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Abstract: It is well known that the following two conditions should be satisfied in the control-point based geometric
correction of historical maps: (a) Conversion from a historical map into a present map is a homeomorphism and (b)
The straightness of designated specific line segments is maintained. In this paper, a new method for the control-point
based geometric correction of historical maps, which simultaneously satisfies both the above conditions, is proposed.
The correction process is modeled as a phenomenon in a three-dimensional vector field. Each point in a historical map
is connected with the corresponding point in a present map by a streamline of the field. Since a unique streamline
passes through any point in the vector field having no zero-vector point, the above connection relationship becomes
a homeomorphism. As a result, Condition (a) is satisfied. On the other hand, the straightness of designated line seg-
ments is maintained because streamlines intersecting with the line segments in the historical map are formed so as to
necessarily intersect with the corresponding line segments in the present map. Consequently, Condition (b) is satisfied.
The experimental results demonstrate the effectiveness of the proposed method.

Keywords: historical map, geometric correction, homeomorphism, straightness, vector field

1. Introduction

Historical maps are important materials as information sources
about the historical landscapes of the ages when the maps were
produced. In the analysis of historical maps, a technique of
geometric correction is often used to overlay them on present
maps [1], [2]. This makes it possible to quantitatively compare
the situation of, for example, land use in a historical map with
that in a present map.

The most popular method for the geometric correction of his-
torical maps is that in which the specific points designated by
users are employed as control points[1], [2], [3], [4]. Control
points are the points whose locations in both the historical and
present maps are already known (e.g., temples, shrines, etc.), and
used as reference points to be fixed at the designated specific po-
sitions in both the maps. All the points in a historical map, in-
cluding the ones other than the control points, are converted into
those in a present map so as to maintain their relative positional
relationship to a certain extent and at the same time satisfy the
condition that the control points are fixed at the designated posi-
tions.

It is well known that there are two main groups in control-point
based geometric correction methods: global and local transfor-
mations [2], [3], [4]. In global transformation methods, only one
mathematical model is used to convert the coordinates of any
point in a historical map into that in a present map [2], [3]. A
typical example of the mathematical model is that consisting of
two polynomials for two coordinates. Their coefficients are usu-
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ally adjusted by the least squares method [2]. The disadvantage of
global transformation is that residual errors exist in the positions
of the control points in the corrected historical map [2], [3], [4].
This means that the condition required for control points is not
satisfied.

In local transformation methods, on the other hand, either a
historical map is cut into areas each of which has its own math-
ematical model for point conversion, or the position of any point
is converted with its own mathematical model [2]. A typical ex-
ample of the former approach is a method based on the introduc-
tion of the triangulated irregular network with a local coordinate
conversion (TIN) [1], whereas that of the latter approach is the
moving least squares transformation (MLS) [5]. In local transfor-
mation, no residual error appears in the positions of the control
points in the corrected historical map [1], [2]. In other words, the
condition required for control points is satisfied. In this paper, we
focus on the group of local transformation satisfying the above
condition.

In the control-point based geometric correction of historical
maps, it is required that the conditions shown below are also sat-
isfied [1], [6]:

(a) Conversion from a historical map into a present map is a
homeomorphism (i.e., one-to-one onto mapping).

(b) The straightness of designated specific line segments (e.g.,
straight roads, moats, etc.) is maintained.

Condition (a) is often violated in TIN. Therefore, an additional

procedure, e.g., modifying the structure of a triangulated irregu-

lar network by hand [7], is often introduced to resolve the issue.

As for Condition (b)), on the other hand, an attempt to satisfy this

condition is seen in Ref. [6]. In this attempt, the weighted mean

of the between-map displacement amounts of designated line seg-
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ments is used to determine the displacement amount of a point to
be converted. Although the weight is given as a function of the
distance between a line segment and a point to be converted, it is
not a strict inverse distance weight but a monotonously decreas-
ing function giving only a finite value. Therefore, the weight of
the line segment, on which a point to be converted on the corre-
sponding line segment in the present map exists, does not become
infinite, and thereby other line segments can affect the determina-
tion of the displacement amount of the point. As a result, the
converted point does not necessarily exist on the corresponding
line segment. In other words, the straightness of the line segment
cannot be sufficiently maintained.

In this paper, we propose a new method for the control-point
based geometric correction of historical maps. This method be-
longs to the group of local transformation, and is developed
so as to simultaneously satisfy both Conditions (a) and (b).
We model the correction process as a phenomenon in a three-
dimensional vector field [8]. This concept is introduced from the
map-deformation method proposed for the construction of dis-
tance cartograms [9].

We arrange historical and present maps in the vector field so
that any point in the historical map is connected with a point
in the present map by a streamline [8] of the field. Each of the
points existing on a designated line segment (hereafter, we call
it “a control line segment”) is also connected with a point on the
corresponding control line segment in the present map. When
no zero-vector point exists in the field, there is a unique stream-
line passing through any point[8]. Therefore, the above point
connection becomes a one-to-one onto mapping, i.e., homeomor-
phism [10]. As a result, Condition (a) is satisfied. On the other
hand, the straightness of control line segments is also maintained
because streamlines intersecting with the control line segments in
the historical map are formed so as to necessarily intersect with
the corresponding control line segments in the present map. Con-
sequently, Condition (b)) is satisfied.

We conduct experiments in which simple artificial mapping
models and an actual historical map are used. We compare the
proposed method with the other two local-transformation meth-
ods previously proposed: TIN and MLS. The experimental re-
sults show that the proposed method can provide characteristics
better than those provided by the other two methods.

