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A Method of Evaluating the Spatial Difference between
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Abstract : Surface data generally represent continuous distribution of geographical or social phenomena of a region
in urban analysis. Instances include distribution of temperature, population of region, and various distributions related
to human activities. When spatial data are given in the form of surface, surface comparison is required as a way of
comprehending the surface change or the relationship between two surfaces. As for previous approaches of surface
comparison, there are visualization, quantitative methods and qualitative method. All those approaches, however,
show the difference between two surfaces in a limited way. Especially, they are not able to distinguish spatial
difference between two surfaces. To overcome such problem, this paper proposes a method of comparing two
surfaces in terms of their spatial structure. Main concept of the method comes from earth moving problem and the
method is named minimum surface transformation, here. When a surface is transformed into another, total surface
volume moved in the process of transformation should be the minimum. Both quantitative and spatial differences
between two surfaces are evaluted by total surface volume moved and the distribution of moved surface volume of
each cell respectively. The method is applied to hypothetical and actual data. From the former, it is understood that
the method explains how two surfaces are quantitatively and spatially different. The result of the latter shows that
moved total surface volume decreases as time goes by which fits the actual situation that population change rate gets
smaller. Conceming the other measure of surface difference, the distribution of Xj; describes detailed flow of surface
volume than that of simply subtracting surface volume by indicating to what direction the population change occurs.
Key Words : surface comparison, spatial difference, earth moving, minimum surface transformation
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1. Introduction

From the geographical point of view, surface
data is treated as one of spatial objects depicting
not only various human activities that occur in
the region but environmental phenomena as
well. For instance, distribution of temperature or
population of region, CO, emission and relation-
ship between market area potential and the
population of the area can be described as surface
data. Such examples are often represented in
continuous format.

.However surface data are represented in 2D
format being divided by a lattice which gives us
simplified approach for surface data analysis.
When such surface data are visualized on GIS, it
is easier to understand how the data is spatially
distributed and other related factors affect such
distribution. It is also possible to compare several
surface data to see how the distributions are
different or how it has been changed by time, in
addition.

Thus, surface comparison is an approach for
further understanding of information represented
by surface data. Surface comparison can be
performed from various aspects depending on
the focus of comparison. Even though each
approach has different point of view, the main
concept of surface comparison lies on distingui-

shing similarity or difference between two

surfaces. As for approaches for surface compar-
ison, there are qualitative, quantitative and
visualization approaches.

Qualitative characteristics of surface data are
considering topological structures of surface
(Okabe and Masuda 1984). Concerning such
feature, the concept of surface network is used
which indicates the connection among pit, col
and peak of surface (Pfaltz 1976). This concept is
modified and developed by Flower and Little
€1979) and Wolf (1984). Since this approach is
effective to show structural feature of surface
data, it is able to compare surfaces on topological
aspect.

However, it is not always effective where two
surfaces have similar structure, since same
surface network cannot distinguish basic
transformation of surface that keeps the same
spatial configuration.

In figure 1, three different surfaces and their
surface networks are indicated. Even though the
surfaces are not the same in their configuration,
surface network is the same for all cases. This
shows the limit of surface network described
above that it is not able to distinguish and
measure transformation cost and spatial
difference among surfaces.

Conceming quantitative approaches of surface
comparison, there are studies of using measures

of Pearson’s correlation coefficient, Kappa index
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Figure 1. Examples of surface network of three surfaces with different spatial configuration

of agreement (Congalton and Mead 1983;
Rosenfield and Fitzpatrick-Lins 1986; Pontius et
al. 2003; Trosset 2005) and Kullbuck-Leibler
information number (Okabe and Sadahiro 1994).
Pearson’s correlation coefficient is used to
calculate the similarity between two samples that
are linearly related. Kappa index of agreement is
a measure that is mainly used in the field of
remote sensing to compare two images to find
whether their differences are due to chance or
real disagreement or agreement. As for Kullbuck-
Leibler information number, it assesses the
similarity between two surfaces where they are
given in probability density function form.
Quantitative methods only distinguish the
differences of surfaces at local level and show
weakness distinguishing difference where spatial
configuration is different. As described in table 1,
quantitative methods cannot distinguish the
difference of surface transformation for instance.
Visualization is a way of comparing two
surfaces as they are displayed. It is the simplest

way to compare surfaces if the difference is

Table 1 Result of surface comparison

M- n-®
Pearson’s Correlation -0.1250 -0.1250
Coefficient
Kappa Index of Agreement -0.0015 -0.0015
Kullbuck-Leibler N/A N/A
Information Number
Surface Transformation 1 2

