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Utilizing Material Sensitivity Information Combined with Magnetization Modeling
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This paper presents a magnetization modeling method combined with material sensitivity information to iden-
tify the unknown magnetization distribution of a hull and improve the accuracy of the predicted fields. First,
based on the magnetization modeling, the hull surface was divided into three-dimensional sheet elements, where
the individual remanent magnetization was assumed to be constant. For a fast search of the optimum magneti-
zation distribution on the hull, a material sensitivity formula containing the first-order gradient information of
an objective function was combined with the magnetization modeling method. The feature of the proposed
method is that it can provide a stable and accurate field solution, even in the vicinity of the hull. Finally, the
validity of the method was tested using a scale model ship.
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1. Introduction

Most ship hulls are constructed with ferromagnetic
materials. When a ship is placed in the earth's magnetic
field, steady-state magnetic signatures are created around
the hull. This magnetic anomaly depends on the hull’s
magnetization, which can be classified as induced and
remanent magnetization [1-6]. The calculus of the induced
magnetization is easy to compute [1,2]. On the other
hand, the remanent magnetization depends on the mag-
netic history, such as mechanical and thermal stresses, etc.
Normally, it is difficult to predict the field disturbance
due to the remanent magnetization accurately because
there is no information on such history. To date, a few
attempts based on the Tikhonov’s regularization have
been made [1-3] but the method requires a very careful
choice of the regularization parameter and also takes
considerable computation time particularly for three-
dimensional (3D) inverse problems.

To tackle the above defects, the authors proposed
material sensitivity analysis in conjunction with magnetic
dipole array modeling (MDM) in previous work [6], where
the dipole array equivalent to the remanent magnetization
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on the hull was examined. Although its numerical imple-
mentation is relatively easy, an undesirable oscillation
occurs in the predicted field values as an observation
point approaches the array. Moreover, this method does
not indicate the actual magnetization distribution in the
hull, which could be very useful for demagnetizing the
hull.

This paper presents a more elaborate method to cal-
culate the underwater field anomaly around a ship by
utilizing material sensitivity information to identify the
unknown magnetization distribution of a hull and improve
the accuracy of the predicted fields. First, based on the
magnetization modeling method (MMM), the hull surface
was divided into 3D sheet elements where individual
remanent magnetization was assumed to be constant. For
a fast search of the optimum magnetization distribution
on the hull, a material sensitivity formula containing first-
order gradient information of an objective function was
combined with the MMM [4-8]. For numerical imple-
mentation, a general optimizer, called DOT in [9], was
adopted to guarantee the convergence of the objective
function. The feature of the method is that it can provide
a stable and accurate field solution, even in the vicinity of
the hull.

Finally, the validity of the proposed methods was tested
with a scale model ship and field signals predicted from
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the two methods, MDM and MMM, were investigated
thoroughly with reference to experimental data.

2. Magnetization Modeling

The MDM and MMM differ by how they model the
ship hull. In both methods, the unknowns are the mag-
netization, which has three-directional components in a
rectangular coordinate system. In the case of the MDM,
the hull's magnetization is replaced with the equivalent
magnetic dipole array shown in Fig. 1(a), where each
circle denotes a magnetic dipole. The underwater mag-
netic anomaly due to the remanent magnetization of the
hull is then calculated from the equivalent dipole array
obtained after solving an inverse problem. On the other
hand, the MMM requires sheet elements forming the hull
surface where equivalently constant magnetic moment
vectors are sought, as shown in Fig. 1(b). When the hull
thickness is relatively small and the permeability is high,
the magnetic moment can be assumed to be parallel to the
hull surface [1].

Consider a ferromagnetic ship hull placed in the earth's
magnetic field H,. A local perturbation of the field H,.,
expressed in terms of the magnetic reduced potential ¢,, is
created around the ship.

H:H0+Hred:H0_v¢m (1)

The field H,., is due to the hull magnetization M equal
to the sum of the induced magnetization M,,;, and the
remanent one M,.,,.

