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Abstract : This paper describes Declination interpolation method in the application of Digital Magnetic Compass(DMC) with small capacity
memory for relatively low-priced system. The purpose of this study is to find accurate declination values using Declination Lookup
Table(DLT) and Secular Variation Table(SVT) with the Bilinear interpolation method having four points data only. World Magnetic
Model with Gauss coefficients produced by NOAA is used in the calculation of DLT and SV'T at desired years. To verify the applicability
of the proposed method, the simulation tests and the error analysis are carried out in this work. As results from tests, the interpolation
error is within 0.01 degree that is much enough to implement high accurate DMC comparing with commercial DMCs on the market.
In summary, the declination interpolation method, proposed in this study, can be useful in the application of DMC.
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1. Introduction

Magnetic Compass does not point directly the true North
and it

Declination(or Variation) and Deviation

known as Compass Error including
in the field of

navigation. The Declination causes the needle of Magnetic

1s  well

Compass to point more or less away from the true north.
Even in the same location, Declination does not remain
constant, but increases or decreases at a known annual
rate. Thus, the Declination correction, except Deviation cor—
rection, is one of foremost concerns not only the Magnetic
Compass but also the Digital Magnetic Compass (DMC)
which is widely used in the modern navigation as one of
the Gyrocompass(Ojeda
Borenstein, 2000; Yim and Sim, 2004, Yim, 2006; Saha,
2008; Hines, 2007, Honeywell, 2012).

In addition to the Declination correction, the ability to

substitute  devices for and

accurately and autonomously determine direction is funda-
mental for both navigation and pointing mobile devices. The
advantage of Declination predictions by modern mathemat-
ical method with the power of microprocessor can create
smart DMC which have capable of extremely accurate and
reliable measurements of local magnetic field. The World
Magnetic Model (WMM) is one of well known mathemat-
ical method to provide not only Declination for any desired

location but also the complete geometry of magnetic fields.
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The components of WMM consists of a degree and order
12 spherical-harmonic main field model comprised of 168
spherical-harmonic Gauss coefficients and a degree and 12
spherical-harmonic Secular Variation field model(Compston,
2012; DMA, 1993; Maus et al., 2010; NOAA, 2010).

In spite of the high accurate declination predictions by
WMM, most of commercial DMC uses separate + 180° ad-
justments to collect Declination by manually. It is because
of the location and the time dependency of WMM and the
equation complexity of WMM, in particular.

The purpose of this study is to find declination values
using simple lookup tables for Declinations and the Secular
Variations with two-dimensional interpolation method rath—
er than the complex equations and huge Gauss coefficients
of WMM. In addition, the last goal of this work is to im-
plement DMC with small capacity memory which can be
store the simple lookup tables and can be relatively
low-priced system. The coverage of target system is fo-
cused on the coastal waterways of Korea including the area
of Latitude 32° to 40° North and Longitude 122° to 133°
East.

2. Theoretical Background

2.1 Mathematical Model of WMM

The geomagnetic potential V (r,6,4,7), described in the
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WMM(DMA, 1993; NOAA, 2010), expressed in terms of a

spherical harmonic expansion of the following form:

V(r,0, 9, 7) = §))
@El TE E {gpm(T)cOSMS+ N, (T)Sinme} P
G = o (8 + 9,0, (7= 1,) 2)
P = P (8) i (=1, (3)
where:

r is radius from the center of Earth.

# denotes the colatitude(90 degree — Latitude).

¢ 1is Longitude.

rp denotes the mean radius of Earth.

9pm(7) and h, . (7) are Gauss coefficients at time 7.
7 and t, are the desired time in years and the base ep-

och of the model, respectively.

P"@) denotes Legendre polynomial of degree n and
order m .
9pm(t.) and h,,(t) are Gauss coefficients of the

WMM at the base epoch.
Gom(7—1,) and h,,m(r t,) are annual change rates of

Gauss coefficients.

The Gauss coefficients and detailed information for the
Eq.(1) are described in the "NOAA Technical Report: The
US/UK World Magnetic Model for 2010-2015"(NOAA,
2010). Here, noting that the WMM is updated at five year
intervals as like 2005 and 2010 etc. and is referred to by its
epoch date such as WMM-2010 to the year of 2010.
WMM-2010 is valid from 2010 to 2015.

