.
With this step, the effect of uncertainty in predicting the pa-
rameters of VARMA models can be indirectly included in the
diagnosis scheme and the generation of a statistical distribution
for the extracted features can be generated.

(2) Oscillation data reduction: In this step of the proposed damage

diagnosis scheme, the point of importance consists of estimating

the parameters of the VARMA models for each data sample
generated from the measured data sets. Within the chosen
models, the matrix coefficients, particularly the diagonal terms

@;1 and ¢;; , from matrices @; and @ in Eq. (2), can be used to

extract features at different conditions for the harbor affected by

vessel-induced bores, since coefficients for recent time lags like

@; and @, are the most informative about different modes of the

oscillations of the free surface within the harbor whereas other

terms in the coefficient matrix may include mixed information

(Pandit and Wu, 1983). The ®jia and @} terms calculated from

different data samples can be plotted against each other for

comparison. The number of data points is equal to the number of
segments in the recorded oscillation data in their corresponding
condition.

Oscillation feature extraction and statistical evaluation: A statis-

tical measure called Mahalanobis distance was employed to

recognize the variation patterns in the selected terms of the

VARMA models by measuring the distance between the selected

terms corresponding to a condition of interest and thence used to

extract the features of oscillations induced by vessel motions.

Generally, the Mahalanobis distance of a multivariate potential

outlier vector x = (x1,Xy, ..., xy)" from a group with mean x and

covariance matrix S is given by

3

—

Dy(x) =1/ (x —p)" S~ (x — ) Q]

Statistical evaluation can be carried out on the calculated features in
order to identify patterns of the induced harbor oscillations and the
evaluation is performed by comparison between the features calculated
for a variety of conditions of interest with both the mean and the vari-
ance values of the features taken into account. The selected terms of the
fitted VARMA models should experience more or less important de-
viations within the harbor under different conditions since these co-
efficients are directly related to the oscillation properties according to
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Eq. (3) ~ (5). The deviations in the fitted model coefficients are captured
by taking advantage of Mahalanobis distances with quantifications of
the magnitude of the calculated Mahalanobis distances or the variations
in the VARMA coefficients.

For a brief verification of the described analysis method, the VARMA
models are in the first place applied onto analytical curves and those
with Gaussian white noise signals to test their capability in capturing the
characteristics of time series. It can be seen in Fig. 1(a) that a white noise
sequence is well generated with the AR function of the first order with
@ = 0 and the autocorrelation of the process in Fig. 1(b) is shown to be
validated for the Gaussian white noise with a Kronecker delta at the zero
lag and a small tail remaining within the upper and lower confidence
bounds (presented with dashed lines). In Fig. 2, a sinusoidal curve and
another one with damping are perfectly captured by the VARMA models
with orders less than five. When a tiny Gaussian white noise sequence is
superposed upon the analytical curves, the characteristics of the artifi-
cial curves are also well captured with a fitness over 90% with the model
orders within one digit.

3. Numerical study and model validation

The numerical investigations of oscillations induced by vessel mo-
tions are conducted within relatively idealized bathymetries with a
rectangular semi-enclosed harbor geometry and a piecewise seabed
consisted of two slopes to better fitting natural coastal conditions.
Simulations are carried out with the well-tested FUNWAVE-TVD pack-
age developed at the University of Delaware (Kirby et al., 1998).
FUNWAVE-TVD is a fully nonlinear Boussinesq wave model with a
Godunov-type Riemann solver (Shi et al., 2012b) and developed based
on a complete set of fully nonlinear Boussinesq equations with the
vertical vorticity correction derived by Chen, (2006) and a time-varying
reference elevation introduced by Kennedy et al., (2001). The governing
equations of the numerical model are organized in a conservative form
to facilitate a hybrid numerical scheme including third-order Runge--
Kutta time-stepping (Gottlieb et al., 2001) and MUSCL-TVD scheme of
fourth order accuracy (Erduran et al., 2005) within the Riemann solver.
The model has been validated against a suite of benchmark test data in
coastal applications (Kirby, 2016; Kirby et al., 2013; Lynett et al., 2017;
Shi et al., 2012a; Tehranirad et al., 2011). The mass conservation
equations are expressed in the following form

n+VM=0 ®)
M:H(lla +ﬁ2) (9)