The remainder of this paper is organized as follows. We
describe the vector-field-analysis based geometric correction
method in Section 2. We show experimental results and verify
the effectiveness of the proposed method in Section 3. A conclu-
sion is finally summarized in Section 4.

2. Geometric Correction Based on Vector
Field Analysis

2.1 Advance Preparation for Geometric Correction

As already mentioned in Section 1, historical and present maps
are arranged in a three-dimensional vector field. To avoid the pro-
duction of a vector field with a distribution too complicated, an
appropriate spatial arrangement is needed. This section describes
the detail of the advance preparation to appropriately arrange both
the maps.
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Suppose that the set of the control points in the historical map
and the corresponding points in the present map are given as fol-
lows:

P, (XHn Y1) *': control point for the historical map

Pp,(xp,,, yp,): control point for the present map

(1 < n < Np, Np: total number of control points)
where Py, is the nth control point in the historical map and Pp,
is the corresponding one in the present map. We also give the set
of the control line segments in the historical map and the corre-
sponding line segments in the present map as follows:

Lt (XsHm» Ystm) LeHm(XeHm» Yetm): control line segment for

the historical map

Lspim (Xspims Yspim) LePm(XePms YePn): control line segment for the

present map

(1 <m < Ny, Np: total number of control line segments)
where Lgy,, and Lep,, are the endpoints of the mth control line
segment in the historical map and Lgp,, and L.p,, are the corre-
sponding ones in the present map. The positions of the above
points are represented by the following position vectors:

P, = xun  ym 17 for Py,
pp, =1 xp, yp, 1" for Pp,

It = [ XsHm  YsHm ]T for Ly,
letm = XeHn  YeHm ]T for Lenn
Lpn = [ XsPm  YsPm ]T for Lgpy,

ler = [ XePm  YePm ]T for Ler
To eliminate the influence of direction deviation between the

historical and present maps, we rotate the latter one. In the case
that the present map is rotated with the angle 6, the position vec-
tor pp, of the nth control point Pp, is converted into py, (6) of the
rotated point Py, as follows:

Pp,(6) = R(O)pp, (D
where
R(g):[c?se —sin@]
sinf cosé

The angle between the line segment formed by the pair of the n;th
and nyth control points in the historical map, Py, Py,,, and the
corresponding line segment in the rotated present map, P{,HI P{,nz,
becomes as follows:

_1 (pHm - pan) ! {pibn](g) - pi’ng(g)}

¢Pn1,nz (0) = Cos (2)

Ph, (6) = B, (60)

|I’Hn, ~ PHp,

As for the mth control line segment Lgp,, Lep,,, the position vec-
tors of the endpoints, Ip,, and lp,,, are converted into I, (6)

and I, (6) corresponding to the rotated line segment L/, 1.

ePm sPm™~ePm
as follows:

[p,,(0) = R(O)lspy 3)
cpm(@) = R(O)lepy )
The angle between Ly, Leny in the historical map and L L7,

in the rotated present map becomes as follows:
¢Lm(9) _ COS_l (leHm - lsHm) . {lépm(g) - lépm(g)} (5)

|leHm - lSHm “lépm(g) - I;Pm(g) |

#1

In this paper, the symbol x is used as the coordinate of the horizontal
axis, whereas y as that of the vertical axis. This symbol assignment is
contrary to that in the Japanese surveying and mapping community (x:
northing, y: easting) [11]. We select the above assignment in accordance
with mathematical conventions.
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To obtain the optimal rotation angle 6, giving the rotated
present map whose direction is aligned to that of the historical
map, we solve the following optimization problem:

Minimize f(6)

Subject t0 Opin < 0 < Omax

where
fo0) + £.0)
)= L~ 77

1@ gp(0) + g(6)
Np-1  Np

O =" > 0bu s Opn 1 (0)
nl\llil ny=n;+1

fil0) =" vLnO)Ln(®)
'}(;:l] Np

ge@ =Y > vbum(®
n=1 np=n;+1
N,

gL(0) = Z vLm(0)

m=1

UPnl,nz(e) = \/'pHm _pan

P, 0) = B, 0) |

00n(6) = \Jlettn — Lo ||, () — L, ©) |

and Onin and O,y are the angles giving the search interval of the
rotation angle, [Omin, fmax]. The objective function f(6) is the
weighted mean of the angles each of which is that between the
historical-map line segment and the corresponding present-map
line segment. Each angle is weighted with the size of the corre-
sponding line-segment pair (specifically, weighted with the geo-
metric mean of the length of the historical-map line segment and
that of the present-map line segment, i.e., vp,, »,(6) oOr v1,(6)).
This is based on the fact that direction deviation given by a line-
segment pair with a larger size can bring about greater map defor-
mation. In actual calculations, we solve the above optimization
problem by the golden section search method [12]*? under the
conditions Omin = —271/3 and Opmax = 27/3 *3.

