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Beijing Declaration on Digital Earth

December 2, 1999

We, some 500 scientists, engineers, educators, managers and industrial
entrepreneurs from 20 countries and regions assembled here in the historical city of
Beijing, attending the first International Symposium on Digital Earth being
organized by the Chinese Academy of Sciences with co-sponsorship of 19
organizations and institutions from November 29, 1999 to December 2.1999,
recognize that humankind, while entering into the new millennium, still faces great
challenges such a s rapid population g growth, environmental degradanon and natural
resource depletion whicli continue to threaten global sustainable development

Noting that global development in the 20th century has been characterized by rapid
advancements in science and technology which have made significant contributions
to economic growth and social wellbeing and that the new century will be an era of

information and space technologies supporting the global knowledge economy;

Recalling the statement by Al Gore. Vice President of the United States of America.
on Digital Earth: Understanding Our Planet in the 215! Century-and the statement
by Jiang Zemin. President of the People's Republic of China, on Digital Earth
regarding trends  of social. economic. scientific and technological development;

Realizing the decisions made at UNCED and Agenda 21. recommendations made
by UNISPACE 1II and the Vienna Declaration on Space and Human Development,
which address, among other things. the importance of the Integrated Global
Observing Strategy, the Global Spatial Data [nfrastructure. geographic information
svstems, global navigation and positioning systems. geo- spatial information

infrastructures and modeling of dvnamic processes:

Understanding that Digital Earth. addressing the social. economic. cultural.
institutional. scientific. educational. and technical challenges. allows humankind to
visualize the Earth. and all places within it. to access information about it and to
understand and influence the social. economic and environmental issues that atfect

their lives in their neighborhoods. their nations and the planet Earth:

Recommend that Digital Earth be promoted by scientitic. educational and
technological communities, industry. governments. as well as regional and

international organizations;




' Recommend also that while implementing the Digital Earth, priority be given to
solving problems in environmental protection, disaster management, natural
resource conservation, and sustainable economic and social development as well as
.improving the quality of life of the humankind;

Recommend further that Digital Earth be created in a way that also contributes to
the exploration of, and scientific research on, global issues and the Earth system;

Declare the importance of Digital Earth in achieving global sustainable

development;

Call for adequate investments and strong support in scientific research and
development, educatioh and training, capacity building as well as information and
technology infrastructures, with emphasis, inter alias, on global systematic
observation and modéling, communication networks, database development, and
issues associated with interoperability of geo-spatial data;

Further call for close cooperation and collaboration between governments, public
and private sectors, non-governmental organizations, and international organizations
and institutions, so as to ensure equity-in distribution of benefits derived from the
use of Digital Earth in developed and developing economies;

- Agree that, as a follow-up to the first International Symposium on Digital Earth held
in Beijing, the International Svmposium on Digital Earth should continue to be
organized by interested countries or organizations biannually, on a rotational basis.
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Fig. 1. A map of Yellow River basin. (1) Hekouzeng, (2) Huanpuchuan R., (3) Wangdaohengta on Wulanmulunhe R., (4) Tuweihe R.. (5)3

Wudinghe R., (6) Longmen.

ever, so far there is no generally accepted standard
for hyperconcentrated flows (Chien and Wan, 1983).
In this study, I take the suspended concentration of
equal to or more than 400 kg/ m° as the standard for
hyperconcentrated flows, following the suggestion
by Chien and Wan (1983). To allow comparison
between different rivers, indices such as mean annual
suspended concentration (C,,,), yearly maximum
suspended concentration (C,,, ) and the extreme sus-
pended concentration (Cy,, . the record suspended
concentration at the gauging cross-section) are used.
A sediment-laden flow with a C,, or C_,  larger
than 400 kg/m? is considered to be a hyperconcen-
trated flow. In addition, I introduce the concept of
frequency of hyperconcentrated flow (F,) in this
study, which is defined as the number of days with
daily suspended concentrations equal to or larger
than 400 kg/m> per year in a given period. The
relation between F, and C,,,, is plotted in Fig: 2,
based on data from 20 rivers in the study area,
showing that when mean annual suspended concen-
tration is larger than 100 kg/m?®, F, is larger than
2.0. Since hyperconcentrated flows occur during
floods. and the frequency of bankfull floods in this
area is usually 2-3 days per year, thus it may be

thought that when C,,,, is larger than 100 kg/m’ ir}
this area, hyperconcentrated flows play a significan
role in channel-forming process (Xu, 1993).