With 5 representing the wave surface elevation and M the mass flux. u,
and U, denote the velocity at a reference elevation and the depth
averaged O(u?) respectively where dimensionless parameter character-
izing frequency dispersion y is the ratio of the characteristic water depth
to a horizontal length. The total depth H = h + 5 with h the still water
depth. The conservative form of the depth-integrated horizontal mo-
mentum equations is given as
M,+V- {M_;IV[} v E (7 + ym)} — Vs +gnVh—gHVp, — Sex (10)
In which the dispersive terms are contained in Vg (Shi et al.
(2012a)) and the pressure source term generating the ship-wake is
presented with the third term on the right-hand side. The last term Sy,
on RHS is the dissipation term related to the artificial eddy viscosity in
the same form of Kennedy et al., (2001) in addition to the shallow water
equation-based shock-capturing breaker. The eddy viscosity is described
by

v=B&(h+n)n, an

With § the mixing length coefficient equivalent to one in this work. For
numerical stability, B may vary smoothly from 0 to 1. However, with the
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Fig. 1. The Gaussian white noise with the AR function of the first order and its autocorrelation plot with (a) the signal and (b) the stem plot of the autocorrelation

with K denoting the lag number.
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Fig. 2. Comparisons of the artificial curves and the results of the VARMA models.

inherent stability of the TVD numerical scheme, no numerical instability
has been found during the simulations in this study without any smooth
transition. By adding or flagging out different terms within the source
code, FUNWAVE-TVD can be applied as a linear water wave trans-
formation model or to simulate water wave propagations with different
levels of Boussinesq approximations with nonlinear terms. The sponge
layers of the model package are well validated and can effectively damp
the energy of outgoing waves with different frequencies and directions,
which is essential for harbor oscillation studies in a numerical manner.
In our work, the spongy layers are placed around the boards of the
computational domain at a certain distance away from the outlet of the
harbor to ensure an open sea condition.

The vessel motions are considered with pressure source for ship-
wakes (Ertekin et al., 1986; Torsvik et al., 2008; Wu, 1987) which
may be given as
Pa(X,5,1) =Pf(%,1)q(3,1) 12)

Where p,(X,Y, t) is the static depression around the vessel and P controls

the surface displacements which can be interpreted as the inverse
barometer effect corresponding to the static surface depression for a
stationary vessel. The coordinate system for the pressure source may be
rotated by an angle relative to the Boussinesq coordinate system if
necessary. With a center point of the pressure located at (x",y"), f(x,t)
and q(y, t) can be expressed respectively as

2n<|5c—x*(;)|7%aL> . o .

cos 0—aL , 5aL<|x—x(t)}§—L

f(iv t) =

1, [x—x"(n] <
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inside the area —L/2 < x —x"(t) < L/2and —R/2 <y — y"(t) < R/2 and
their values diminish to zero outside with L and R representing the
length and width of the pressure source. The shape of the draft region is
determined by the parameters @ and § with 0 < (e, f) < 1. When the
static draft of the vessel is denoted with D, the values of the shape pa-
rameters can be evaluated by adjusting them to match the submerged
volume of the vessel with a given block coefficient with Cg = Vgp/
(L-R-D) = [[padxdy/(L-R-D). The block coefficient can be given as Cs =
0.5 and the shape parameters are often assumed to be equal with a = fin
real calculations. In order to carry out investigations of the vessel
induced harbor oscillations, the fidelity of the numerical model in
simulating the wave patterns generated by moving vessel in depth
limited waters is in the first place validated with analytical solution
derived by Havelock et al. (Havelock, 1908) as an enhancement of the
formulations for Kelvin wake in deep water. Illustrated in Fig. 3(a), the
virtual open sea area extends 840 m and 408 m in the longitudinal and
the transverse direction respectively with a water depth of 5 m. The
vessel moves along the middle axe of the area in the longitudinal di-
rection. The half angles 0 of the ship wake simulated with Havelock’s
model setup are compared with the analytical solution with regard to
the Froude number (Fry) in Fig. 3(b) and the wedges behind the moving
vessel are shown to be well captured by the above described numerical
model.