Next, we separately standardize the coordinates of the points in
the historical map and those in the present map (origin: centroid
of all points, mean distance from the centroid: unity) to eliminate
the influence of the scale difference between the two maps. We
use the following symbols for the standardized points:

P, (x1:, y1,) for Py, in the input (i.e., historical) map

Pou(x0n, you) for Pp, in the output (i.e., present) map

(I £n < Np)

Lt (Xstms Ysim) for Lgpp,, in the input map

Letn(Xelm» Yelm) for Lepy, in the input map

Lsom(Xs0m» Ysom) for Lgp,, in the output map

Leom(Xe0m» Yeom) for Lep,, in the output map

(1<m< N
The position vectors of the centroids of the input and output maps,
pr and pg, are given as follows:

0 P+ By s Ds(m) + Lot De(m)
! Np + XN (D(m) + De(m))

m=1

T2y P, + Sy {Lip, Ds(m) + Lip, De(m))
Np + XM (Dy(m) + De(m)}

(6)

@)

Po =

#2
=3

Another solution can be used as the need arises.
The search interval can be varied as the need arises.
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where

0 (When lSHm = lsHmo or lSHm = teHmy
Du(m) = for some myg, 1 < my < m) ®)
* B 1 (When lSHm * lSHmo and lSHm * lequ

for any myg, 1 < mgy < m)

0 (When leHm = lsHm(J or leHm = leHmo

f 1< <
Da(m) = or some mgy < m) ©)
1 (when leny, # Liim, and lepy # letim,

for any mg, 1 < my < m)

Dg(m) and D.(m) are introduced to remove the endpoints of the
control line segments overlapping with any endpoint already used
in the calculation**. By using the above centroid positions, we
obtain the standardized position vectors as follows:

=[x, v 17 = (py, — pp)/di for Py,

po, =1 x00 you 1" = (B}, — Po)/do for Po,

L = [ Xt Ystm 17 = (st — Py)/dy for Ly,

et = Xetw  Yetm 17 = (et — Pp)/d for Leyy,
Low =1 Xsom Ysom ]T = (l;pm - pO)/d_O for Lsom
leom = [ Xeom Yeom 17 = (Usp, — Po)/do for Leo,,

Np

> Iy, — Bl

n=1
NL

+Z{|lsHm = pilDs(m) + llepim _ﬁllDe(m)}] (11
m=1

Np

Z |piJn - pOl

n=1

N
+ ) {1y, = BolDs(m) + L, - 1_70|De(m)}} (12)
m=1

(10)

- 1
dy = =
Np + Zmil{Ds(m) + De(m)}

_ 1
do =
©7 No+ 3 (Dym) + De(m)}

The above advance-preparation transformation is similar to
the least-squares Euclidean transformation consisting of rotation,
translation and scale change [13]. On the other hand, as will be
mentioned in Section 3.2, an inverse transformation in which the
input and output maps are exchanged is needed in the actual cor-
rection process. In the inverse transformation, it is required that
the relative positional relationship between the input and output
maps is maintained. This relationship is maintained in the inverse
transformation of the proposed advance preparation, whereas it is
not necessarily maintained in that of the least-squares Euclidean
transformation.

2.2 Geometric Correction Based on Vector Field Analysis
This section describes the detail of the geometric correction
based on vector field analysis. We first arrange both the input (i.e.,
historical) and output (i.e., present) maps in a three-dimensional
space as shown in Fig. 1. The input map is put on the xy plane
(z = 0), whereas the output map is put on the z = 1 plane par-
allel to the xy plane. In Fig. 1, each of the control points in the
input map is connected by a straight line with the corresponding
control point in the output map. We give each connected control

** As will be shown in the example maps in Section 3, a control line seg-

ment is often arranged so that its endpoints (or one of its endpoints) co-
incide with those of other control line segments. To avoid overestimating
the weight of the position on which many endpoints overlap, we remove
overlapping endpoints in the calculation of the centroid coordinates by
introducing Dg(m) and De(m).



Electronic Preprint for Journal of Information Processing Vol.30

y
0 Py, and Py, (1< n < Np):nth control point
(P, K15 Y10:0)s Poyy (Xos5 Yono1))
Py, P 0 LguLen and Ly, Leg,, (1< m < N ): mth control line segment
e, /S(SS’ 75 0) (Lt s> Vsim:0)s Letm Ketms Yeim:0)s Lsom Xsom> YsomsD> Leom (¥eoms Yeom:1)
F(x,y,2) |7~ Streamline P(x, y, 2)
. P, P, 3
d,(x,y,2)
i - den(x, ¥, 2)
7 | dyn(x, 3, 2)
7
L~
Po,, ///I din(x, y, 2)
° ST Input Map Ly
Pe(xe, ye, 1) // eLn(x,y,2) ’
4
z Plane X | — Plane X
Lsom e, (6 3,2) = Lombsom +7 Lemnleon —( _ Ao (%, 7,2) = A C))
5 LgnLsom + 7 LetmLeom Ay (%, 9,2) + ey (%,3,2) " dy(%,3,2) + ey (X, ,2)

Output Map

Fig. 1 Concept of vector field analysis.

point pair a unit vector as follows:
XOn — XIn

. Yo=Y, |
0, = i Yoy Ly
r’l rﬂ rn

= el + ey j + ek (13)

Ty = \/(xon = x1)? + Yon — yw)* + 12
where e, is the unit vector given to the straight line of the nth con-
trol point (i.e., Line Py, Po,, hereafter the nth CP line) and i, j and
k are the fundamental vectors for the x, y and z axes, respectively.