M:Mind+Mrem (2)

This paper focused only the field anomaly due to re-
manent magnetization. This is because the field pertur-
bation of the induced magnetization can be calculated
easily [1, 2]. If the optimum moment values in a dipole
array or on the sheet elements of the hull are decided, the
field perturbation H,., due to the remanent magnetization
M,.,, can be calculated using the following equation
[1,2].
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where V is the volume enclosing the magnetization M,,,,,
S is the sheet element, n is the unit vector normal to the
surface of V or the edge of S, and r means the dis-
placement vector from the magnetic moment to the obser-
vation point.
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3. Material Sensitivity Information

By exploiting the adjoint variable method and augment-
ed objective function, a material sensitivity formula with
respect to the equivalent magnetic moment of the hull,
was derived analytically [4-7]. Consider an objective func-
tion F defined in the analysis domain of interest Q for
magnetostatic inverse systems,

F= [, ¢(B(p))dQ )

where g is a scalar function differentiable with respect to
the magnetic flux density B(p), which is itself an implicit
function of the system parameter p. To deduce a material
sensitivity formula, and adjoint system equation systemati-
cally, the variational of equation (5), which is referred to
as the primary system, was added to equation (4).

Vx (W xA-M,,,)=0 (5)

where n is the magnetic reluctivity and A is the magnetic
vector potential. Exploiting the augmented Lagrangian
method and first vector Green’s theorem, the sum of the
two equations can be written as:

F= jQ gdQ+ IQ A[-V x (v,VxA-M,,,)]dQ
= IQ gdQ— IQ v,(Vx A) - (V xA)dQ (6)
+ .[Q Mrem ' (V X }“)dQ

where A is the Lagrange multiplier vector interpreted as
the adjoint variable.

By taking the variation of both sides of equation (6)
with respect to a small change Jp in the system parameter,
the first variation of the augmented objective function SF
can be developed as follows:

0A )

oF=-|, [g VX (5A + o }dQ

Ao Ba) om0

+v,(VxA)- (V X (57»—# g—;‘é‘p))JdQ

1, [al:;[;m5p (VX AM,,, - (Vx (an+ g_;“ap))}dg
where g=0g/0(VxA) corresponds to the pseudo-source of
the adjoint system. For the simplicity of equation (7), the
arbitrary variables, (3A+(0A/Op)dp) and (SA+(OA/Op)dp),
can be replaced by an alternative notation, e.g. A and A,
respectively. The sum of the two integrands, including the
term A on the right-hand side of equation (7), becomes
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zero because it is identical to the VariaEional form of the
primary system. The terms relevant to A were also set to
zero as follows:

[o vo(V X R) - (V x M)dQ+ [, g V x AdQ=0 (8)

Equation (8) is the variational of the adjoint system and
the pseudo-source vector, g, induced by the partial differ-
ential of the objective function. Overall, the pseudo-source
plays the role of the magnetic source, i.e., equivalent
magnetization in the adjoint system.

Deleting all the terms involving A and A from
equation (7), a material sensitivity formula applicable to
magnetostatic inverse problems can be derived as:

dr oM
——= =2 . (V x A)dQ 9
G kS (V) ©)

where A is the solution of the adjoint system equation (8),
i.e., the counterpart of solution A of the primary system
equation (5).

4. Numerical Implementation

To simplify the numerical implementation, the magnetic
moment M,,,, was forced to be a linear function of the
system parameter p [7]. A general-purpose optimization
control program, DOT, based on the Broydon-Fletcher-
Goldfarb-Shanno (BFGS) algorithm in [9] was adopted to
accelerate the convergence of the objective function. The
optimum magnetization values corresponding to the center
points of all sheet elements shown in Fig. 1(b) were deter-
mined, and all values were initially set to zero. Under the
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Fig. 1. Two modeling methods of a hull’s magnetization: (a)
magnetic dipole array of MDM, (b) equivalent magnetic
moment of MMM.
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Fig. 2. Flowchart of the proposed program architecture for
solving an inverse problem.

proposed program architecture, the iterative design pro-
cess in Fig. 2 involves the following steps:

Step 1: Define an objective function with the target
field data.

Step 2: Calculate the field perturbation due to the re-
manent magnetization of the hull with equation
(3) at the selected observation points.

Step 3: Assess the objective function and calculate the
adjoint source at the observation points.

Step 4: Compute the adjoint variable A from equation
(8) and the sensitivity value at each magneti-
zation moment with equation (9).

Step 5: Update magnetization moment values M,
(M:)] j=M]fem ;talAp) at the kth iteration,
where j and o are the jth sheet element and
relaxation factor, respectively.

Step 6: Check convergence and go to step 2 if unsati-
sfactory.

Step 7: Calculate the field anomaly of M,,;, and sum
up the total field perturbation due to M of
equation (1).