For the fidelity of the Boussinesq-type numerical model in the
investigation of harbor oscillation problems induced by the vessel-
induce bores, the oscillations generated by a moving vessel on two
kinds of harbor bathymetries are simulated and compared with the
analytical solutions of Shao et al., (2017a) including a constant slope
and a two-slope piecewise seabed within the harbor. The computational
domain is set up following the usual practice in harbor oscillation re-
searches as shown in Fig. 4 The backwall of the harbor running in the y
direction is situated at x =0 and x increases offshore. The axis z is
positive upward from the still water level. A rectangular harbor of
constant slope is located between x = 0 and x = L. The seafloor of the
open sea outside the harbor is horizontal. The length of the harbor is
relatively long compared with its width 2b as evident oscillations
frequently occur in long and narrow harbors. In the meantime, as the
transverse oscillations may appear in a harbor destabilized by things like
small or local disturbances, the harbor width 2b may not be too small to
restrain their occurrence.
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0 :,;«' o Moving
E| Ship trajectory x“‘ > vessel
®| mmmiemmemmmmmm————— L) > - >
S
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With these considerations, an L = 2.5km long and 2b = 0.5km wide
rectangular harbor of conventional dimension is chosen in the numerical
simulations for the model validation. Since in a practical account, the
speeds of vessels in entering and leaving the harbor are limited ac-
cording to regulations mainly with security concerns and the vessels
may travel at a speed between 5 and 6nmi/h (nautical mile per hour) for
conventional port waters, a vessel of typical hull form of 20 m long and
10 m wide with a, = 0.5 and g, = 0.5 is set to moving at 5.83nmi/h =
10.8km/h from the backwall to the mouth of the harbor (namely in the
outward direction), which may consequently generate ship-induced
bores within the harbor. With results of previous researches of this
kind of harbor oscillation problems carried out in recent years, as it is
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Fig. 4. Definition sketch of the harbor of variable water depth with a vessel
traveling along one sidewall of the harbor with (a) the top view and (b) the
cross section along the x direction for a constant seabed slope. OP-1 to OP-N
indicate the observation points of oscillation measurements along one sidewall.
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Fig. 3. Comparison of the wedge between the numerical results and the analytical solution of Havelock with regard to different Froude numbers with (a) the model
setup and in (b) the blue solid line showing the analytical solution and the numerical results plotted as red circles. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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known that an external disturbance located at or along sidewall of the
semi-enclosed harbor area may excite as numerous oscillation modes as
possible, the motion path of the vessel is chosen to be along one sidewall
of the harbor described above. Oscillations are simulated for the harbor

(U(ay, 1,11)U (a2, 1,721) — Uz, 1,720) U (a1, 701)) (M (a1, 1,710) — M (e, 1,710) )+

’ /

(U(ap, 1,190)M (ay, 1,711) = U (a2, 1, 721 )M (a1, 1,T11))(2U,((117 1,710) — U(ay, 1,710)) =0

on two kinds of bottom including a constant slope s = 0.02 and another
one of two-slope-piecewise bottom s; = 0.02, sz = 0.03 with the same
water depth at the back wall h; = 5m as validation tests. The piecewise
bottom is given by

six+h 0<x<x
h(x,y)=1Q sox+hy, x <x<L (15)
h, L<x

Where s; is the slope of the first part of the bottom and s is that of the
second one, with hy = hy + (s1 —s2)x; the water depth at the point of
inflection. The computational domain is 0 < x < 3.5km and — 1.25km <
y < 1.25km which dimension the ranges in the longshore and offshore
directions in Fig. 4. The grid size is Ax = Ay = 5m and the time step is
At = 0.05s. Three sponge layers of 0.5 km width are placed outside the
harbor at a certain distance in the three seaward directions to absorb the
energy radiated by the water motion at the entrance. The model is run
for sufficiently long time for each simulation as the oscillations within
the harbor reach their stable state.

As oscillations of relatively small amplitudes due to the vessel
moving with limited speed are focused in this work, the nonlinear in-
teractions between different components can be neglected in the quasi-
steady state inside the harbor in assuming the independence of each
oscillation component. Following the methods used by Shao et al.,
(2017b) in analyzing the oscillations induced by submerged sliding
masses along the seabed surface, the oscillation components are detec-
ted with the amplitude spectra at the corner of the harbor where the
amplitude factor of oscillations may attain its maximum. The spatial
direction of the oscillations (longitudinal or transverse) is revealed
mainly from their profiles in the offshore direction. As indicated in
numerous analytical investigations of harbor oscillation, the longitudi-
nal ones have no variation across the harbor but vary along the sidewall
whereas the transverse ones have m node lines in parallel with the
sidewall and n node lines in parallel with the backwall for the mode (m,
n). The spatial structure of each component along the backwall is used to
confirm it as longitudinal or transverse. If the motion is transverse, it is
further used to identify the value of m corresponding to mode (m,n). The
profile of the components along the sidewall is used to identify the mode
of the longitudinal oscillation or the offshore node number n of the
transverse mode (m,n). Space gauges are installed right at the entrance
of the harbor to monitor the energy leaks outside and when it is lower
than 0.1% of that contained in the oscillations at the backwall, a
quasi-steady state is deemed to be attained. With numerous numerical
tests, the oscillations caused by vessel motions are found to be able to
reach their quasi-steady state faster for relatively mild seabed than for
slightly steeper sloping seabed. The spectra analysis of the simulated
free surface elevations is carried out with the time segment after the
stabilization of the oscillations with a very large total number of tem-
poral points. The frequency components within the harbor for both the
two kinds of bottom are revealed by the amplitude spectrum shown in
Fig. 5 and their properties can be further identified from their spatial
structure. It can be seen that very weak longitudinal resonances of very
low frequency present within the harbor and the wave patterns are
controlled by transverse oscillations of different modes. The numerically
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simulated components frequencies of relatively important intensity and

their corresponding theoretical ones calculated from formulations (16)
are listed in Table .1 for each case.