Similarly, each of the endpoints of the control line segments in
the input map is connected by a straight line with the correspond-
ing endpoint in the output map as shown in Fig. 1. We give each
straight line a unit vector as follows:

XsOm — Xslm . YsOm — Yslm . 1
sOm slml 4 YsOm .’/sImJ K

sy =
T'sm T'sm Vsm
= egpyl + esmyj + egm-k (14)
Tsm = \/(stm - xslm)2 + (Ysom — yslm)2 +12
and
Con = XeOm — xelmi 4 YeOm — yelmj 4 Lk
Tem Yem Tem
= eyl + eemyj + eemzk (15)

Fon = | (e0m = Xetn P + Weom — Yot + 12
where ey, and e.,, are the unit vectors given to the straight lines
of the endpoints of the mth control line segment (i.e., Lines
LgimLsom and Ler, Leon, hereafter the mth CLSs and CLSe lines).
We assume that the vector field F(x,y,z) shown below exists
in the three-dimensional space:

Np NL
> w(dy(x,y,2)en + 3 wldLy(x, y, 2))eLn(x, Y, 2)

n=1 m=1

Np N,
E} w(dy(x,y,2) + 21 w(dLm(x,y,2))

m=

F(x,y,2) =

(16)

1
w(d) = 7

A5, = N (5(2) = 02 + Ua(2) — 9
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Xn(2) = X1y + aepy, Yu(2) = Y1, +aeyy, a =z/e,;

dim(X,y,2)

= 1562 + Dxen(@) = 3P + (5@ + e () — Y
Xsm(2) = Xstim + Desrs Ysm(2) = Ysim + besmyy b=z/esy;
xem(z) = Xelm t C€emx, yem(z) = Yelm t Clemy, €= Z/eemz
. den(x,y,2)

dsn(x, Y, 2) + dem(X, Y, 2)
. dsn(x,y, 2)
dsm(x, Y, 2) + dem(X, Y, 2)

dy(5,.2) = A (sn@) = 2P + o (2) = )P

den(5,.9) = \J(Ren(@) = 02 + Yen(2) = 1)

SLSImLSOm + tLeImLeOm

eLn(x, Y, 7) =
|SLSImLSOm + tLepnleom

LsinLsom = (Xs0m = Xstm)i + (Ysom = Ystm)J + 1 - k

LetnLeom = (Yeom = Yetn)i + (Yeom = Yern)j + 1 - k
where d,(x,y, z) is the distance of the point P(x, y, z) (existing at
any position in the vector field) from the point P, (x,(2), y.(2), 2),
i.e., the intersection of the nth CP line with the plane includ-
ing P (Plane X in Fig. 1, parallel to the xy plane), di,,(x,y,z) is
the distance of P from the contol line segment on X, Ly, Le,, ™
(Lsm(xXsm(2), Ysm(2), 2) and Ley(Xem(2), Yem(2), z) are the intersec-
tions of the mth CLSs and CLSe lines with X, respectively),
dsm(x,y,7) and de,(x,y, z) are the distances of P from L, and
Len, respectively, er,,(x, y, z) is the unit vector given to the mth
control line segment, and ¢ is the parameter to adjust the strengh
of the weight function w(d) (d: distance of P from the point P,,,
d,, or from the line segment Ly, L, d1.,). A greater value of g
assigns greater influence to the control points or the line segments

*> Note that the above distance does not necessarily match that of P from

the closest point on Ly, L.,,. We adopted the above distance to consider
the influence of an entire line segment. In the case that the distance from
the closest point is used, the influence of only a single point is consid-
ered.
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closer to the point P *¢.

F(x,y, z) is the weighted mean of e,s and ey ,,s with the inverse
distance weight w(d), and becomes smooth everywhere when
g > 1[14]. F(x,y,z) has a positive (i.e., non-zero) z-component
everywhere because each of the z-components of e,s and e s,

i.e., 1/r,and 1/ |SlemLsom + tLeImLeom|, is necessarily positive.
As a result, only one streamline of F(x,y, z) passes through any
point */, and each streamline necessarily connects any point in the
input map (e.g., Ps(xs, ys, 0) in Fig. 1) with only one point in the
output map (e.g., Pe(Xe, ye, 1) in Fig. 1) *8. The region consisting
of the intersections of the output-map plane with the streamlines
from all the points in the input map (including those other than
the control points) becomes the entire area of the corrected input
map, and any point in this area is connected with only one point
in the input map **. The above connection can be regarded as a
one-to-one onto mapping % : I — O (I: set of all points in the in-
put map and O: set of all points in the entire corrected-map area
of the output map). When ¢ > 1, both 4 and 4~! are not only con-
tinuous but also smooth because F(x,y, z) is smooth everywhere.
Consequently, 7 becomes a smooth homeomorphism *!°.

On the other hand, consider the case that the point Py in the in-
put map exists on a control line segment, e.g., the mth control line
segment Ly, Ler,. We assume that Pg internally divides Lgp,, Leyy,
inthe ratio r : s (t = ds/(ds + de), s = de/(ds + do), dg and d,:
distances of Pg from Ly, and Ly, respectively). In this case,
the distance of Py from the line segment Ly, Lery, din, 1S zero.
Therefore, the streamline starting from Pg becomes a straight line
parallel to er,,, because the inverse distance weight w(dy,,) for
LginLer, becomes infinite and consequently only the unit vector
er, contributes to determining the form of the streamline. Since
the direction of ey, is identical to that of sLg,,Lso,m + tLepnleoms
the intersection of the above streamline with the output map, P,

becomes an internally dividing point of the control line segment
LsomLeom With the division ratio identical to that of Py dividing
LginLern- This means that the straightness of the control line seg-
ment is necessarily maintained in the output map.

As mentioned above, the mapping / simultaneously satisfies
Conditions (a) and (b) pointed out in Section 1, i.e., maintains
both the property of homeomorphism and the straightness of des-
ignated line segments. We adopt this mapping as a point loca-
tion conversion method for the geometric correction of historical
maps. A streamline of F(x,y,z) is obtained by giving a starting

*6 Although the physical dimension of w(d) varies by changing the ¢ value,

its influence is eliminated due to the existence of w(d) in the denominator
of Eq. (16).