Most of the data used in this study come from
hydrometric stations in the Yellow River basin. The
purpose of this study is to elucidate the formation of

r=065, n=21

NUMBER OF HYPER. FLOW PER YEAR

" T100 " 1000

10 .
MEAN ANNUAL CONCENTRATION (kg/m ~ 3)

Fig. 2. The relation of frequency of hyperconcentrated flow 8-
mean annual suspended concentration. The regression equation §
the straight line is ¥ = —12.047+7.467 log X (n=21. =068
p <0.01).
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eve.

becomes larger than 450 mm or smaller than 400
mm, C,, . declines sharply. This indicates that the
areal differentiation of climate in the Yellow River
basin controls the degree to which hyperconcentrated
flows develop.

In addition to mean annual precipitation, rain-
storm are also responsible for the formation of hy-
perconcentrated flow, which often occurs during
high-intensity rainstorms. The higher the rain inten-
sity, the stronger the rain splash and flowing water
erosion, and the more the opportunities these are for
occurrence of slides or slumps. All these result in
high suspended concentrations. To express this fea-
ture of rainstorms, I adopt the index of ‘relative
rainstorm intensity’ defined as the maximum 1-day
rain amount divided by the annual precipitation.
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Fig. S. The relation of measured maximum suspended concent?
tion to relative rainfall intensity. The regression equation of ®
straight line is ¥ =2.688+3.143 log X (n=12. r=065 EN
0.1).
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Statistical analyses for heavy metal contents in till and root
samples in an area of southeastern Sweden

C. Zhang?, O. Selinus®*, J. Schedin®

2 Institute of Geography, Chinese Academy of Sciences, Beijing 100101, China
bGeolagical Survey of Sweden, Box 670, S§-751 28 Uppsala, Sweden

Abstract

The Geological Survey of Sweden (SGU) initiated a national mapping program in 1982 with three types of
geochemical samples (bedrock, till and biogeochemical) and the objective to produce a detailed geochemical atlas of
the entire country. This program is still ongoing. Problems concerning the calculation of mean values, outlier
detection, relationships among elements, spatial distribution features and relationships among the different types of
geochemical samples are therefore important to consider. To find an optimal way to solve these problems, the
contents of seven heavy metal elements (Co, Cr, Cu, Ni, Pb, V and Zn) in 758 till samples and 851 root (with some
moss) samples were extracted from the SGU database in a polygon of 75 X 75 km? in southeastern Sweden. Both §
univariate and multivariate analyses were carried out on the datasets. The combination of range method and
principal component analysis (PCA) was satisfactorily utilized for the detection of outlying samples. The commonly-
used mean calculation methods of median, geometrical mean and arithmetical mean are discussed and compared,
and a new method for mean calculation named ‘robust-symmetric mean’ (R-S mean) involving robust statistics and
optimal data transformation is recommended. Results from multivariate analysis show that Pb has comparatively
weak correlations with the other elements and Zn also possesses such a trend, which is caused by the differences of
their contents in bedrocks and mineralization. Lead is enriched in the acid volcanic rocks, while the gther metals are
elevated in the basic rocks of the area. Lead mineralization in the acid volcanic rocks also causes elevated contents of
Zn in the bedrock. Heavy metals in biogeochemical samples are more diversified than in tills, as they are more
affected by external geochemical processes than in tills, also the relationships among elements in the biogeochemical §
samples are therefore more affected by these processes. © 1998 Elsevier Science B.V.