2.2 Geomagnetic Components

The Earth’s magnetic field B (r,6,¢,7) in spherical coor-
dinates is a vector quantity having three components such
as B, (r.0.¢.,7), B,(r0,6,7) and B, (r,0,¢,7). The three
components can be computed from the geomagnetic poten-
tial V(r60,0,7) as follows(DMA, 1993; Makovec, 2001;
NOAA, 2010):

B, (n,¢,7) = — 20T V(T’ai’qw) (4)

Bg (T7€7¢77_) = _% W (5)
1 1V b

B, (rf,¢,7) = — rsind aV(raf) o ©)

where:

BT (r507¢?7—)) Bg (7’,0,¢,T) and B’r (7‘,0,(;577') are the radial
component measured outward positive, the co—elevation
measured South positive and azimuthal component meas-

ured East positive, respectively.

2.3 Coordinate Transformation

The three geomagnetic components in Egs.(1)~(3) are
expressed as spherical coordinates. In the DMC application,
meanwhile, the geodetic coordinates (\,¢,h,7) with latitude
A, longitude ¢, and altitude h are often used and it uses
WGS-84 ellipsoid as the reference ones. The three geo-
magnetic components can be computed to the rectangular
components as follows(DMA, 1993; Makovec, 2001):

B, (\¢,h,7) = cosaBy(r,0,¢,7) —sinaB,(r,0,4,7) )

B,(\¢.h,7) = B, (r,0,¢,7) ®
B,(\¢,h,7) = sinaB,(r,0,¢,7) — cosaB, (r,0,¢,7) 9)
where:

a=\— %* 0

and, B, (\.h.7), B,(Aoh7)

North-South magnetic component,

and B, (\¢,h,7) are
East-West magnetic

component and Vertical magnetic component, respectively.
From the three rectangular components in Eqgs.(7)~(9), it

is possible to construct following parameters:

By(\d.h.r) = \/BX(\g.h.1) + BAN¢.h,7) (10)
(Moyhor) = /B¢ .h7) + BANd,h,7) (1)
1 B hT)
D(/\,¢,h,7') = tan (W) (12)
where:

By, By and D are the horizontal intensity, the total in—

tensity and Declination, respectively.

3. Declination Interpolations

3.1 Approaching Methods

Fig. 1 represents conceptual approaching procedures to

find unknown declination D, (¢,A) at desired time ¢, by
two—dimensional(2-D) interpolation method. In this figure,
t,, t, and t, are the current year, the desired decimal year

that is the current year in a decimal format to include any

fraction of the year that has already passed and, the next
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year of the current year, respectively. In addition, D, (o,\)
and th(qzﬁ,/\) are the interpolated Declinations at given time

t, and t,, respectively.

r}!
D, (¢, 4,) D, (#y.4,)
i i
J
t, =
] Fa
o w.n
1 3
n " ] q Longiude
D, (#, 43) L a\J\.m 3 B 4. s o D _
A =1 Oy (d. 4y) D, (91, 4))
-
3 v Longitude (c)
1 ST
o
A Longitude [~ (b)
D, (dy, &) D c)

(a
Fig. 1 Conceptual approaching procedures to find unknown
Dt"(qﬁ,/\) at desired time ¢ by

declination .
two—-dimensional interpolation method.

The determination procedures for the D, (¢,A) can be

divided into five steps as follows:
Step 1: Prepare Declination Lookup Tables(DLT) using

Eq.(12) for Dtl(qﬁ"_ A,,) and DtQ(qﬁ"_ A,), where ¢, is longi-

1,2,3,-
longitude data with the resolution of §,

latitude data set, m =1,2,3,---,M and M is total number
of latitude data with the resolution of 6, .