(16

Where U and M are the two linearly independent Confluent Hypergeo-
metric functions and

1 ®’
== (1-——]), j=1,2 17
a; 2( gkn,,nAc,)’ i=1, a7
km.n .
G == (spx1+ 1), j=1,2 18
J
2k,
Tio=—"Mm 19)

$1

With o the angular frequency and kmn, =%f, m=1,2,3,... indicating
the eigenvalue of the mt" transverse oscillation mode. The constant slope
bottom can be theoretically regarded as a special case of the two-slope-
piecewise one when s; = s;. It can be seen theoretically that the
transverse oscillation components on a constant slope s and on a
piecewise bottom with s; =s share nearly the same theoretical fre-
quencies for relatively low modes. With the values listed in the table, it is
observed that the numerically calculated frequencies of the components
are very close to the analytical ones, especially for the modes with both
small m and small n. For the modes with larger n, as the corresponding
wave profiles extend farther in the offshore direction, they may be
subjected to a greater influence of the deepening of the water and the
errors |f; —f|/f: may reasonably become slightly larger. Well captured
by the analytical solutions, the offshore profiles of the several principal
components trapped within the harbor on each slope are represented in
Fig. 6 and compared with those of the corresponding theoretical modes
with the same amplitude at the backwall. It can be revealed from the
comparisons of the seaward wave profiles that for the oscillations
induced by vessel moving from the backwall all the way to the mouth of
the harbor, higher modes in the offshore direction (with larger n) can be
more easily exited than those in the longshore direction (with larger m)
as the vessel itinerary traverse more antinodes of these higher offshore
modes. For the mode with larger m (2,0), the appearance of traces of
very small antinodes makes it deviate slightly from the theoretical curve
at a certain distance away from the backwall and this may be imputed to
the disturbances from the higher offshore modes oscillating at tightly
surrounding frequencies.

4. Analysis of oscillations induced by vessel motions

From the frequency-domain analysis of numerical results presented
in the validation cases for the harbor oscillations induced by vessel
motions on two kinds of bottom, it is generally revealed that, similar to
the oscillations generated by submerged sliding masses or other external
disturbances, transverse oscillations occur as the principle components
containing most of the oscillation energy inside the harbor with rela-
tively weak longitudinal components situating in low-frequency region
of the spectra. While the vessel moves right along one sidewall of the
harbor from the backwall all the way to the entrance, the occurrence of
the components as numerous as possible can be observed and as the
transverse components are trapped modes, their oscillation energy may
be maintained within the harbor whereas the longitudinal ones dissipate
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Fig. 5. Amplitude spectra at the corner of the semi-enclosed harbor (0 m,250 m) generated by the outgoing vessel along one sidewall, normalized by the maximum
wave amplitude induced by the vessel motion.

Table 1
Comparison of oscillation frequencies of the principle modes occurring within the semi-enclosed harbor (with subscript t indicating the theoretical values and subscript
n indicating the numerically simulated ones) and the relative deviations are shown in the last column in percentage.

Mode (m,n) Ko (m™1) [(Hz) ai; S (Hz) Ain e = ful /(%)
s = 0.02 (1,0) 0.00628 0.00981 —0.42473 0.00977 —0.41629 0.46
a,1n 0.00628 0.01414 —1.42012 0.01392 -1.36157 1.54
1,2) 0.00628 0.01659 —2.27225 0.01625 —2.22773 2.04
(2,0) 0.01257 0.01700 —0.88865 0.01743 —0.94268 2.52
(1,3) 0.01257 0.01929 —1.28749 0.01939 —1.24143 0.52
a,4 0.01257 0.02133 —1.68472 0.02148 —1.61841 0.70
s = 0.03 (1,0) 0.00628 0.01069 —0.59795 0.01074 —0.60818 0.46
1,1) 0.00628 0.01606 —1.97772 0.01587 —1.91967 1.18
1,2) 0.00628 0.01956 —3.17435 0.01929 —3.07492 1.36
(2,0) 0.01257 0.01861 —1.16432 0.01855 —1.15295 0.34
(1,3) 0.01257 0.02223 —1.87311 0.02197 —1.81863 1.15
a,4 0.01257 0.02603 —2.75578 0.02612 —2.77731 0.33
s; = 0.02 0.00628 0.00981 —0.42473 0.00977 —0.41629 0.46
s2 = 0.03(1,0) 1,1) 0.00628 0.01414 —1.42012 0.01392 —1.36157 1.54
1,2) 0.00628 0.01699 —2.27225 0.01625 —2.22773 0.81
(2,0) 0.01257 0.01749 —0.96982 0.01743 —0.95937 0.36
(1,3) 0.01257 0.01929 —1.28749 0.01939 —1.30604 0.52
a,4 0.01257 0.02133 —1.68472 0.02148 -1.71636 0.72
=0.03s2 = 0.02(1,0) 0.00628 0.01069 —0.59795 0.01074 —0.60818 0.46
a,1n 0.00628 0.01606 -1.97772 0.01587 -1.91967 1.18
(1,2) 0.00628 0.01956 —3.17577 0.01929 —3.07492 1.38
(2,0) 0.01257 0.01861 —1.16432 0.01855 —1.15295 0.34
1,3) 0.01257 0.02224 —1.87529 0.02173 —1.76825 2.28
1,4) 0.01257 0.02440 —2.36042 0.02393 —2.25079 1.94
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Fig. 6. Comparison of the numerically simulated offshore profiles of the several principal oscillation components (marked with red circles with their oscillation
frequencies indicated in the legends) with theoretical ones (marked with blue solid lines with their mode numbers presented in the legends). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