Keywords: Heavy metals; Till; Biogeochemistry; Statistics; Mean; Principal component analysis; Multivariate analysis

* Corresponding author. Tel.: +46 18179000; fax: +46 18179210; e-mail: olle.selinus@sgu.se
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companied by subordinate intermediate-to-basic
(meta)volcanics of dacitic~andesitic composition.

The area studied is covered mainly with till
which is mostly of local origin and is normally less
than 5 m thick. The glacial drift in the study area
is well known.

Map statistics are presented in Table 1. Lakes
occupy 2.1% of the area and the total area is
dominated by 64.3% granites with 21.5% acid
volcanic rocks. Only 3.7% of the total area is
occupied by sedimentary rocks (shales, sandstones
and limestones). The area of basic rocks is also
rather small, only 8.5%. The effect of the basic
rocks on the metal distribution is, however, sig-
nificant, which will be shown, as they have high
contents of heavy metals and are easily weath-
ered.

The root samples consist of mainly plant roots
from stream banks and some aquatic mosses.
These reflect, in a very sensitive way, the ccntents
of heavy metals in stream water. Roots and mosses
both respond closely to chemical variations at the
background levels related to different bedrock
tvpes. They also reflect in a sensitive way the
effects of poliution (Brundin et al., 1987; Brundin
and Nairis, 1972; Selinus, 1983, 1983: Ek, 1983).

The root samples are thoroughly washed in the
stream water, dried, ashed and analyzed by X-rav
fluorescence spectrometrv (XRF) (Potts and
Webb, 1992). Thorough quality control of all
analyses is malintained (certified reference sam-
ples, duplicate and triplicate samples, etc.) and
the results are corrected for their contenis of
organic matter. Fe and Mn bv regression analvsis
(Selinus, 1983).

Table 1
Statistical datz of the bedrock tvpes

Rock nvpe Number of Area Percentage
polvgons (km™) (%)
(Lakes) 12 210.7 2.1
Basic rocks 64 8:0.0 8z
(amphibolite. divrite)
Granitic rocks 30 64288 643
Sedimentary rocks 10 3634 37
Acid volcanic rocks 47 2hdsr 2L
(Totah) 163 10¢00.0 1000

Glacial till is the second medium. The materig]
collected is the fine fraction of the C-horizon
These samples are taken below the -zone of
weathering, at a depth of at least 1 m. The < 0.06
mm fraction is analyzed by XRF. All samples are
also analyzed by ICP-MS after leaching with aqua
regia. The till samples reflect the background
levels of heavy metals. Their composition is also
used in different branches of environmental re-
search, for example, in establishing nutritional
conditions in forestry and in evzluating the ef-
fects of acid precipitation. The tills and roots are
sampled at a density of approximately one sam-
ple/6 km? in the area under study.

Bedrock is the third sampling medium. Repre-
sentative composite samples are taken from all
major types of bedrock in the mapping areas,
below the weathered surface in the unweathered
rock. The amount of sample material collected
depends on bedrock type, grain sizes, etc. The
analytical method used is mainly XRF. A total of
102 bedrock samples have been taken in the area.
Table 2 shows the median values of the bedrock
samples. Except for Pb, all of the elements are
remarkably enriched in the basic rocks, such as
amphibolites and diorites. Lead contents, on the
other hand, are elevated in the acid volcanic
rocks. The contents and spatial distribution of the
heavy metals in the bedrocks of course have strong
influences on tills and roots.

2. Methods in general
2.1 Extraction from GIS database

All till and root data are stored as ARC/INFO
coverages. The sampling locations are saved as

Table 2

Medians of heavv metal contents in different rocks { ug,/g}

Rock type n Co Cr Cua Ni Pb V Zn

Basic rocks 17 58 122 37 74 18 188 111
(amphibolite. diorite)

Granitic rocks 4101219 12 6 24 26 64

Sedimentarv rocks 1218 47 15 132 20 6 7

Acid volcanic rocks 31 6 711 6 31 12 61







types of geological media (such as dolerites) and
are very rare in most other media. This kind of
heterogeneity thus contributes to the positively
skewed distribution patterns of heavy metals when
the sampling locations are evenly distributed in
the studied area.