Step 2: Find QI(¢,A) as shown in Fig. 1(a) by inter-

,N and N is total number of
. In addition, A, is

tude data set, n=

polation method with the four point declinations,

Dﬁ(¢n, >\m) ’ Dt1(¢n,)‘nz+1) ’ Dt\(¢n+1,)\m)
D, (¢,+1,A,+1) in the DLT of Step 1.

and

Step 3: Find Q2(¢,A) as shown in Fig. 1(c) by inter—

polation method with the four point declinations,

l)tz(qsn, >‘m) ’ l)tg(gf)n,)‘m-f—l) ’ Dt2(¢n+1,)‘m)
D, (¢, 41 A\yq) in the DLT of Step 1.

ty

and

Step 4: Find the annual change rate of declinations,
called Secular Variation(SV), and it is differences between
D,I(QZ)\) and D,2(¢>7)\)-

Step 5 Finally, determine D), (¢,A) using the inter—
polation theory as shown in the below.

The key idea of this interpolation procedure is to per—

form linear interpolation first in the declination Dt\(@/\)

and again in the declination Dt2(¢>,)\), then after find

D, (6) .

3.2 Interpolation Theory

In mathematics, Bilinear interpolation is an extension of
linear interpolation for interpolating functions of two varia—
bles on the rectangular grid as like shown in Fig. 1. In the
other hand, Nearest neighbor interpolation and Bicubic in-
terpolation are also well known as linear interpolation
The both

smoother interpolation and smallest error than the Nearest

methods. of Bilinear and Bicubic produces
methods. In addition, the mathematical algorithm of Bilinear
is more simpler than the Bicubic and it is used only four
points in the rectangular coordinates(Wikipedia, 2012;
MATLAB, 2012).

In this study, thus, Bilinear interpolation method is used

to determine Dt( (¢.A) at desired time ¢, as shown in Fig.

1(b), and it can be expressed as follows:

D, (M) =D, (6,\)+[SV, , (¢:M) 7, , | (13)
where:
t., t; and t, represent the desired decimal year, the cur-

rent year and the next year, respectively.

Dz1(¢7)‘) is the interpolated declination at time ¢, .
SV ($:A) D, (¢.\)
D, (oM.

7, 18 the time differences between time ¢, and time ¢, .

denotes SV  between and

Dtl(¢,)\) and D, (qﬁ7 A) can be found using linear inter—

polation expansion of the following form:

D, (¢,A) = [1—z(¢) 2(¢)] (14)
Dt (@(0,)y\,)) D, @,y 1)) | i—y(n)
D, (¢, 1) (m))Dt] (¢, 4 1)y, 1)) { y(\) }
D, (¢ A) = [1—2z(¢) x(¢)] (15)
D, (@(6,)y(\,)) D, (x(8,).5(\, 1)) [ ri—y(n)
D, (6, 1)y D, (26, 1)y, 1) { y(\) }
where:
z(¢) and y(\) are corresponding values to ¢ and

to A, respectively. In addition, the two components laid
on the rectangular coordinates in Fig. 1. Thus, the val-
ue of four points, needing in the interpolation, can be
defined as (z(¢,).y(\,,)) =(0,0),(z(¢,),y(\, 1)) =(0,1),
(2(¢,41)w(N,)) =(1,1) and (z(¢,,)y(\,4,)) =(1,1).
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3.3 Lookup Tables for Declination and Secular
Variation

The software used in this work is MATLAB(2012). In
addition, the MATLAB program wrldmagm2.m produced
by The Math Works(2009) are used to construct Declination
Lookup Table(DLT) for the base epoch year of 2011, 2012,
2013, 2014 and 2015.

Table 1 represents DLT for Declination D, (¢, A,) in

epoch time ¢, = 2011.0 that is base DLT during year of

2012 and it is one year passed after base epoch in
WMM-2010. In addition, Fig. 2 shows contour plots for the
DLT in Table 1 and is to explain the change pattern of
Declinations along with the geographical positions in this

areas. The conditions to construct DLTs are as follows:

- Limitation of geographical areas for DLTSs: Longitude
122.0° E ~ 133.0° E, Latitude 32.0° N ~ 40.0° N
 Number of data and resolutions: V=9 and 4, =1.0° for

longitude, A/ =12 and J, = 1.0° for latitude.