with the passage of time.

With the model settings indicated in the previous section, a range of
numerical experiments are carried out to investigate the oscillations
induced by various vessel motions with different harbor bathymetries by
means of the conventional frequency-domain analysis method and in
addition to which, the pattern recognition procedure proposed in Sec-
tion 2 is employed onto the time series of the numerical simulations and
thereby further examines the spatiotemporal characteristics of the
oscillation behavior.

4.1. The effects of the changing vessel motions and harbor bathymetry (in
frequency domain)

The analysis of the effects of the changing vessel motions and harbor
bathymetry are in the first place carried out in frequency domain. With
the same vessel motions as external excitation generating oscillations
within the semi-enclosed harbor, the frequencies of the principle oscil-
lation components with one or two nodes in the longshore direction
which may contain most of the oscillation energy are reported in Fig. 7
for a variation of the bottom slope and water depth of the harbor. It is
revealed that with an increasing water depth for the whole inner harbor
area, either due to a steeper bottom slope (shown in Fig. 7(a)) or a
deeper backwall water depth (shown in Fig. 7(b)), the frequencies of the
oscillation components with different longshore and offshore mode
number shift to larger values. Note that in case (b), as the changing
backwall water depth may lead to an evenly changing water depth over

the whole range of the harbor, the change of the frequencies of different
offshore oscillation modes appears also nearly homogeneous when the
backwall water depth increases from 5 m to 20 m, which conforms to the
possible water depth for this kind of bathymetry in reality. On the other
hand, while the bottom slope turns steeper shown in case (a), a more
significant deepening may occur farther away from the backwall and in
consequence the oscillation components with larger offshore mode
number are subjected to influence of greater importance.

On the vessel side, it can be seen from Fig. 8 that the frequency
domain behavior of the oscillations is in general insensitive to the
variation of the moving speed of the vessel and also to the direction of
the movement within the harbor. With merely infinitesimal change in
the distribution of energy on the occurring oscillation modes shown by
their relative amplitudes, almost all these oscillation modes keep their
frequencies when the outgoing vessel along one sidewall of the harbor
speeds up from 2 m/s to 10 m/s following the same path. Most of the
oscillation modes remain stable when the moving vessel changes its
direction from outward to inward, especially the ones with lower fre-
quencies which embody a best part of the total oscillation energy within
the harbor. When the oscillations are induced by vessel moving outside
of the harbor at a certain distance from the entrance following a path
parallel to the shoreline, their behaviors in frequency domain are quite
different in comparison with those induced by the aforementioned
outgoing vessel inside the harbor. Relatively important longitudinal
modes occur over lower frequency range together with several trans-
verse modes with larger offshore mode number, since the external
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Fig. 7. Changing frequencies of the oscillation components with different longshore and offshore mode number with (a) the slope of bottom and (b) the water depth

at backwall shown in (c) and (d) respectively.

disturbances come from outside of the harbor and the higher offshore
modes may take precedence to be generated over lower ones whose
oscillation energy is concentrated near the backwall of the harbor
(farther away from the entrance).