In the root samples, one extreme value for both
Cu and Ni has been observed and was replaced by
the second highest values for the following analy-
sis.

4. Outlier detection; combination of univariate
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and multivariate analyses

Outliers are quite often observed for environ-
mental geochemical datasets. They can be caused
by both natural and anthropogenic factors: Under
natural conditions, mineralization can be present
and cause some outliers. On the other hand,
environmental pollution can also contribute to
outliers. Also the process of sample treatment
some times produces artificial outliers.

In statistical analysis outliers do not belong to
the data population they should be detected and
dealt with in some other way. Before the outlier
detection, all of the values below detection limits
for the root samples (two for Pb and one for both
Cu and Ni) are replaced by half of the minima of
the datasets. The abnormal values of Cu and Ni
in root samples are also replaced with the second
highest values in each of their datasets.

There are many methods for outlier detection
in univariate statistics, such as the ¢-test, Grubbs,
Dixon and Walsh tests. One of the most com-
monly used methods is the range method: those
lower than the average minus three times stan-
dard deviation (AVG — 3 S.D.) and those higher
than the average plus three times standard devia-
tion (AVG +3 S.D.) are considered to be out-
liers. Table 4 shows the numbers of outliers de-
tected with the range method for both the till and
root samples, and the outliers detected account
for approx. 1% of the total values.

When dealing with samples of multivariate
character, univariate statistics obviously expose its
shortcomings. For instance, for the datasets here,
the question is: which samples are outlying? It is
easy to detect which values of a specific variable

b) Roots
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c
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Fig. 2. Histograms of Cr in till and root samples, showing
positively skewed distribution. The other heavy metals share
similar histogram features.

are outliers, but it is difficult to determine the
outlving samples. There are seven variables (heavy
metal elements) in the study and the number of
samples with outliers are listed in Table 5. Sam-
ples with more than two outlving variables should
be regarded as outlying samples. However, it re-
mains a problem how to deal with those samples
with one or two variables as outliers. It is difficult
to answer this question, but the problem can
easily be solved with multivariate analyses.
Principal component analysis (PCA) and clus-
ter analysis could identify how the samples are
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ble 4 . '
Eerage& standard deviations and numbers of samples with values higher than the threshold of AVG +3 SD.(pg/9
Co Cr Cu Ni Pb v Zn-
ill samples :
T AVG 178 43.9 16.6 152 316 596 54.5
3 sD. 6.6 310 12.7 142 20.1 20.7 © . 264
- AVG+3S8.D. 375 136.8 54.7 5117 92.0 121.6 1337
3 n(>AVG+35D) 10 ‘ 11 10 8 6 9 12
Root samples * )
AVG : -100.4 47.2 76.4 36.5 157.3 1921 280.1
sD. . 109.8 29.1 61.0 249 179.8 158.0 255.1
AVG+3SD. 429.7 1345 2594 111.2 696.8 666.1 1045.4
n(>AVG+38D) 22 8 16 14 16 22 10

Tills: n = 758; root samples: n = 851.

Table 5
Number of samples with outliers

sen et al, 1996). It is the same case for root
samples.
It is of interest to compare the results from

Samples with outliers Till samples Root samples o oY .
univariate and multivariate analyses and combine
More than two variables 5 7 them to detect outlying samples. The results are
Two variables 7? 1 listed in Table 6, from which it can be seen that
Sgiﬁ? :r Zle 66; 81-?1 most of the outlying samples can be detected by

grouped /clustered. In this case, those samples
which do not follow the majority may be regarded
as outlying samples, especially those which lie far
away from the majority. It is quite difficuit to
carry out cluster analysis here as the numbers of
samples are very large, but PCA could be quite
effective. PCA is usually applied for transforming
correlated variables into uncorrelated principal
components (PCs), but it can also be used to
detect outliers (Esbensen et al., 1996). The sam-
ple scores in PCs and the residuals of X-variances
could show the sample groups and thus differen-
tiate the outlying samples from the majority.
Taking till samples as an example, the score
plot of Fig. 3 displays sample scores in PC1 and
PC2 and the influence plot of Fig. 4 has the
residual X-variances and leverages of samples
based on the first three PCs, showing outlying
- samples. Samples with high leverages may not be
outliers, but usually are. Furthermore, the results
from the influence plots and score plots are quite
comparable. The calculation was based on the
Unscrambler software (Tvsso et al., 1987; Esben-
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both methods. However, there are some differ-
énces. For the tills, almost all of the outlying
samples detected by the range method are also
detected by PCA (except for No. 365). For root

samples, the two methods gave some differences.

