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Abstract. A curve-theorem based approach is proposed and is used to handle
NDVI data. The curve-theorem based approach includes a general index CD and
two nonlinear transformations SAV and CAV. It is applied to Landsat MSS
images of the Yellow River Delta, taken on 1 December, 1976 and 3 December,
1988. Results show that CD can describe the general situation of vegetation cover
change in the Yellow River Delta and SAV is sensitive to environmental change
in rivers and sea, while CAV is sensitive to environmental change in industrial
and urban areas.

1. Introduction

One of the major applications of remotely sensed data obtained from earth-
orbiting satellites is change detection (Anderson 1977, Nelson 1983). Change detec-
tion, defined as the process of identifying differences in the state of an object or
phenomenon by observing it at different times (Singh 1989), is useful in extracting
environmental changes.

Many change detection approaches have been developed since the 1970s. They
include univariate image differencing (Weismiller et al. 1977), image ratioing (Todd
1977), post-classification comparison (Weismiller et al. 1977), direct multidate classi-
fication (Weismiller et al. 1977), vegetation index differencing (Tucker 1979), principal
component analysis (Byrne et al. 1980), background subtraction (Ballard and Brown
1982), image regression (Singh 1986), and fuzzy set operation (Gong 1993).

Remote sensing has been used to estimate the extent of specific land cover types
and to detect changes in land cover that occurred in the past. For instance, Hall
et al. (1991) detected large-scale patterns of forest succession. Bauer et al. (1994)
detected forest cover in Minnesota, USA. Stone et al. (1994) mapped the vegetation
of South America. Fuller et al. (1994) detected changes in land cover of Great Britain.
Jensen et al. (1995) detected inland wetland changes in the Everglades Water
Conservation Area in Florida, USA. Miller et al. (1998), Bryant et al. (1993) and
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Bryant and Birnie (1991) used Landsat data to estimate vegetation types and wildlife
habitats and to detect changes in land cover in the Northern Forest region of
Vermont, New Hampshire, and western Maine, USA. Sobrino and Raissouni (2000)
monitored changes in land cover of Morocco. Fung and Siu (2000) detected changes
in land cover of Hong Kong.

In this paper, we propose a curve-theorem based approach. It is successfully used
to extract environmental changes from NDVI data of Landsat MSS images on
1 December 1976 and 3 December 1988 of the Yellow River Delta.

2. Study area

The Yellow River is the second longest river in China and the highest silt-content
river in the world. Since the Yellow River took the Daqing river as its course and
flowed through Lijin county into the Bohai Sea in 1855, the tail channel of the
Yellow River has swung north and south and changed its course over 50 times,
taking Ninghai of Kenli county as the central axis. The swinging and silting up has
created the Yellow River Delta. The delta is located at the mouth of Bohai Bay and
Laizhou Bay (37°20-38°10'N and 118°7'-119°10"E).

Rapid economic development and the growth of urban population on the Yellow
River Delta began with the development of the petroleum industry. Since the
Dongying municipality was established in 1983, a new prospect for oil production
has been opened up, which includes two major urban districts, namely Dongying
district and Hekou district. A petrochemical base for Shandong Province is being
developed on the delta. The development of the oil field and petrochemical industry
has promoted the development of enterprises in villages and towns, and the
construction of infrastructures such as transportation systems, power stations and
communication systems.

3. Methods
3.1. The curve theorem in the plane and the approach for change detection
3.1.1. The curve theorem

Let k: {S,, S} — R be continuous. Then there is a curve, L: {Sy, S} = N2

parameterized by arc-length, whose curvature at s is k(s) for all s € {S,, S}. Moreover,
if L; and L, are two such curves, then L, =alL, where o is some proper Euclidean
motion that is a translation followed by a rotation (Spivak 1979).

3.1.2. The theoretical expression of the approach
According to the curve theorem, the overall difference between the two plane
curves can be simulated as follows (Yue and Ai 1990, Yue 1994):

CD

S
f ((L1(S0) = Ly(So) Y + (o4 (8) — ety (8))* + (ky ()= ky()P)ds - (1)

So

T S-S,

where k;(s) and «;(s) are the curvature and slope of the plane curve, L;, respectively;
and L;(S,) is the initial value (i=1,2).

It can be proved (Yue et al. 1999, Yue and Zhou 1999) that CD(L,, L,) has the
following three properties: (a) CD(L,, L,)=0; CD(L,,L,)=0 if and only if L, =L,;
(b) CD(L,, L,)=CD(L,,L,); (c) CD(L,,L;)<CD(L,,L,)+ CD(L,, L;). In functional
analysis, CD(L,, L,) is measure of distance in metric space of curves (Taylor 1958).
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If curves L; could be simulated as:

y=/fix) (2)
then, «; and k; can be respectively formulated as:
dfi(x)
x) = = (3)
do;
ki(X)ZLX)(l'i_O‘iZ(X))_s/Z (4)
dx
ds=(1+02(x))"2dx (5)

where x is abscissa and s is arc length.