For a smooth vector field in which no zero-vector point exists, there is
only one streamline passing through any point [8], as already mentioned
in Section 1.

This is caused because the z-component of F is positive everywhere.
This means that streamlines of F never turn into the negative z-direction.
Therefore, both the input and output maps are intersected by a streamline
only once.

This section describes the theoretical background of the proposed
method. Therefore, the resolution of both the input and output map is
assumed to be infinite and thereby an infinite number of streamlines are
considered here. In actual applications, image data with a finite resolu-
tion are often used. An approach to solve a problem occuring in the use
of finite-resolution image data will be mentioned in Section 3.2.

The conditions to be satisfied in a homeomorphism are as follows. (1) i
is a one-to-one onto mapping and (2) /2 and 4~! are continuous [10].

%10
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N

Az=1/M, xy=X, Yo=Y, 20=0

ki = AzF (xg,¥0,20)/ F2 (X9, ¥0,20)s k1, = AzF}, (x4, 0,20)/ F- (X5 ¥0520)
Xi=xg+ki /2, yi=y, +k1y/2, zy =2y +A4z/2

kyy = AzF (x,y1,2))/ F. (X1, 1,21), kyy =AZFy(xl’yl’Z])/Fz(xl’y]’zl)
X;=xg+ky /2, yi =y, +k2),/2, zy =2y +4z/2

ks, = AzF, (x,y1,2))/ F.(x1,31,2,), k3, = AzF, (x, y1,2))/ F.(x1,31,7;)

X1 =xg+ks., Y=Y +k3},, zy=zy+ A4z

kyy = AzF (x,31,2))/ FL (X1, 1,21), k4y =AzF, (xy, 31,2/ F. (x1,01,21)

X =xg +(kyy +2kyy +2k5, + k4, )/ 6

Y=o +(kyy + 2k, +2ks, +ky, )/ 6

zy=zy+4z
N Y

| Xe =X, Ve =N || Xo =X, Vo=V 20525 |

END

Fig. 2 Algorithm for streamline tracing (Runge-Kutta method, M: division
number of the interval [0, 1] in the z axis).
point and solving the equation shown below [8]:
dx 3 dy B dz
Fi(x,y,2)  Fy(x,y,2)  F(xy,2)

)

where F,.(x,y,2), F\y(x,y,z) and F.(x,y,z) are the x-, y- and z-
components of F(x, y, z), respectively. From Eq. (17), two differ-
ential equations are derived as follows:

dx _ Fu(xy,2) dy _ Fy(xy,2)
dz  F(xy,2)" dz F(xy.2)

We numerically solve Eq. (18). First, the point location in the in-

(18)

put map, Pg(xs, ys,0), is input as a starting point. This point is
the point to be converted into that in the output map, and has al-
ready been rotated and standardized by the advance-preparation
procedure. Next, the algorithm shown in Fig. 2 (the Runge-Kutta
method [15]) is executed. The execution is completed when the
streamline reaches the output map, i.e., the z = 1 plane. Finally,
the x- and y-coordinates at the intersection of the plane with the
streamline, x¢ and y., are output. These coordinates are converted
into those of the original (i.e., unrotated and non-standardized)
present map as follows:

Ppe = [ XPe  YPe ]T
cos(—6y) —sin(—6y)

| sin(-6,) cos(—g,) | @0Pe* PO (19)

where pp, is the position vector of the converted point in the orig-
inal present map, Ppe(xpe, ype), and p, = [ Xe  ye 1T.

As for the computational complexity of the above algorithm,
that of the calculation of F(x,y, ), i.e., Eq.(16), is O(Np + NL).
On the other hand, the number of loop processing in Fig.2 de-
pends only on the division number of the interval [0, 1] in the z
axis, M. This means that the M value can be given independently
of the parameters of the historical and present maps. As a result,
the computational complexity of the whole algorithm becomes
O(Np + Np) (or more simply, O(N) for the data size N).
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Historical map

Straightness error

Present map: Map A Corrected by TIN

o Control point
Control line segment (regarded as a geographic element in TIN and MLS)

e Endpoint of a control line segment (used as a control point in TIN and MLS)
— Geographic element

Corrected by MLS

Straightness error

Corrected by VFA (left: ¢ =2, M=5, right: g =3, M=15)

Inverse transformation from the corrected
historical map to the original historical map

TIN: Restored

Violation of
homeomorphism

Straightness error

Corrected by TIN

Present map: Map B

oA LY
o

o

TIN: Unrestored

MLS: Unrestored

MLS: Unrestored

VFA (¢g=2, M=5 and ¢ =3, M=5): Both restored

Violation of
homeomorphism

Straightness error

Corrected by MLS

Corrected by VFA (left: ¢ =2, M=5, right: g =3, M=15)

Inverse transformation from the corrected
historical map to the original historical map

VFA (=2, M=5 and g =3, M=5): Both restored

Fig.3 Geometric correction of the model maps.

3. Results and Discussion

3.1 Overview of Experiments

This section presents the experimental results of the pro-
posed geometric-correction method based on vector field analysis
(VFA). As already mentioned in Section 1, we compare the ob-
tained results with those obtained by TIN and MLS. In TIN, the
Delaunay triangulation [16] is used to construct a triangulated ir-
regular network (no additional procedure modifying the structure
of the network is used), whereas the affine transformation is used
for local coordinate conversion in each triangle area [4].