It is necessary to address that all of the outlying
samples detected by PCA have at least one vari-
able with outlying values detected by the range
method. It is difficult for the range method to
detect which of the samples with less than three
outlying variables are outlying samples and PCA
makes up for the shortcoming. The number of

" outlying samples of tills and roots is 11 and 13,

respectively.

5. Mean calculation: comparison of R-S mean,
median, geometrical mean and arithmetical mean

The mean is one of the most important statisti-
cal parameters of a dataset and there are many
methods for the calculation, such as arithmetical
mean, median, geometrical mean. However, all of
the methods have their own advantages and dis-
advantages ‘and are suitable for certain specific
cases. For example, the arithmetic mean is easy to

— 23 —
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Fig. 3. Scores of samples in PC1 and PC2, showing outlying samples of tills.

calculate, but is only effective for a dataset which
“sllows normal distribution. The median is good
for a dataset with a high degree of variability, but
it looses much information of the raw dataset.
The geometrical mean is suitable for a dataset
which follows log-normal distribution.

For mean calculation, the outliers should be
deleted or replaced. Here, the outlying samples
are deleted and the outlying values (higher than
AVG + 3 S.D) are deleted and then replaced by
the highest values in the datasets after deletion.
To select which method to use, the distribution
pattern of a dataset should be studied. Table 7
shows the distribution parameters of the raw data
and logarithmic transformed data.

It can be seen that the kurtoses and skewnesses
of all the variables in the raw data are positive
and rather high, showing positively skewed dis-
tribution with sharp peaks. This kind of distribu-

tion pattern is common in geochemistry, espe-
cially for trace elements (Howarth, 1983).
Logarithmic transformation can make the situa-
tion better: it reduces both kurtosis and skewness.
The improvement is obvious for the till samples,
but not so good for the roots. Even after the
logarithmic transformation, most of the data do
not follow normal distribution (K-S P < 0.05), ex-
cept for some of the variables, such as Znand V
in the till samples.

In the current situation, the arithmetic mean
should not be applied because the raw data obvi-
ously do not follow normal distribution. The geo-
metrical mean is also not effective because most
of the logarithmically transformed data do not
have normality, especially for the root samples.
Furthermore, even the logarithmically trans-
formed dataset follows normality, it could be §
‘pseudo-logarithmic’, and deviations will be intro-
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Fig. 4. Residual X-variances and leverages of samples based on the first three PCs, showing outlying samples of tills (r = 758).

duced (Chapman, 1976). The median method may formation, a power transformation, is very effec-
‘be used in many cases, however, its ineffective- tive for skewly distributed datasets (Box and Cox,

ness cannot be avoided, thus some kind of im- 1962). The Box—Cox transformation can make the
- proved transformation is needed. Box—Cox trans- skewness of a dataset quite near zero and can

Table 6
Code numbers of outlying samples from both univariate and multivariate analyses

Code number of outlying samples

Till samples
" Range method 152 244 365 414 429 433 507 :
Score plot 152 191 244 : 414 429 433 507 577 620 686
Influence plot 152 191 244 429 433 507 577 620
NF}QOt samples
Range method : 370 450 665 788 847
Score plot 5575 ' 321 359 370 450
Influence plot 55 75 153 359 370 450 537 644 692
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Table 7

Kurtoses, skewnesses and results of Kolmogorov-Smirmov test (K-S P)