(Rotation)

* (D), (2), (3 represents the surface described in figure 1. .

easily distinguished. As the technology of GIS is
developed more and more, distinguishing surface
difference by visualization becomes easier.
However, this approach has a limit to figure out
spatial difference between two surfaces unless
the difference is obviously represented.

This becomes critical where the volume of data
becomes larger. It is only possible to analyze
surface difference at simple level. In figure 2,
there are two different surface data showing the
distribution of population in a region. Except

circled area, it is practically hard to distinguish
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the difference between them.

If we consider surface comparison from a
different aspect, it is possible to classify by the
type of surface data, categorical and numerical
surface data. For example, categorical map is
used for surface comparison for evaluating
quantification error versus location error in the
study of Pontius (2000), Pontius and Schneider
(2001) and Pontius et al (2003). Similar to this,
Hagen (2003) and Hagen et al. (2005) also treat
categorical map as surface data and differences
are distinguished by fuzzy set approach.
However, few methods are studied for numerical
surface data comparison.

Therefore, in this study, we are trying to
evaluate the surface difference in the context of
their difference in spatial configuration by
proposing a measure which can distinguish both
quantitative and spatial difference. Since a type
of surface data treated in this study is numerical,
this study has a meaning in analyzing spatial
difference of numerical surface especially.

In the next chapter, the concept of methodo-
logy and the procedure of it showing how it is
applied in this study are explained. Then,
method application to hypothetical data and

actual data is discussed with evaluated results
respectively in chapter 3. At last, in chapter 4,
this paper is concluded with summarized
contents of this study.

2. Methodology

In the previous chapter, it is understood that
existing methods have limits for distinguishing
surface difference. For visualization approach,
detailed difference cannot be easily found.
Difference in transformation cost between two
surfaces cannot be distinguished by using
previous quantitative methods. Considering
qualitative approach, difference in transformation
cost and spatial configuration of surfaces are not
distinguished. To overcome these limits,
therefore, the goal of this research is to measure
and compare the difference of two surface data
in terms of their spatial configuration with
effective method. Here, it is expected that
comparing two surfaces in the context of not
only quantitative difference but spatial differences

as well is possible with proposed measure.
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1) Preconditions for surface data before
comparison

Before surface data are compared by the
method of surface transformation, they have to
be arranged for calculation. First precondition is
that two surface data should have the same total
volume to be comparable. For this reason,
standardization process is required if two surface
data have different total surface volume.
Secondly, two different surfaces should be
divided by the same lattice. By satisfying these
two preconditions, two surface data are now

ready to be compared.

2) Methodology

Basic concept of the methodology comes from
the problem of earth moving which is mostly
used in the field of civil engineering (Murai and
Obayashi 1973; Bernold and Halpin 1984; Easa
1988; Wada et al. 1991; Nakagawa et al. 1994).
This concept is a problem of transporting amount
of soil from one location to another with
minimum cost of hauling distance and amount of
soil. In this problem, important components are
hauling distance and amount of soil to be
transported. Of course, there are other factors to
be considered when this concept is applied to
real construction field. From such aspect, in the
previous studies of earth moving, Wada et al.
(1991) tried earth moving simulation considering
actual factors of types of earth layer and
changing rate of earth that may occur during the
work. Nakagawa et al. (1994) focus on the
methodology of solving earth moving problem
by using fuzzy theory since there exist many
complicated factors for earth moving in the real

world situation. Due to such reason, it is

important to calculate the amount of earth, which

~ would be cut and filled during earth moving,

very close to the real value according to the
shape of ground (Easa 1988; Davis et al. 1981).