First, simple artificial mapping models are used to compare
the performance of VFA with those of TIN and MLS. Next, the
historical map of Akita City, Japan, is used to evaluate the charac-
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teristics shown in the geometric correction of an actual historical
map.

3.2 Geometric Correction of Simple Mapping Models
Figure 3 shows the results of geometric correction for the sim-
ple mapping models. The historical map consists of 8 control
points, 12 control line segments and 2 circles, and is converted
into two present maps: Maps A and B. In the experiments, the
points existing on the 12 control line segments in the historical
map (64 points for each control line segment) and those on the 2
circles (360 points for each circle) are converted into those in the
2 present maps. In addition, the inverse transformation, in which
the corrected historical maps are used as input maps and the orig-
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Fig. 4
City, Akita Prefecture, Japan) in 1828)[17].

inal historical map is used as an output map, is performed *'!. In
the experiments in which TIN or MLS is used, the endpoints of
the control line segments are used as control points (overlapping
ones are removed). As for the experiments of VFA, the results of
2 cases in which the value of ¢ in Eq. (16) is changed (¢ = 2 or 3)
are shown (M = 5 in both cases. The appropriateness of this M
value will be demonstrated in the latter part of this section.).

In the cases of Map A, the corrected historical maps given by
TIN and MLS show errors in the straightness maintenance of the
control line segments. On the other hand, the straightness of all
the control line segments is maintained in both the 2 corrected
historical maps given by VFA. As for the inverse transformation,
the original historical map is completely restored in TIN and the
2 cases of VFA, whereas restoration is failed in the case of MLS.

In the cases of Map B in which the configuration of the control
points and line segments is more highly deformed than Map A,
the corrected historical maps given by TIN and MLS show not
only errors in straightness maintenance but also the violation of
homeomorphism. On the other hand, no error is seen in both the
2 cases of VFA. As for the inverse transformation, the restoration
of the original historical map is succeeded in both the 2 cases of
VFA, whereas it is failed in TIN and MLS.

The above results show the advantage of the proposed VFA
method. In particular, it should be noted that VFA is more ro-
bust against a highly deformed control-point configuration than
the other two methods. This property is maintained through the
change of the parameter g. As shown in Fig.3, the shapes of
the geographic elements (i.e., 2 circles) are slightly changed by
changing the g value. This means that users can adjust the shapes
of geographic elements to a certain extent by changing the ¢

“I1Tn the inverse transformation of TIN, the structure of the triangulated
irregular network obtained in the forward transformation is kept.
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g

g 54 |

Historical map Ushit Kubota Oezu (representing the situation of the Kubota district (current Akita

Table 1  Errors of the locations of the geographic elements (2 circles in Map
B) restored by the inverse transformation performed by VFA.
M=2 M =3 M=5 M =10
_, Max 157x 107* 245x10™ 2.03x107° 6.49%x107°
977 Mean 4.11x10° 543x107 440x 10 1.40x 107
_3 Max 640x 107% 1.02x107* 821x107° 2.68x 1077
4= Mean 244 x 107 344x107° 291x1077 9.61x10~°
value.

As for the restoration of the original historical map in the in-
verse transformation, only VFA succeeded in all the cases. As
will be shown in the next section, the geometric correction of
a historical map is often performed using the image data of the
map. In such cases, a blank (or multiple blanks) appears inside
the image data of the corrected historical map obtained by the for-
ward transformation, due to a partial stretch caused by a highly
localized deformation of the control-point configuration. By us-
ing the procedure of the inverse transformation, we can identify
the historical-map locations corresponding to all the pixels in the
image data of the present map. As a result, the appearance of a
blank part inside the corrected historical map can be avoided. In
the above identification process, it is desirable that the correspon-
dence between the locations of the historical map and those of the
present map is uniquely determined through both the forward and
inverse transformations. VFA, which restores the original histori-
cal map in all the cases of the inverse transformation, realizes the
above unique correspondence. TIN also realizes the unique corre-
spondence only in the case that no violation of homeomorphism
occurs.

To investigate the influence of the variation of the M value (i.e.,
the division number of the z axis in the numerical streamline trac-
ing) on the accuracy of the VFA geometric correction, we cal-
culate the errors of the locations of the geographic elements in
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Historical map [17]

o Control point
Control line segment

Present map [18]

Fig. 5 Control points and control line segments used in geometric correction.

Original historical map TIN
(Number of additional grid line
intersections: 15)

(Number of additional grid line
intersections: 20)

VFA (left: g =2, M=5, right: g =3, M=5)

(Number of additional grid line intersections: Both 0)

Fig. 6 Evaluation of homeomorphism by counting the number of grid line intersections.

the historical map restored in the inverse transformation. Table 1
shows the errors of the locations of the circles restored by the in-
verse transformation. Specifically, error values are calculated at
every point comprising the 2 circles in Map B as follows:

_ \/(xrk — Xor)* + WYrr — yok)2
7o
where xy and yy; are the coordinates of the kth restored point

€ (20)

(1 < k <£720), xor and yo are those of the kth original point and
1o 1s the radius of the outer circle. As shown in the table, the error
value can be kept within less than 107 when M > 5. This means
that at least five significant digits are guaranteed when M > 512,
In the next section in which the geometric correction of an ac-
tual historical map is performed, we set M = 5 because positions
in the historical map used in the next section are represented by
four-significant-digit pixel numbers.