4.2. Pattern recognition for the oscillation time series

It is revealed in the previous subsections that the changing vessel
motions or harbor bathymetries can to some extent affect the frequency
domain behavior of the induced oscillations. However, with their as-
sumptions or approximations, the frequency domain analysis may
sometimes fail to capture some characteristics of the oscillations which
are in essence time series more or less unstable and it may also be
interesting to know the time-domain behavior on its own and the pro-
posed pattern recognition procedure is applied onto the recorded time

series under different conditions. Following precedent threads of
thought, the influencing factors on both the vessel side and the harbor
side are examined and discussed. As what has been done in the previous
subsection, on the harbor side, attention is focused on the slope and
water depth of the harbor bathymetry. In the aspect of vessel motions, in
addition to the effects of various moving speed, those of the itinerary of
the vessel are also analyzed including comparisons between the vessel
moving inwards or outwards the harbor and the itinerary being located
within or outside of the harbor (shown in Fig. 8). The corresponding
VAR coefficients of the oscillation time series with these changing
conditions on the vessel side are plotted in Fig. 9.

Fig. 9(a) shows a distinct amount of variation in the VAR coefficients
with a changing constant slope of the harbor bottom and the distinction
seems mainly controlled by the first coefficient of the applied vector
autoregressive moving average model. While the chosen values of the
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Fig. 8. Comparison between oscillations generated by different kind of vessel motions illustrated in (a) outward/inward vessel and (b) inside/outside vessel (at
different distance to the harbor entrance) with the amplitude spectra at the corner of the semi-enclosed harbor (0 m,250 m) normalized by the maximum wave
amplitude induced by the vessel motion shown in (c) for different vessel speed, (d) for outward/inward vessel and (e) for inside/outside vessel.

slope are mild and consistent with the realistic coastal bathymetries, it
can be regarded that slight variations of the mild slopes may lead to a
relatively apparent clustering of the VAR results of the recorded time
series and thus the time-domain oscillation characteristics of the water
surface within the semi-enclosed harbor. For a variation of water depth
at the backwall of the harbor in Fig. 9(b) which can exist in reality for
this kind of bathymetry, although the clustering seems less distinct than
that for the bottom slope, a monotonic trend of the VAR results with
regard to the first coefficient can be observed as shifting to smaller
values when the water within the harbor becomes deeper. It is to a
certain degree physically reasonable that the scatter points for different
bottom slope disaggregate more intensively into groups than those for
different backwall water depth since a varying bottom slope may change
not only the inclination of the bottom surface itself but also the overall
water depth within the harbor in the meantime, which can consequently
change both resonance frequencies and amplitude profiles of the oscil-
lation components induced by vessel motions. A similar monotonic
trend can also be seen in the subplot (c) for the changing velocity of the
vessel motions and the values of the first VAR coefficient are found to
increase with a faster moving vessel. As the changing vessel speed
mainly controls the agitation intensity of the ship wake which may
merely influence the induced oscillation amplitudes therewith and the
frequencies of almost of the oscillation modes remain the same (as re-
ported in the previous subsection with frequency domain analysis),
relatively limited clustering trends are observed. In addition, as the
vessel may travel in both directions in entering and leaving the semi-
enclosed harbor, simplified cases are considered (the vessel follows an
inward and outward straight line as its moving path) and the consequent
VAR results shown in Fig. 9(d) form two clusters which can be practi-
cally separated by a simple oblique line placed between them, which
indicates that the time-domain oscillation patterns induced by the vessel
motions in the two directions may differ from each other to a consid-
erable extent. This observation is only captured with the pattern
recognition presented here but fails to be found in the preceding fre-
quency domain analysis. With a clear separation observed in Fig. 9(e)
between the aggregation of the scatter points in red representing the
VAR coefficients calculated for the oscillation time series induced by a
seaward moving vessel departing from the backwall within the semi-
enclosed harbor and that of the vessels traveling in the longshore

10

direction outside of the harbor (marked in other colors), obvious dif-
ference between the time-domain patterns of the oscillations generated
in the two different manners can be deduced, similar to what has been
captured by the previous frequency domain analysis (Fig. 8(e)). As the
moving vessel not only pushes the water in front of the stem but also
forms a region of recirculating flow immediately behind the stern with
the wave front of the wake patterns at a certain angle from the moving
path, the direction and relative location of the vessel path or itinerary
with regard to the spatial layout of the harbor may carry weight in the
generation of the surrounding wave patterns within the harbor. How-
ever, for the three vessels traveling outside of the harbor entrance with
their paths located parallel to each other at different exterior spacing,
practically no distinct clustering can be found among the induced os-
cillations as different parallel paths of the vessel motions may have little
impact on the propagation of the generated wave patterns, an obser-
vation also coinciding with the frequency domain results.