The geographical area as mentioned in the conditions
covers all of East, South and West sea of coastal water—
ways in Korea. This geographical limitation is to implement
low—priced DMC having small memory capacity. In addi-
tion, the conditions for the resolution of d, =1.0° and ¢, =
1.0° is referenced the accuracy of WMM that is less than
1.0°.

Table 2 represents Secular Variation Table(SVT) for the
epoch year 2011.0 that is differences between both of decli-
nations in 2010.0 and in 2012.0. In addition, Fig. 3 shows
contour plots for the SVT in Table 2 to explain the change
pattern of the SV along with the geographical positions.

The seven contour plots from Fig. A-1 to Fig. A-7 in
the Appendix represent the other DLTs and SVTs for the
epoch year 2012.0, 2013.0, 2014.0 and 2015.0.

Table 1 DLT in epoch year 2011.0 (Unit: degree)

n| 1| 2314567891011 ]|12
Aa” 122 1123 | 124 | 125 | 126 | 127 | 128 | 129 | 130 | 131 | 132 | 133

32 15711585]598(6.10(6.19|6.28|6.34|6.39 |6.42 |6.44|6.43 | 6.41
33 |597]6.12]6.26|6.38|648|6.57|6.64|6.70|6.74 |6.75|6.75|6.73
34 16.24(6.39]6.54]6.66(6.78 |6.87]6.95|7.01 | 7.05|7.07|7.08 | 7.06
35 |650(6.67]6.82(69|7.07|7.17|7.25|7.32|7.36|7.39|7.40|7.39
36 |6.771694|7.10|7.24|7.37|747|7.56|7.63|768|7.71|772|771
37 |7041722)7.39|753|766|7.77|7.87|794|799|8.03|8.04|8.04
38 |7.32]750]767|782|796|8.08|8.17|8.25|831 |8.35|8.37|8.37
39 759 (7.78|796|812|8.26|8.38|848|8.56 |8.63| 867|869 |8.69
40 7.87|807|825|841|856|8.68|8.79|888|894|899|9.01|9.02

3

OO0 [ [ | O | |WDo|+—

Declinetion (nesterly) in 2011.0

Latitude(degree)
8

S

Fig. 2 Contour plot for the DLT in epoch year 2011.0

Table 2 SVT in epoch year 2011.0 (Unit: degreex 1072)

3

n

11213

4

5

6

7

8

9

11

12
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125

126

127
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133
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3.96

381

3.66

351
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297

2.85

33 | 434424408

392

377

361

345

3.30

2.88

275

34 438422405

3.89

372
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3.39

3.23

2.79

2.66

35 | 437]420 | 402

385

367

350

3.33

3.16

2.69

2.55

36 |435]417|39

381

363

344

3.26

3.09

2.59

244

37 |433]415]3%

3.77

357

3.19

3.01

249

2.33

38 | 431]412|392

372

3.2

3.32

3.12

293

2.38

221

39 429408383

367
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3.25

3.04
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2.09
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361
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3.4 Simulation Tests and Evaluation Results

To verify the applicability of proposed interpolation
method using DLT and SVT, simulation tests with the lo-
cation data in Table 3 and the decimal year data in Table 4
are carried out. In addition to the simulation tests, the anal-
ysis of the error by Declination interpolation is also dis-
cussed in this work.

The RMS(Root Mean Square) errors e(Z;,Y;) of inter-

polated declinations are calculated as

e(z,Y) =/ [D/"(.0) D, (p.1)]° (16)

where:

L, is location data set, i=1,2,3,---,/ and [/ is total
number of data.

Y, represents desired year data set, j=1,2,3,---,J and
J is total number of data.

D™ (¢,\) is declinations with Gaussian coefficients of
WMM.

Z)t(‘(qb,/\) represents interpolated declinations by proposed

method.

Table 5 represents the calculation results for the RMS
errors e(L;,Y;) with 8-by-6 test parameters in Table 3

and in Table 4. In table 5, all of e(Z;,Y;) for the 8-by—6
test parameters are within 0.01 degree and, the ranges of

mean error varies from  1.440< 10" *(minimum) to
3.505 % 10~ (maximum).