Even though there are many factors to consider
in earth moving due to the verified configuration
of earth, only the basic concept of earth moving
is adopted here. The method that is proposed in
this study is named minimum surface
transformation. Definition of the method is that
minimized volume of the surface should be
moved when a surface is stretched or
compressed to fit the other in the process of
transformation by cell unit of given surface data.
However, there is an assumption that hauling
distance is set to be constant so that the
movement of surface volume is limited to
adjacent cells of each cell only.

Since the sum of moved surface volume
indicates the difference in spatial distance
between two surface data, by using this measure,
it would be possible to classify surface data and
understand the spatial factors explicitly that affect
the difference of spatial data, which plays an
important role in regional analysis if the method
is further applied. Furthermore, with those
concepts mentioned above, detailed analysis to
which direction the surface volume moves would
be possible. This will give us a new understa-
nding of spatial difference in surface comparison.

The sum of moved surface volume calculated
in the process of surface transformation would
be classified according to its value scale for
comparison; small, large and similar values.
These values correspond to the degree of
similarity or difference between two surfaces.
Smaller the value is, closer the distance between
two surfaces.

If it is supposed that there are two surfaces
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named Sk and Sm in discrete form, then, minimum
surface transformation from Sk into Sm by a cell

unit is performed as described in figure 3. For

instance, transformation is performed from cell sz -

into s, then, transformed surface volume, trans
_Sz would be calculated by adding all surface
volume to the value of s; which moves into it,
and subtracting all surface volume from the value
of s, that moves out from it. Then the value of

trans_sy would be the same as that of s,

Sk= {Slk) Slk; T Snle), Sm= {Slm: Slm; Ty Snm}
trans_sz=Su—SUM_X;;_out+SUM_Xj;_in

=Sim(1)
Sk Sm
211 310(2
113)3] => | 1{5)
115 4 (113
Sik=375im=5
trans_sp=3-()+(1+2+1)

=5=5im

4
@ => s
trans_ sy

m)| 3
&

Figure 3. A process of minimum surface transformation

The object function and constraints of the

method are defined as following.

min 31X, @

51Xy 20, trans_sg=Sim

X, :surface volume moving from cell i to cell j
Jj€ADJ() :adjacency set where cell ¢ and cell j

are adjacent

> Xy:sum of surface volume movimg out
JEADKD)

from cell 7 sUM_xi oun
2 Xj:sum of surface volume movimg into
JEADKD

cell i (suM_xji_in)

From the definition of the model described
above, the sum of moved surface volume
indicates the quantitative difference between two
surfaces. Concerning spatial difference between
two surfaces, it is shown by the flow of each
surface volume. The model is optimization
problem and can be solved by a simple linear

programming approach.

3. Method Applications

1) Application to hypothetical data

The method is applied to hypothetical data for
the evaluation first. Four types of surfaces are
generated with variations in the number and
location of peaks which are determined
randomly. Details of data are described in figure
4. Each surface consists of 25 cells and the total
surface volume is equal to one. For each type of
surface, the number of peak is differently given.
For surface 1, there is no peak and the surface is
flat with the value of each cell as 0.04. Surface 2
has only one peak with the value 1.0 and the rest
of cells have no surface volume. In Surface 3,
there are two peaks in the surface and each has
the surface volume 0.5. Surface 4 is having three
peaks of which the value is 0.33.

Surface transformation is performed in six
different cases; transformation from surface 1 to
2,1t03, 1t04,2to 3, 2104, and 3 to 4. The
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Surface 1

0.04/0.04 | 0.04| 0.04| 0.04

0.04/0.04 | 0.04] 0.04]| 0.04

0.04/0.04 | 0.04] 0.04| 0.04

0.04/0.04 | 0.04] 0.04| 0.04

0.04:0.04 | 0.04| 0.04] 0.04

Surface 3

o o 0 0 0

o V] (4] 0
0 1] o o
o 4] o (4]

Surface 2

0 o 4] o 0

o o 4] 4] o

Surface 4

0

0

Figure 4, Surfaces with different number of peaks

sum of moved surface volume in the process of
surface transformation notated as X; for each
case of transformation is summarized in table 2.
The value of 32 X is the smallest in the case of
transformation from surface 1 into 4. This gives
us a finding that surface 1 and 4 is the closest
pair among others.