Suppose that curve f,(x)=0 is considered as an intended-goal-function and f;(x)
is an arbitrary function. For f;(x)>0, the better the situation, the longer the distance
is from the straight line f,(x)=0. The general index can be formulated as:

CD f (@3 (X)+ K3 (0) + fT(X ) (14 0f(x)) 2dx (6)

S X—X, Xo

where CD=0; CD=0 is the worst situation and the biggest CD is the optimum
situation.

3.1.3. The application expression of the approach
In this paper, suppose that sequenced data can be expressed in terms of row x
and column y as well as time ¢:

WL w120 Y% w(l,Y.)

v(2,1,8)  v(2,2,t) .. v(2,Y)0)
V()= ’, ’, ’, ’, =[v(,p0] xx v (7)

v(X,1,0) v(X,2,t) Y% v(X,Y,0)

where V(t) is the tth layer of the three-dimensional matrix (¢=1,2,..,7); X is the
maximum row number, Y is the maximum column number and T is the maximum
value of the time variable. Then, the curve-theorem based approach, which can be
formulated as follows in terms of the average in each column, consists of a nonlinear
transformation, SAV(y,t), a nonlinear transformation CAV(y,t), and a general index
CD(t):

SAV(y,Z):% i ABS((x+1,p,6)—v(x,p,1)) (8)

_l X v(x+2,p,t)=2v(x+ 1,y,t)+v(x,p,t)
CAVOD=% 2 0 66t L) v PP )

1 ¥
CD(Z)=T/ Y (SAVE(p,t)+ CAVZ(p,t)+ AV (y,t)(1 +SAV?(y,1)"? (10)

where AV(y,t)=1/X TX_  v(x,y,7) is an average value in terms of column; SAV(y,r)

is an average slope in terms of column; 4 BS(number) represents the absolute value
of the number; CAV(y,t) is an average curvature in terms of column.
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32. NDVI

Over the past 20 years, a number of vegetation indices have been developed to
aid the interpretation of remotely sensed data (Bouman 1992, Hurcom and Harrison
1998). The most popular vegetation index (Schowengerdt 1997, Purevdorj et al.
1998) is the Normalized Difference Vegetation Index (NDVI):

}“RED

Anir —
NDV[ = ZNIR __“RED
ANIR *+ ARED

(11)

where Aggp is the spectral reflectance of the visible red band; Ay;; is the spectral
reflectance of the near-infrared band. NDVI has been widely used in describing
relationships between vegetation characteristics such as above-ground biomass, green
biomass and chlorophyll content (Tucker 1985).

To make it easy to calculate the general index, we transform NDVT into:

1+ NDVI(x,y,t)

5 (12)

V(Xa)’,l)Z
where 0<v(x,),)<1; t=1 and 2 respectively correspond to 1 December 1976 and
3 December 1988; (x,y) represents the pixel location.

3.3. The comparability of Landsat MSS data and Landsat TM data

In the pattern decomposition method presented by Muramatsu et al. (2000), the
spectral response patterns for each pixel in an image are decomposed into three
components using three standard spectral patterns normalized to unity. The three
standard spectral patterns are determined to correspond to water, vegetation and
soil. In spite of the differences in measured band number and wavelength, MSS data
can be analyzed in the same parameter space as TM data. The difference in classifica-
tion results between TM and MSS was 1.8%.

Our sampling analysis also found that TM and MSS gave similar classifications:

(a) The area, 449 < x <450 and 1296 <y <1300, is covered by imperata cylindrica
and is located in the core region of the Yellow River Delta Natural
Conservation Area. The linear regression equation is,

NDVI™ =0.46 NDVIMSS —0.08 (13)

The correlation coefficient is 0.71.

(b) The area, 2813<x<2814 and 606 <y<610, is a residential quarter that
remained the same between 1976 and 1988 according to our investigation on
site. The linear regression equation of the corresponding NDVT data is:

NDVIT™ =0.58 NDVIMSS 40,02 (14)

The correlation coefficient is 0.75.

(c) The area, 2974< x <2975 and 1888 <y <1892, is a sandy area that had almost
no land cover change during the 12 years because of the tides. The linear
regression equation is:

NDVIT™ =043 NDVIM55 —0.01 (15)

The correlation coefficient is 0.80.
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(d) The area, 3136 <x< 3137 and 2996 <y <3000, is located at the Bohai Sea,
which is relatively far away from the changed continental river system. The
linear regression equation is:

NDVIT™ =0.52 NDVIM55 10.09 (16)

The correlation coefficient is 0.78.

4. Materials and results

The input for the curve-theorem based approach is two visualized algebraic
matrixes (figures 1 and 2). Each scene has 14057 576 pixels that are divided into
4582 rows and 3068 columns. The size of each pixel is 30 x 30m?2. The output

2500 © 30

200 0 200km

Figure 1. A visualization of the algebraic matrix transformed from the Landsat image
acquired on 1 December 1976 over the Yellow River Delta.
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Figure 2. A visualization of the algebraic matrix transformed from the Landsat image
acquired on 3 December 1988 over the Yellow River Delta.

includes the general index CD, the nonlinear transformation SAV, and the nonlinear
transformation CAV.