5. Experiments and Results

5.1. Experimental setup

To validate the proposed method, a scale model ship in
Fig. 3 made out of steel plate with an upper deck thick-
ness, lower deck thickness and relative permeability of
0.3 mm, 0.6 mm and 160, respectively, was considered.
The dimensions of the mock-up were 2.4 m long, 0.5 m
wide and 0.25 m high. The magnetic signature generated
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Fig. 3. A photograph of a scale model ship.

by the hull under the earth's magnetic field was measured
with four tri-axial magnetic sensors located under the keel
line of the ship, as shown in Fig. 4. Instead of using many
sensors, the experiment was carried out as the ship slowly
moves along the x axis heading for the North Magnetic
Pole against the sensor at a standstill. The x and z com-
ponents of the earth's magnetic field at an experimental
station are 307 mG and 377 mG, respectively. The field
components due to the remanent magnetization were taken
by subtracting the induction field due to the induced
magnetization from the measured data. For this process,
the induced field was calculated using a commercial EM
software package, MagNet 6 [10].

5.2. Comparison of predicted fields

To predict the field anomaly due to the magnetization
distributed over the ferromagnetic hull, the hull surface
shown in Fig. 1 was divided into 322 sheet elements,
where the optimum magnetization distribution was calcu-
lated. The objective function was defined at a reference
depth of 1 m under the keel line depicted in Fig. 4.
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n 3
F=Y ¥ (Bj=B,) (10)
i=1j=1
where 7 is the total observation points of 101, BZ is the
jth component of the magnetic flux density predicted at
the ith observation point for the kth iterative design stage
and B,; is the target fields measured at the observation
points.

According to the flowchart in Fig. 2, the total field
anomaly due to the hull’s magnetization, M,,; and M,,,,
are computed along three different depths of 0.5 m, 1 m
and 4 m. After solving the inverse problem, the optimum
magnetization distribution over the hull is illustrated in
Fig. 5, where the direction and magnitude of the magneti-

Fig. 5. Optimum magnetization distribution after solving the
inverse problem.
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Fig. 4. Experimental setup.
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Fig. 6. Comparison of the field anomaly predicted by two dif-
ferent methods, MDM and MCM, with the measured field at
different depths away from the keel line: (a) 1 m in depth, (b)
4 m in depth.

zation vector is expressed in terms of arrows and color
contours.

Fig. 6 shows a comparison of the predicted and mea-
sured fields at the depths of 1 m and 4 m apart from the
keel line. The predicted fields in Fig. 6(b) were calculated
by exploiting the optimum magnetization distribution
obtained in Fig. 4. The results showed that the MMM and
MDM had good agreement with the measured data. The
accuracy of the methods is also examined near the bottom
of the ship. Fig. 7 compares the predicted fields with the
experimental data at a depth of 0.5 m. The MDM includes
relatively large errors in the field solutions compared to
the MMM. In particular, in the case of the MDM, an
undesirable numerical oscillation occurs in the predicted
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Fig. 7. Comparison of the field anomaly predicted by two dif-

ferent methods, MDM and MCM, with the measured field at

0.5 m under the keel line.

Table 1. Comparison of the two different methods for
predicting the field anomaly due to a ferromagnetic hull.

Component MDM MMM
Unknown magnetic dipole magnetization moment
Number of unknowns 45 966

Ship modeling technique easy (2D) relatively hard (3D)

Computing time 28 sec. 37 sec.

Field error in [B| in depth

0.5m 125% 8.47%

Im 0.73% 0.51%

4m 6.18% 3.05%

Normalized field error was computed by |Pred-Meas|/Meas where
Pred stands for predicted field and Meas is the measured field.

fields. The oscillation comes from the small number of
the magnetic dipoles used for the field prediction.

The features of the two methods for predicting the
underwater field anomaly around the ship due to the
ferromagnetic hull were compared with each other in
Table 1. The proposed method produced a stable and
reliable field solution, even in the vicinity of the waterline
of the ship compared to the MDM.

6. Conclusion

This paper presents a more accurate methodology for
predicting the underwater field anomaly around the ship.
The optimum magnetization distribution on the hull was
determined successfully based on the magnetization model-
ing method combined with the material sensitivity infor-
mation. The results show that the proposed method can
provide a stable and accurate field solution, even in the
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vicinity of the hull compared to the magnetic dipole array
method.
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