From these results, it is understood that
proposed method gives a measure of closeness
between two surfaces being compared, meaning
that the value gets smaller when original surface
is compared to smoother surface where the
number of peaks is increased. Among four
surfaces given in the example, then, it is possible
to say that surface 1 and 4 are the most similar
surfaces, in other words.

To see the movement of surface volume in

Table 2 The result of surface transformation

Surface From From From
Transformation Case 1to2 1to3 lto4
22X 2.40 2.00 1.80
Surface From From From
Transformation Case 2t03 2t04 3to04
X 2.00 2.67 1.9

terms of spatial structure for surface transformat-
ion, the value of X; for each cell is visualized as
shown in figure 5 and figure 6. Surfaces
described in figure 5 indicate the cases where
surface 1, which is flat, is transformed into
surface 2, 3 and 4 respectively. In figure 6, it
shows the cases where surface 2 and 3, which

have number of peaks, are transformed into
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Surface 1 Surface 2

Subtraction

Movement of X;

0.30 -

0.20 - 0.30
0.10 - 0.20
0.05 - 0.10
0.00°- 0.05

0.05 - 0.10
0.00 - 0.05

@
Surface 1 Surface 3
Subtraction Movement of X;;
0.30 -
0.20 - 0.30
0.10 - 0.20
0.05 - 0.10
0.00 - 0.05
Surface 1 Surface 4
Subtraction Movement of X;
g 0.30-
[ 0.20-0.30
) 0.10-020
)
)

I

Figure 5. Visualization of X; movement for each cell
where surface 1 is transformed into surface 2, 3, 4

other surfaces.
From figure 5, the movement of X; value of

cells shows that larger value tends to move

toward cells located near the peak of goal
surface into which the original surface is
transformed, in general. For other cells located in
far distance from the peak of goal surface, the
distribution of moved X; value depends on the
shape of the original surface as well. Where
surface 1 is the original one, since it has no peak
and its shape is flat as shown in figure 5, the
distribution of movement of X; shows larger
value near the peak of goal surface. In other
words, surface volume is moved toward the peak
of goal surface. To see the effectiveness of
proposed method, distribution of X; is compared
to that of subtraction of surface volume at each
cell. As described in figure 5, it is clear that the
distribution of subtraction only shows the
difference of each cell while that of X; describes
how two surfaces are spatially different by
indicating surface volume movement.

However, where the original surface has
number of peaks such as surface 2 and 3, the
movement of X; seems to have the characteristics
of both original and goal surface which is
different from the case depicted in figure 5. For
instance, where surface 2 is transformed into
surface 3, surface 3 can be obtained by dividing
the surface volume of the peak of surface 2 into
two parts. Therefore, movement of X; is moved
from the peak of surface 2 to those of surface 3
as shown in figure 6. This shows that surface
volume is moved toward the peak of goal
surface and that of original surface is moved out
from the peak of original surface for transform-
ation. When the distribution of X; movement is
compared with that of subtraction, different from
figure 5, it seems that two distributions lock
relatively similar. Main reason for such result is
that surface volume of cells is zero which is not

the peak of surface. This indicates that surface
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Surface 2 Surface 3

—

Subtraction Movement of X;

0.30 -
0.20 - 0.30
0.10-0.20
0.05 - 0.10
| ; 0.00-005

@

Surface 2

Surface 4

Subtraction Movement of X;

0.30 -

0.20-0.30
0.10-0.20
— 0.05-0.10

0.00 - 0.05
Surface 3 Surface 4
Subtraction Movement of X;

0.30 -
0.20 - 0.30

G 0.10-0.20
—% 0.05 - 0.10

T 0.00 - 0.05
©

Figure 6. Visualization of X; movement for cell where
surface 2 and 3 are transformed into

s

TF

volume movement occurs at locations around the

peaks of two surfaces in such case.