Here, noting that the accuracy of Digital Magnetic
Compass varies from 0.5 degree in maximum to 1.0 degree
in minimum in case of the commercial DMCs(Ojeda et al.,
2000; Hines, 2007, Honeywell, 2012).

Thus, it is clearly known that the amounts of declination
interpolation errors of within 0.01 degree are much enough

to have high accurate Digital Magnetic Compass.

Table 3 The data set of locations for interpolation tests

L,

i |Location Name La(tli\tlggeh))\ Lon%ét;i? ¢
1 Incheon 37° 287 001" 126° 36 7 49.27
2 Gunsan 35° 587 048" 126° 3771027
3 Mokpo 34° 487 1327 126° 2471657
4 Kwangyang 34° 53" 2967 127° 39" 228”7
5 Busan 35° 037 454" 129° 06 " 358"
6 Pohang 36° 01" 568" 129° 22" 547"

Table 4 The data set of desired years for interpolation tests

Y;
J Desired Year Decimal Year ¢,
1 January 1, 2011 2011.00000
2 July 1, 2011 2011.49589
3 January 1, 2012 2012.00000
4 July 1, 2012 2012.49727
5 January 1, 2013 2013.00000
6 July 1, 2013 2013.49589
7 January 1, 2014 2014.00000
8 July 1, 2014 2014.49589

Table 5 Calculation results for the RMS errors

Error e(Z,v;) (Unit: degree x107%) mean | s.td.

- (Unit: | (Unit:

i 12| 3| 4|5 |6 |78 |duedare
1 |1474]1.468|1.471|1.465|1.469|1.463|1.466|1.460 | 1.467 | 4.334
2 1.442|1438(1.44311.438|1.443|1.4381.443|1.438 | 1.440 | 248
3 1352413515(35143505(3.505|3.495 (3495|348 | 3505 | 12.93
4 12.139]2.136|2.142 | 2.139 | 2.145| 2.142 | 2.148 | 2.145 | 2.142 | 3.968
5 [1.697]1.691|1.693]1.688(1.690|1.684(1.687|1.681 | 1.689 | 4.960
6 13.094]3.085(3.083(3.074 |3.072|3.063 | 3.061 | 3.052 | 3.073 | 13.861

4. Conclusions

The Declination interpolation method using lookup tables
for Declinations and Secular Variations with Bilinear inter—
polation are discussed and proposed in this paper. The pro-
posed method is to find declination values with simple
lookup table for the Declinations and Secular Variations
rather than the complex equations and huge Gauss co-
efficients of WMM.

The applicability of the proposed method to the applica—
tion of Digital Magnetic Compass has been verified through
the simulation tests and error evaluations. The RMS error
due to interpolations shows within 0.01 degree that is much
enough to have high accurate Digital Magnetic Compass.

In summary, the declination interpolation method, pro-
posed in this study, can be useful method in the application

of Digital Magnetic Compass.
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Appendix

Declination (westerly) in 2012.0

Latitude(degree)

| | |
—

847 — b h
M.M‘?g—r/‘

| | | | |
L | | |

122 123 124 125 126 127 128 129 130 131 132 133
Longitude(degree)

Fig. A-1 Contour plot for Declination in epoch year 2012.0

Declination (westerly) in 2013.0

/
%
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8
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i
i

X N I I T
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Longitude(degree)

Fig. A-2 Contour plot for Declination in epoch year 2013.0
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Secular Variation 2012-2013

Declination (westerly) in 2014.0

129 130 131 132 133
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T
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Longitude(degree)

128

|
.
122 123 124 125 126 127

(92168p)opnre

34,

Fig. A-5 Contour plot for SV in epoch year 2012.0

Fig. A-3 Contour plot for Declination in epoch year 2014.0

Secular Variation 2013-2014

Declination (westerly) in 2015.0
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Fig. A-6 Contour plot for SV in epoch year 2013.0

Fig. A-4 Contour plot for Declination in epoch year 2015.0
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Secular Variation 2014-2015

(9]
™
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34,,,
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Fig. A-7 Contour plot for SV in epoch year 2014.0
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