According to the research results from Muramatsu et al. (2000) and our samples,
if the environment had no change between 1976 and 1988, the transformation curves
should have the same progressive increase and convexity; if the transformation curves
have different progressive increase or convexity between 1976 and 1988, then the
environment must have undergone substantial changes. In other words, in addition
to extracting environmental changes in the whole area of the Yellow River Delta
by comparing the general indexes, local environmental changes can be found by
comparing the progressive increase or the convexity between transformation curves.
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Because the calculation results in terms of the average in each row not provide
us information change, we only report the results in terms of average in each column.

4.1. The general index

Our results indicate that 0.1554<AV(y,t)<0.4799, 0.0119<SAV(y,1)<0.0266,
and —1.53E—-05<CAV(y,t)<1.14E—05. The general index in terms of average in
each column can be simplified as:

1 Y
CD()~~ Y ((AV(r0)? +(SAV(p, ) )(1+(SAV(p,1)))"? (17)
y=1
By applying CD to the two images, we obtain CD(1)=0.1448, CD(2)=0.2001.
Obviously, from 1976 to 1988, NDVI was increased in the Yellow River Delta. We
should note that if vegetation cover has no change, CD(1) should be greater than
CD(2) according to the sample statistics presented earlier.

4.2. The nonlinear transformation SAV
SAV(y,t) provides us with a rich amount of knowledge on change along rivers
as seen in figure 3 and figure 4:

e when 184 <y <481, which corresponds to the Zhanli river, SAV(y,1) decreases
progressively and SAV(y,2) increases progressively;

e when 1156 < y <1435, which corresponds to the old course of the Yellow River,
SAV(y,1) is concave and SAV(y,2) is close to a straight line;

e when 2088 <y <2330, which corresponds to the coastal boundary area where
the west side of the Yellow River Delta meets with the Bohai Sea, SAV(y,1) is
convex and SAV(y,2) is concave;

e when 2463 <y<2950, in which y=2463 is the mouth of the Yellow River
flowing into the Bohai Sea in 1976 and y=2950 is the mouth of the Yellow
River flowing into the Bohai Sea in 1988, SAV(y,1) increases progressively and
SAV(y,2) decreases progressively.

In other words, SAV(y,1) and SAV(y,2) have a greater difference of progressive
increase and convexity in these areas. This indicates that the ecological environment
of the areas along the rivers has been greatly changed since 1976. According to our
field visit, boats were able to sail in the Zhanli river in 1976 because there was water
from the Yellow River flowing into the Bohai Sea through the Zhanli river, while
there was no water from the Yellow River flowing into the Bohai Sea through the
Zhanli river in 1988. The Zhanli river became a drainage canal because the connection
between the Zhanli river and the Yellow River had been artificially cut off. There
was some water from the Yellow River flowing into the Bohai Sea through the old
course of the Yellow River in 1976, while some parts of the old course of the Yellow
River had become farmland and phragmitas communis Trin. had become established
Trin. Ex Steud. Land. There was a heavy red tide in the Bohai Sea near the Yellow
River Delta in 1988 while there was almost none in 1976.

4.3. The nonlinear transformation CAV
From CAV(y,2) as seen in figure 5 we find that:

e when 628 <y< 784, where the two biggest urban districts of the Dongying
municipality, Dongying district and Hekou district, as well as many bigger
towns of the Dongying municipality such as Luozheng, Niuzhuang, Jixian,



2290 T. X. Yue et al.

0.03
0.025
~ 002
2 0015
<

w001
0.005

|
0

— N~ W n = NN~ NI W~ N

oI S s B NI S-S BT o\ BN Yo B < o RNe NNV o U S o o B e

— N St O~ AN~ AN N >0 NN O D

— o = = = = A AN AN AN AN

Column number of pixel in the visualized matrix (y)

Figure 3. SAV(y,1), a nonlinear transformation of NDVI in 1976 (in terms of average of
each column).
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Kenli, Gaogai, Chenguan, Daying, Daozhuang and Xiying, are located, the
range of CAV is —1.4993 E—06< CAV1(y,2)<1.8278 E—06. In other words,
the values in this range are very small and have a rather even distribution.

e when 2167 < y<2454, where the biggest oil extraction area of the Gudao oil-
field is located, the range of CAV is —1.531E—05<CAV1(y,2)<1.141 E—05.
In other words, the biggest and smallest values of CAV both occur in this
range and a sharp change exists.

5. Conclusions

Environmentally, from 1976 to 1988, with the rapid growth of the Shengli oil
field and especially the great development of the Gudao oilfield, water areas in the
Yellow River Delta including the rivers and the Bohai Sea have been heavily polluted;
the vegetation cover near the Gudao oilfield has been greatly destroyed. But dev-
elopment of the Shengli oil field and related industries has promoted economic
development in the local region and improvement of the vegetation cover in the
agricultural area south of the Yellow River generally, despite the complete destruction
of the biggest Robinia pseudoacacia L. woodland in this area. Methodologically, the
general index CD gives us an overall view on vegetation cover change. The SAV
provides us with useful information on environmental changes of rivers. CAV is
capable of highlighting the location of industrial and urban areas.
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