From the analyzed results described above, it
can be found that proposed method shows the
spatial difference between two surfaces both in
local and global aspects in detail than the
distribution obtained by surface volume subtrac-
tion. Therefore, proposed method shows that it is
effective for distinguishing spatial difference
between two surfaces. According to the result
described in table 2, the total of moved surface
volume between surface 1 - 3 and 2 - 3 are the
same of which the value is 2.0. However, these
two cases have different spatial difference as

shown in figure 5 (b) and 6 (a) respectively.

2) Application to actual data

Proposed method is evaluated with hypothet-
ical data for its effectiveness in previous section.
From the result, it is understood that the method
distinguishes both quantitative and spatial
difference of surfaces from the measures of 2X;
and movement of Xj. For the quantitative
difference, the model calculates the minimum
value of 22X which shows that the result obtained
is reasonable. In addition, the movement of Xj
shows how two surfaces are spatially different in
detail even though the quantitative difference is
the same. Where the transformation is performed
from flat surface to the other that of having a
number of peaks, surface volume moves gradually
to the direction of the peak of goal surface.
When transformation is performed between
surfaces having a number of cells, surface
volume is spread at the location of original
surface and move toward that of goal surfaces. In
addition, movement of X;; shows how two
surfaces are spatially different by representing the
movement of surface volume occurred during

surface transformation.
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For method application to actual data, the data
of population distribution in Saitama and Tochigi
prefecture located in north from Tokyo, Japan,
from 1975 to 1990 with 5-year interval are used
as source.

The source, Census data of Japan, is provided
in mesh data format every 5 year with approxim-
ately 300 fields including items such as total
population, population by age group. The data
used in this study is given in 500m mesh format.
Three pairs of surface comparison are performed
for method evaluation; years of 1975-1980, 1980-
1985 and 1985-1990.

The first pair, comparing the population
distribution between 1975 and 1980, the first
measure indicating the degree of surface
difference, the sum of Xj is calculated and the
value is 18.84. From the original surfaces, several
locations with obvious difference can be found.
However, it is not easy to see detailed information
on how these two surfaces are different in terms
of their spatial configuration.

To analyze the surface difference in detail, the
distribution of subtraction from one surface
volume to the other and that of X;; movement is
calculated respectively and compared. From the
figure of subtraction, left hand at the bottom of
figure 7, it can be seen that population tends to
change from center to boundaries at global scale.
Such fact also can be found from the distribution
of Xy, right hand at the bottom of figure 7.
However, the distribution of X;; shows the
surface change in more detailed way. The distrib-
ution of subtraction only shows the surface
difference at each location in local scale and
approximate difference in global scale, while the
movement of X;; shows the direction of surface
volume movement in continuous and smoother

way. The population tends to change from area

of blue colored cells (X,,_OUT value of the
legend) to red colored cells (X;;_IN value of the
legend) as shown in figure 7.

As for the second pair, the population
distribution between 1980 and 1985, the first
measure which indicates the degree of surface
difference, sum of Xj; is calculated with the value
of 16.49. The value of X; is smaller than that of
previous pair and this indicates that there is less
change in the distribution of population. Therefore,
it is not easy to distinguish the obvious difference
between two surfaces. However, if we look and
compare the distribution of subtraction and that
of X; movement, the difference can be easily
found between two surfaces.

As shown in figure 8, the difference between
the distribution of subtraction and that of Xj; is
not clear at global scale. However, at local scale,
the distribution of Xj;, right hand at the bottom of
figure 8, shows more information than that of
subtraction from two aspects. The first one is that
there is no cell in some locations where the
subtraction value is very close to zero. From this
fact, it is understood that the movement of X}
shows essential information of surface volume
movement. Second, colored cells represent
detailed direction of surface volume movement,
population changes from blue colored cells

(X,;_OUT value of the legend) to red (X;_IN
value of the legend) colored cells. The
movement is shown in relatively more continu-
ous and smoother way.

The third pair, the population distribution
between 1985 and 1990, the sum of X is
calculated with the value of 13.33 which is the
smallest among three cases. From this result, it is
understood that original surfaces are the pair of
the closest in the context of their surface volume.