As the time series of the oscillation surface are measured at a variety
of locations within the harbor, a clustering can also be seen in comparing
the patterns from different locations and this kind of clustering can be
more quantitatively illustrated by taking advantage of the distribution of
probability density of the calculated Mahalanobis distances for the time
series measured at different observation locations. Since it can be
revealed from the analytical solutions (Shao et al., 2017a) that for the
spatial profiles of different transverse oscillation modes, nodes and an-
tinodes succeed each other in both the longshore and offshore di-
rections, the time series recorded right at the nodes of a certain
oscillation mode may not contain its information whereas those recor-
ded at the antinodes can theoretically carry the information of this mode
to its maximum. While all the oscillation modes may have their largest
antinode right at the backwall of the semi-enclosed harbor in the
offshore direction, the water surface time history at the backwall is
chosen as a reference for the comparisons (for the modes with different
n). Similarly, for the longshore direction, as the largest antinodes of all
the modes with different m occur right at the sidewall where the water
surface history can be chosen for comparisons in the longshore direction.
Within the observed oscillations, close attention is given to the four
lowest components with non-zero offshore nodes (with n from 1 to 4) as
they may contain most of the perceptible resonance energy. For these
oscillation components induced by a vessel moving outwards along one
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Fig. 9. Plotted VAR coefficients for the oscillation responses within the harbor induced by vessel motions for different conditions.

sidewall of the harbor on a constant slope s = 0.02, the positions of the
nodes are listed in Table 2 which are extracted from the wave profiles in
the results of the numerical simulations and these positions can also be
well captured by theoretical solutions. Amplitude spectra in frequency
domain obtained from the time series recorded at the nodes of these four
components are shown in Fig. 10 in comparison with those obtained
right at the backwall of the harbor and the deletions of the pic of cor-
responding mode are illustrated. Within the spectra, a reduction of the
intensity of a certain lower oscillation modes can merely be seen with
the attenuation of their pics when the oscillation time series are
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observed farther away from the backwall of the harbor on certain nodes
of higher offshore modes (with larger mode number n) and from the
superficial frequency-domain analysis and comparisons, little informa-
tion can be further extracted.

The probability density of the calculated Mahalanobis distance for
the first node (the only node) of mode n = 1 at 185 m, the second node of
mode n = 2 at 530 m, the third node of mode n = 3 at 875 m and the
fourth node of mode n = 4 at 1210 m are presented in Fig. 11(a). In
general, the calculated probability densities can be fitted closely to
normal distribution as can be seen from all the dotted fitting curves for
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Table 2
Position of the offshore nodes for oscillation modes n = 1,2, 3,4 on constant
slope with s = 0.02 and s = 0.03.

Mode n Position from the backwall (m)
s =0.02 s =0.03
1 185 160
2 130 530 125 475
3 115 410 875 100 370 820
4 100 350 705 1210 90 325 670 1200
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Fig. 10. Normalized amplitude spectra in frequency domain obtained from the
time series recorded at the nodes of these four components in comparison with
those recorded at the corner of the semi-enclosed harbor chosen as reference for
two different slopes (with ‘Amplitude*’ indicating the normalized amplitudes
with regard to the reference).

the four oscillation modes. The probability densities are concentrated
towards larger Mahalanobis distance with nearly the same distribution
width when the time series are recorded on nodes of higher offshore
oscillation modes. As these chosen positions of the nodes recede from the
backwall of the harbor one after another, it seems in a superficial
manner that the concentration of the probability density tends to shift
larger when they are recorded farther away in the offshore direction.
However, when the Mahalanobis distances are calculated for mode n = 2
with the time history measured on the first node of this mode at only
130 m away from the backwall (closer than the second node at 530 m),
the median of the fitted probability density bell-curve (blue dotted curve
in Fig. 11(b)) moves on the contrary to larger Mahalanobis distance and
tightly close to the medians of those for mode n = 3 and 4 respectively
fitted by green and purple dotted curves. As it can be seen from Table 3
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that the first node of mode n = 2 at 130 m is situated in the proximity of
the first node of mode n = 3 and 4, it is reasonable that the Mahalanobis
distances calculated from the time history here are significantly influ-
enced by these two higher modes and may carry characteristics of these
two modes. Similar phenomenon is revealed within the harbor of con-
stant slope with s = 0.03 and the probability densities of the calculated
Mahalanobis distance for the four principle offshore oscillation modes
are shown in Fig. 12(a) and Fig. 12(b). The mean values and variances
corresponding to the Mahalanobis distances of the time histories
measured at the mentioned locations are listed in Table 3. In the
meantime, another feature of the distribution of the probability density
of the Mahalanobis distances may also be drawn from Figs. 11 and 12 for
both bathymetries with different slope s = 0.02 and s = 0.03, which
refers to a relative stagnation or stability of the bell-shape of the fitted
curves when the observation points move onto the nodes of higher
offshore oscillation modes (farther away seawards). In order to further
elucidate this observation, the means and variances of the Mahalanobis
distance calculated with regard to the reference for the time histories
measured at the 250 observation points arranged in the manner as the
OPs shown in Fig. 4 in the offshore direction from the backwall all the
way to the harbor entrance are illustrated in Fig. 13. It is revealed that
the mean values of the calculated Mahalanobis distances do not show a
growing or downward trend but begin to level off at a certain distance
away from the backwall. The means begin to converge towards a rela-
tively fixe value of 1.5 in the second half of the harbor together with the
variances approaching a value of 0.2. In addition, in the vicinity of the
backwall, a monotonic tendency can neither be seen for the mean values
nor for the variances from Fig. 13. The fluctuations in this part of the
harbor together with the subsequent convergences near the mouth of
harbor may to some extent show a conformity to the feature observed
within the bell-shape curve in Figs. 11 and 12.