3.3 Geometric Correction of an Actual Historical Map

As mentioned above, this section presents the experimental re-
sults of the geometric correction of an actual historical map. Fig-
ure 4 shows the historical map used in the experiments. This
is the historical map Ushii Kubota Oezu representing the situa-
tion of the Kubota district (current Akita City, Akita Prefecture,

12 In the case that the degree of deformation is much higher than the cases
of Fig. 3, a larger M value may be needed. It can be confirmed whether
the selected M value is appropriate or not by checking the inverse-
transformation accuracy.
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Control line segment in the present map

A curve (or a poly-line) obtained by applying
a correction method to a control line segment
in the historical map

Straightness error area

Fig.7 Evaluation of line-segment straightness by using the straightness er-
ror area.

Japan) in 1828 [17]*13. The size of the image data of the map is
as follows: width: 2,006 [px] and height: 2,048 [px].

Figure 5 shows the configuration of the control points and con-
trol line segments in the historical map and that in the present
map*!'4. 47 control points (existing temples, shrines, bridges,
etc.) and 675 control line segments (existing roads, moats, etc.)

are used *!°. The coordinates of the control points and the end-

*13 The image data of the historical map was downloaded from the web site

of Akita Prefectural Library Digital Archive[17]. This map originally
puts east on top. However, the map used in this paper, i.e., the map
shown in Fig. 4, is rotated 90 degrees clockwise to put north on top in
accordance with the current conventions in surveying. The present map
is further rotated by the direction optimization procedure mentioned in
Section 2.1.

The image data of the present map was downloaded from the web site of
Geospatial Information Authority of Japan [18].

Since the purpose of this paper is to solve technical problems in the ge-
ometric correction of historical maps, we do not historically validate the
selection of the control points and control line segments shown in Fig. 5.

#14
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Fig. 8 Geometric correction of the historical map Ushit Kubota Oezu.

points of the control line segments in the present map are deter-
mined by converting the values of latitude and longitude, obtained
from Google Map [19], into the coordinates on the plane of the
Japanese Plane Rectangular Coordinate System X [11], [20].

The historical map of Fig.4 is corrected by TIN, MLS and
VFA. In the experiments of TIN and MLS, the endpoints of the
control line segments are used as the control points (overlapping
ones are removed). On the other hand, the procedure of inverse
transformation is adopted in the experiments of TIN and VFA to
avoid the appearance of a blank part inside the image data of the
corrected historical map. As for the experiment of MLS, we use
the procedure of forward transformation instead of inverse trans-
formation, due to the fact that MLS cannot realize the unique
correspondence between the locations of the historical map and
those of the present map, as already mentioned in Section 3.2. In
this case, the information on the blank parts inside the corrected
historical map is given by nearest neighbor interpolation [21].

To evaluate whether the correction process is a homeomor-
phism or not, we draw a grid on the historical map as shown in
the leftmost map of Fig.6*'. When the correction process is

1 In TIN and VFA, only the grid lines are converted by the forward-
transformation procedure, because their locations in the present map can-
not be known in advance.
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a homeomorphism, no additional intersection between the grid
lines appears in the corrected historical map. In the cases of
TIN and MLS shown in Fig. 6, both the corrected historical maps
obtained by these methods give multiple additional intersections
(TIN: 15 and MLS: 20), whereas both the two corrected historical
maps obtained by VFA give no additional intersection. In other
words, only VFA can maintain the property of homeomorphism
for the historical map of Fig. 4.

On the other hand, to evaluate whether the straightness of the
control line segments is maintained or not, we introduce the con-
cept of the straightness error area shown in Fig.7. The straight-
ness error area is an area of the region between the original con-
trol line segment in the present map and a curve (or a poly-line)
obtained by applying a correction method to the corresponding
control line segment in the historical map. When the straight-
ness is maintained, the value of the total straightness error area
becomes zero.

In the cases of TIN and MLS shown in the upper part of Fig. 8,
the corrected historical maps show errors in the straightness main-
tenance of the control line segments. The total straightness error
areas are 0.042 km? for TIN and 0.152 km? for MLS, i.e., non-
zero values. In addition, undesirable phenomena such as the dis-
continuity of a river and the disappearance of a geographic ele-
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ment, caused by the violation of homeomorphism, are seen in the
cases of TIN and MLS. As for the cases of VFA shown in the
lower part of Fig. 8, on the other hand, the total straightness error
area is zero in both the cases. This means that the straightness is
maintained in both the corrected historical maps given by VFA.
However, a blurred part is seen in the ¢ = 2 case. The blurring
is suppressed in the ¢ = 3 case. This suggests the possibility that
inappropriate phenomena that appeared in a certain condition are
eliminated by adjusting a user parameter such as the g value.

3.4 Discussion

In both the case of the simple mapping models and that of the
historical map Ushii Kubota Oezu, the proposed VFA method
showed more excellent characteristics than those of TIN and
MLS in maintaining both the property of homeomorphism and
the straightness of designated line segments. In addition, it was
also shown that only VFA gave a unique correspondence between
the locations of the historical map and those of the present map
through the forward and inverse transformation in every case.
This property provides advantages not only in avoiding the ap-
pearance of a blank part inside the image data of the corrected
historical map, but also in examining the links between the geo-
graphic situation in a particular age and that in the present day in
detail.

On the other hand, VFA has a disadvantage in calculation
time. The calculation times for the 1,003-px-width 1,024-px-
height part in Ushii Kubota Oezu are as follows: TIN: 966 [s],
MLS: 1,498 [s] and VFA (¢ = 2, M = 5): 46,583 [s] (i.e., over
12 hours) (CPU: Intel Core i3-350M). To resolve this issue, the
introduction of an additional effective technique, e.g., a parallel
computing technique, etc. is required. Fortunately, it is possible
to apply a parallel computing technique to VFA, because stream-
line tracing for each pixel in the image data of the present map is
performed independently of other pixels.