In other words, the change in population is the
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least during 1985 and 1990. Even though obvious
differences between two surfaces are not able to
be detected easily, since two surfaces have the
least difference at quantitative level, the difference
between the distribution of subtraction and that
of X; movement is quite clear in this case which

is shown in the bottom of figure 9. These two

distributions have different patterns in the
distribution at global scale as shown in figure 9.
The change of distribution of population is
clearly appeared in the distribution of Xy
movement. The population is aggregated densely

into the middle area of the region showing three

clear clusters. However, such pattern is not
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Figure 7. Original surfaces of population distribution of 1975 and 1980 (above)Distribution of subtraction (left

bottom) and X; movements (right bottom)
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clearly indicated in the distribution of subtraction.

To evaluate the performance of the proposed
method, the obtained result by actual data
analysis is compared with actual situation that is
understood from the data. Conceming the total
population of each period, it is known that the
change rate of the population decreases as time

goes by. From the surface transformation, the

1980

obtained value of 2°X; which is the optimized
one for each period decreases as well showing
that the result fits the real situation of population
change. The distribution of X;; value describes
detailed information of surface volume change. It
shows not only the distribution of surface
volume subtraction but the flow of surface

volume as well.
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Figure 8. Original surfaces of population distribution 1980 and 1985 (above) Distribution of subtraction (left

bottom) and Xij movements (right bottom)
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1985
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Figure 9. Original surfaces of population distrioution 1985 and 1990 (above) Distribution of subtraction (left

bottom) and X; movements (right bottom)

4. Conclusions

In this research, a method of surface
comparison by means of minimum surface

transformation is proposed concerning the spatial

configuration of surface. The reason is that
existing approaches of surface comparison rarely
distinguish spatial differences between two
surfaces clearly and effectively. Thus, the goal of

the method is focused on measuring both
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quantitative and spatial difference between two
surfaces by measures of sum and movement of
surface volume that is occurred during the
process of surface transformation. As a method
of transformation, the concept is based on the
problem of earth moving and it is modified and
named minimum surface transformation. The
goal of the method in this study is to transform
one surface into the other with the minimum
movement of surface volume. As a constraint for
transformation, which is different from the
concept of earth moving, it is assumed that
moving range of surface volume of a cell should
be limited to only its adjacent cells.

Hypothetical data are used for preliminary
evaluation of the method. From the result, it is
seen that the method distinguishes quantitative
difference between two surfaces by the measure
of the sum of X;; which indicates the total moved
surface volume in the process of surface
transformation. The sum of Xj is smaller where a
surface is transformed into smoother surface and
the value gets larger in contrast situation. Another
finding from the result is the movement of X
obtained from surface transformation. From this
measure, it is understood to which direction
surface volume is moved by the distribution of Xj;
value obtained in the process of transformation.
Where the original surface is flat with no peaks,
the movement of Xj; can be found overall area of
surface. And, each Xj; is moving toward the peak
of goal surface. Where original surface has
number of peaks, the movement of Xj seems to
move from the peaks of original surface to those
of goal surface. These findings support that
proposed method effectively shows spatial
difference between two surfaces in terms of
spatial configuration of surface.

Based on the evaluation of the method with

hypothetical data, method application to actual
data of population distribution of Saitama and
Tochigi prefecture in Japan is performed. Surface
comparison between two surfaces is analyzed by
three different time period. From the measure of
the sum of X, at global scale, the value gets
smaller as the time goes by, and this indicates that
the change in population rate gets smaller. From
the analysis at local scale, the movement of Xj
shows the trend of population change by each
time period. The period with larger value of sum
of Xj;, the movement of X, shows similar
distribution as that of subtraction of two surfaces.
However, as the sum of Xj; gets smaller, the
movement of X; indicates clear pattem with the
trend of surface change while such pattern is hard
to be understood from the distribution of surface
subtraction. From the result, it can be said that
proposed method is effective to distinguish spatial
difference between two surfaces where their
quantitative difference is smaller.

For further application of the method, the
relationship analysis not only between two
surface data but that of other spatial objects that
are related to the surface data will be possible.
The relationship analysis between population
change and the distribution of convenience
stores or railway stations may be an example of

further application.
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