Variable Raw data Log transformed data
Kurtosis Skewness K-S P Kurtosis Skewness KSP
Till samples (n = 747)
Co 0.26 0.62 0.000 - 142 -0.48 0.051
Cr 359 1.48 0.000 ~0.04 -0.05 0.057
Cu . 2.23 132 0.000 -0.35 -0.19 0.007
Ni 4935 1.85 0.000 ~0.19 0.16 0.015
Pb 6.28 2.09 0.000 0.85 0.76 0.002
Vv 0.61 0.71 0.001 0.29 -0.27 0.077
Zn 1.35 1.17 0.000 —-0.36 0.20 0.123
Root samples (11 = 838)
Co . 5.81 242 0.000 486 -0.98 0.000
Cr 1.89 1.14 0.000 3.78 -0.93 0.001
Cu 4.05 1.94 0.000 10.68 -115 0.000
Ni - 2.80 1.44 0.000 9.77 -1381 0.001
Pb 381 1.92 0.000 5.00 - 1.63 0.000
v 3.48 1.85 0.000 10.38 -126 0.000
Zn 4.04 1.70 0.000 6.06 -2.51 0.000

also lower the kurtosis remarkably (Jobson, 1991).
The shortage of Box—Cox transformation is its
complicated calculation.

The problem of data transformation seems to
be satisfactorily solved. However, 1t is often
pointed out that data transformation, such as
logarithmic transformation, for skewly distributed
datasets, can raise the weights of low values t00
much while lowering the weights of high values
and thus it is nmot robust (King, 1988, 1989;
Richardson. 1990). Therefore robust statistics
should be considered. Jensen (1991) proposed 2
method of jth Winsorized mean to solve this
problem. One of the easiest ways for robust treat-
ment is to delete or replace some percentages of
the data from both the higher and lower sides.
When the data do not vary too much, the per-
centage may be determined to be small. If 30%% of
both sides of a dataset are deleted, then the

Table 8
Lambda for Box~Cox transformation

median is obtained. Here, 5% of the high values
and another 5% of the low values are deleted for
each raw dataset, as the outliers detected were
approx. 1% (Table 6), accounting for a very small
part of the whole dataset. In this case, the raw
data are used and the datasets with outliers
deleted are unnecessary. The Box—Cox transfor-
mation is carried out and the parameters of lam-
bda for the datasets are shown in Table 8 and the
distribution parameters are listed in Table 9.

The positively skewed distributions of the raw
data are also observed. The logarithmic transfor-
mation improves the normality of the datasets
and the Box-Cox transformation improves the
feature better, especially for the skewnesses. Even
though the Box—Cox transformed data do not
always follow normal distribution, the svmmetry
features of the transformed datasets are good
enough for mean calculation. It can been seen

Sample Co Cr Cu Ni Pb \% Zn

Till (n = 682) 0.090651 0.247291 0.160140 —0.086478 —0.650738 0.115681 —0.263870

Root (n = 7631 —0.929237 0.211410 —0.606808 —0.013470 0.011610 —0.512540 0.661640
425
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- Linking urban traffic and environmental variabies
- Traffic and environmental variables and their connections. are clarified more specifically at

kﬁrst: then, their corresponding quantitative relationships are established.
'2 1 - Urban traffic-environment problems 7
. The traffic variables of passengers, autos/networks, and stop/parks are heavily related with

~ urban environment such as air pollution, noise, waste, congestion, occupation and diseases (Table

2).

Table 2 Re]a!innship between traffic variables and environment variables

[mpact on environment Traffic variables

by urban traffic Passengers Autos/ Lines Stop/ Park
Urban environment Air pollution X
variables Noise ' X X
Waste X
Crowd X X R &
Space X X X
- Disease . X :

Note: the “X” denotes which traffic variables are responsible for urban environment variables

For example, passengers are responsible for noise, waste, congestion, and diseases; stop and
park occupy urban space and cause congestion; and autos and traffic network answer the air
pollution, noise, and congestion. The different ‘trban transportation modes (Mackett, 1998) are
responsible for different environmental impacts but can be considered as a whole.
2.2 Quantitative relationship between traffic and environment o T