4. Conclusion

The main contribution of this paper is that the two major
conditions required for the geometric correction of historical
maps (maintaining both the property of homeomorphism and the
straightness of designated line segments) are simultaneously sat-
isfied by the proposed VFA method. The experimental results
obtained by VFA show more excellent characteristics than those
obtained by the other conventional methods. This paper also sug-
gests the adjustability of VFA to obtain geographic elements with
a more preferable state, e.g., a more preferable shape with no
blurred part. On the other hand, the disadvantage that VFA takes
a very long calculation time is also pointed out. Additional re-
search is required to resolve this issue.

Acknowledgments This study was supported by JSPS
Grants-in-Aid for Scientific Research (KAKENHI) Grant Num-
ber JP18K11981.

References

[1] Fuse, T., Shimizu, E. and Morichi, S.: A Study on Geometric Cor-
rection of Historical Maps, International Archives of Photogrammetry
and Remote Sensing, Vol.32, No.5, pp.543-548 (1998).

© 2022 Information Processing Society of Japan

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]

[21]

Cajthaml, J.: Methods of Georeferencing Old Maps on the Example
of Czech Early Maps, Proc. 25th International Cartographic Confer-
ence, CO-314 (2011).

Herrault, P.A., Sheeren, D., Fauvel, M., Monteil, C. and Paegelow,
M.: A Comparative Study of Geometric Transformation Models for
the Historical “Map of France” Registration, Geographia Technica,
No.1, pp.34-46 (2013).

Dai Pra, E. and Mastronunzio, M.: Rectify the River, Rectify the Map.
Geometry and Geovisualization of Adige River Hydro-Topographic
Historical Maps, e-Perimetron, Vol.9, No.3, pp.113-128 (2014).
Ullah, R. and Kraak, M.-J.: An Alternative Method to Constructing
Time Cartograms for the Visual Representation of Scheduled Move-
ment Data, Journal of Maps, Vol.11, No.4, pp.674-687 (2015).
Kitamoto, A. and Nishimura, Y.: Geometric Correction of Mea-
sured Historical Maps with a Pixel-oriented and Geobrowser-friendly
Framework, Proc. 22nd CIPA Symposium (2009).

Shimizu, E. and Fuse, T.: Rubber-Sheeting of Historical Maps in GIS
and Its Application to Landscape Visualization of Old-time Cities: Fo-
cusing on Tokyo of the Past, Proc. 8th Intl. Conf. on Computers in
Urban Planning and Urban Management, 11A-3 (2003).

McLeod, Jr., E.B.: Introduction to Fluid Dynamics, Dover Publica-
tions, Inc. (2016).

Miura, T. and Tajima, K.: Point Location Conversion in Distance Car-
togram Construction Based on Vector Field Analysis, Journal of In-
formation Processing, Vol.28, pp.711-714 (2020).

Zomorodian, A.J.: Topology for Computing, Cambridge University
Press (2005).

Okazawa, H., Kubodera, T., Sasada, K., Tasumi, M., Hosokawa, Y.,
Matsuo, E. and Mihara, M.: Newer Surveying: Fundamentals and
Applications with Newest Technology, Corona Publishing Co., Ltd.
(2014) (in Japanese).

Miller, R.E.: Optimization, John Wiley & Sons, Inc. (2000).
Waterman, S. and Gordon, D.: A Quantitative-comparative Approach
to Analysis of Distortion in Mental Maps, Professional Geographer,
Vol.36, No.3, pp.326-337 (1984).

Shepard, D.: A Two-dimensional Interpolation Function for
Irregularly-spaced Data, Proc. 1968 23rd ACM National Conference,
pp.-517-524 (1968).

Sewell, G.: The Numerical Solutions of Ordinary and Partial Differ-
ential Equations, Academic Press, Inc. (1988).

Kang, I.-S., Kim, T.-W., and Li, K.-J.: A Spatial Data Mining Method
by Delaunay Triangulation, Proc. 5th ACM International Workshop
on Advances in Geographic Information Systems (GIS 97), pp.35-39
(1997).

Akita Prefectural Library Digital Archive, available from (https://da.
apl.pref.akita.jp/lib/item/00010001/ref-1-1356).

Geospatial Information Authority of Japan, available from (https://
maps.gsi.go.jp/help/intro/).

Google Map, available from (https://www.google.co.jp/maps/).
Kawase, K.: Concise Derivation of Extensive Coordinate Conversion
Formulae in the Gauss-Kriiger Projection, Bulletin of the Geospatial
Information Authority of Japan, Vol.60, pp.1-6 (2013).

Han, D.: Comparison of Commonly Used Image Interpolation Meth-
ods, Proc. 2nd International Conference on Computer Science and
Electronics Engineering (ICCSEE 2013), pp.1556—1559 (2013).

Takeshi Miura received his D.Eng.
degree in electrical engineering from
Hokkaido University in 1998. He is
currently an associate professor in the
Department of  Electrical-Electronic-
Computer Engineering, Graduate School
of Engineering Science, Akita Univer-

sity.



Electronic Preprint for Journal of Information Processing Vol.30

Katsubumi Tajima received his D.Eng.
degree in electrical engineering from
Tohoku University in 1998. He is a
professor in the Cooperative Major in
Life Cycle Design Engineeirng, Gradu-
ate School of Engineering Science, Akita
University.

© 2022 Information Processing Society of Japan