5. Conclusion

This study presents a novel sensitive harbor oscillation feature in the
context of statistical pattern recognition to analyze the spatiotemporal
oscillation behaviors induced by vessel motions within a harbor of
variable water depth by taking advantage of the time-domain oscillation
series, in addition to frequency domain analysis. In order to capture the
vessel-induced oscillation behaviors from this perspective, vector
autoregressive model is proposed to examine the recorded oscillation
time histories of the water surface within the semi-enclosed harbor at
different observation points and from which features are extracted by
measuring the amount of deviations calculated with the selected
VARMA coefficients.

As both the harbor bathymetry and the movements of the vessel may
change the oscillation behavior, time series of the water surface induced
on a variation of harbor bottom slope and inner-harbor water depth are
investigated together with those generated with changing vessel mo-
tions with different velocity, traveling direction and location of the
movements. Frequency-domain analysis show that the changing condi-
tions in harbor bathymetry including the slope and water depth may
have influence on the oscillation frequencies of different modes whereas
a changing vessel direction or velocity may neither affect the mode
frequencies nor the occurrence of different modes. However, the pattern
recognition results on the basis of the time-domain series demonstrate
that more or less distinct clustering of the VARMA coefficients can be
observed not only for the time series with the changing conditions
affecting a priori the frequency-domain behavior, but also for those with
the changing conditions of little importance in frequency-domain anal-
ysis. Among all the conditions being investigated, a changing bottom
slope may have the most significant influence on the time-domain
behavior of the oscillations as it modifies both the water depth distri-
bution and bottom profile within the harbor. For the vessel side, it is
interestingly to note that palpable separation can be observed between
the time-domain oscillation behaviors induced by a vessel traveling in
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Fig. 11. Probability distribution of the calculated Mahalanobis distance for the four principle offshore oscillation modes within the harbor of constant slope s = 0.02
with (a) calculated with the time history measured on the 2nd node for Mode n = 2 and (b) calculated with the time history measured on the 1st node for Mode n = 2.

Table 3
Mean and variance for the Mahalanobis distances measured at locations corre-
sponding to the offshore nodes of the principle transverse oscillation modes.

Location/Item s = 0.02 s =0.03

mean variance mean variance
Mode n = 1 Node 1 1.108 1.113 1.156 1.161
Mode n = 2 Node 1 1.780 0.344 1.781 0.392
Mode n = 2 Node 2 1.279 1.089 1.526 0.775
Mode n = 3 Node 3 1.779 0.415 1.865 0.260
Mode n = 4 Node 4 1.860 0.275 1.906 0.183

different direction. The same kind of separation can also be found for
those induced by a vessel moving inside or outside the harbor.

In addition to the responses of the harbor oscillations induced by
vessel motions to variations of external conditions, the information of
internal structure of the induced oscillations can also be revealed with
the pattern recognition approach on account of the recorded time series
at different observation locations. As a further step than the clustering
analysis of the VARMA coefficients, Mahalanobis distances of them with
regard to a reference and their probability density distribution are
employed to investigate the spatial behavior of the oscillations in which
the energy is contributed by different internal components (the reso-
nance modes). While the profile of probability density distribution of the
calculated Mahalanobis distances remains generally unchanged, the
mean of these distances may to some extent illustrate the occurrence or
absence of certain resonance components or modes in the internal
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structure of the oscillations within the harbor.

The proposed pattern recognition procedure in this study can be
potentially applied to other nearshore hydrodynamic analysis especially
for wave propagations or resonances and on more realistic coastal ba-
thymetries. It should also be mentioned that the characteristics of the
internal structure of the wave patterns may be revealed by a successful
implementation of the proposed procedure in the requirement of time-
domain measurements at multiple locations which are spatiotempo-
rally correlated to each other in an intrinsic manner. In addition,
although the investigations have been carried out in this study on the
oscillations induced by vessel motions, different behaviors of oscilla-
tions or other wave patterns induced by other types of external forcing
sources such as meteorological events and submerge landslides may also
be potentially identified by implementing the proposed procedure.
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