‘ ~ In order to link the traffic and environmental variables,
qhéntitét\iizve\"'rélé"fio‘ﬂgh{pW between them has to be established
(Fig.1). Ordinarily, the traffic volume exceeding a threshoid
will cause negative impact on urban environment, the

environmental impact increases rapidly while the traffic
increases until the environment are totally unsuitable for
Traffic variables human dnhibition. The quantitative relationship can be

established by regressing observed traffic and environment

Fig.1 Environment variables as a function of yarigble data although before the regression some other
traffic variables

Environmenl variables

mathematical techniques have to be used to separate the

interaction among more than two variables.
'3 Linking spatial interaction modeling (SIM) and urban traffic

variables

The family of spatial interaction model is a very strong and flexible set of models for
- simulating, forecasting, and planning spatial flows such as traffic, goods, information, peoples,
revenues, and so on.

3.1 SIM

The general formula for spatial interaction models s
A T'j = ViW/Fu'
Where T, is the estimated size (volume) of a flow (e. g. people. goods, money or

¢ t
“information) from zone i to zone j, V. denotes the origin factor, W, the destination factor and F

the spatial separation factor. These factors are rather flexible to choice by considering the most
related factors which origin the flow directly and most powerfully.
3.2 SIM for urban traffic planning
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B_V traffic planning, we means: (1) planning traffic pattern (lines and network and their '
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.constrainéd,'-.=and ‘doubly . constrained models. *Four separation function choices include power
function, ‘exponential function, tanner function and generalized tanner function. ‘Four estimation
p}ocedures are available: ordinary least square and weighted least stjuare with odds ratio linearize
p rocedure, and maximum likelihood by simulated annealing combined with a downhill simplex
method.: Fig.3 shows the implementation of SIM. = S )

Sim.c

Main( )
Installs main window
and starts main loop

( Main loop .

{Estimation-callback {§ lqﬁ

Xeybroad events

Mouse events

I Catls
tﬁuncusting-callbackOI‘—.*
Exit L Quit-callback lq__—
\ v ¥
0lis. ¢ Mie.c X Mie.c

Ols-controt 0 Mle-control ) Mle-control ()

starts all routines starts all routines starts ali routines

for the ols estimation for themls estimation for the mle estimation

and forecasting and forecasting and forecasting

"Fig.3 A schematic overview of the implementation of SIM

4.2.3 1/0 for the integrated urban traffic-environment model :
Input data prod. (position, attribute)-production data (the position and attribute of origin,

destination and separate factors, current and forecast data) : V; is the origin factor (block function,

yypeople, available, - ..); W; destination factor; F ;; traffic network. :

' Output data environ. (position, attribute)-environment data (the location and attribution of

air pollution, noise, waste, crowd, and diseases): P; is environment factors at points i; E

 environment factors along roads from i to ;. '

§  Some applications

The integrated urban traffic-environment model can be used for different purposes.
‘5.1 Urban environment impact assessment ‘

~ Thisis a forward simulation or forecasting by inputting production factors such as people
“density, GDP, salary of each block in a city, then a corresponding traffic spatial pattern is formed,

and finally an environment impact pattern Iocation and attribute can be disclosed.
5.2 Urban traffic management '

ij

The second use of the model is backward simulation by inputting environment limitation along

the traffic network or wat:r pollution control (Qian, 1998) and outputting traffic pattern
_acceptable in terms of environment regulations.

;;5-3 Urban sustainable development planning

The third use is for urban sustainable development planning by input traffic and environment
ariables respectively and correspondingly output environment and traffic consequences, iterating
he process and the final reaching convergence and equilibrium solution that is the option for urban
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structure of the GIS. This often makes the development of well-adapted models and
analytical methods with very different representational structures from spatial daty
difficult, if not impossible. In the models developed here, it is hard to develop the
required flexibility within proprietary GIS and thus the approach we have taken is
to develop software from scratch with limited GIS-like functionality but directly
oriented to ‘the analysis of spatial dynamics. There are similar examples based on
" adapting the STELLA systems dynamics software to deal with spatial development
(Mikula, Mathian, Pumain & Sanders, 1996) and there are now packages which
enable models to be developed based on functions for conventional dynamic mod-
eling and computing with raster data (Burrough, 1998). But in general, these
packages do not provide an appropriate environment for dynamic urban models
" based on CA which is the focus here.
Before we deal with the particular requirements of the model and its software it
is worth summarizing, albeit briefly, the basis for dynamic urban modeling which is
central to CA. In essence, CA models are based on very simple reaction—diffusion
equations (Tamayo & Hartman, 1989). The state of any cell depends upon some
function which reacts to what is already in that cell as well as some function which
relates the cell to what is happening in its immediate neighborhood—the diffusion
component. In some senses, all dynamics are based on such a representation. For
example, population growth processes involve reactions which are births, deaths and
survivors from the existing stock with diffusion from that stock taking place through
migration (Batty, 1971). Burrough (1998) refers to similar dynamic components in
ecological models as dealing with establishment (births), persistence (survivorship,
deaths) and dispersion (migration). What is particularly attractive about CA models
for simulating urban systems is that local action in such models can give rise to
global forms which evolve or emerge spontaneously with no hidden hand directing
the evolution of the macrostructure. Cities are examples par excellence of this phe-
nomenon and there has been much excitement recently in demonstrating that the
-geometry of urban form emerges as a consequence of local action using ideas from
‘fractals (Batty & Longley, 1994). In fact, there are classes of fractal model based on
the aggregation and/or percolation of diffusing particles which produce patterns
with remarkable similarities to cities and these can be easily generated using CA
(Batty. 1991; Makse, Havlin & Stanley, 1995; Makse, Andrade. Batty, Havlin &
Stanley, 1998).
As well as the coincidence of raster-based GIS with cellular dynamics and the
logic of associating local action in cities with the global patterns that emerge, there is
a third reason for building models which use cellular grids as their basis of spatial
representation. It is well known that the geometric eonfiguration of the spatial units
used to represent spatial data can have a profound effect upon subsequent analysis
and interpretation. Spatial systems which neutralize the effect of configuration
remove any bias which is caused by convoluted or distorting geometries. Grid-based
Systems, for example, turn variables which are spatially extensive into their density—
intensity equivalents and this immediately means that comparisons can be made
between different parts of the same system as well as between different systems.
Gnd based systems also neutralize the effect of administrative decisions over

271
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different locations. Forrester (1969) was onc of the first to distinguish between
activities in terms of their life cycle in his Urban Dynamics model where he defined,
new, mature and declining housing, industry and commercial land uses, each subject
to different rates of growth (or decline) and different rates by which existing activ-
ities attracted or detracted from new growth in related locations. In DUEM, we
make a distinction between initiating, mature and declining activities which at any
point in time 7 compose the stock of that activity which we call 4. Deali ling first with
a single activity which-we treat generically, the total activity at time ¢, A4 (1), is
defined as:

where A(f) is the total activity treated as initiating, A™(s) is the total treated
as mature, and A4%(r) is the total that is declining and which will disappear from
the stock or ‘die’ in the next time period 7+1. Most initiating activity is not
new to that time period ¢ but is composed of all that activity which is able to
generate new growth in contrast to mature activity, which no longer generates
growth. New growth in the time period ¢ is already added into initiating activity
AW

The way activity moves through its life cycle depends upon how it is converted
and for this we need to know its location j. The process of deciding whether an
activity 4/(¢) is in an initiating or mature state depends upon when it was first
established as new at time 1 = t/. Then the probability of the activity being in the
initiating state pi(s) declines w1th time according to a typical decay function:

pi1) = A exp{—A(t — 7)}. (2)
A is a constant of proportionality which normalizes the distribution and 3 is a

parameter reflecting the rate of decay from initiating to mature acuvity. This pro-
vides us with a first guess at the probability of the activity being mature II7(1) as:

IR (6) = 1 = pi(1) | @)
but from this, we must deduct the proportion p#(s). which ‘dies’ in the next time

period ¢+ 1. This is based on a further decay process Wthh generates the final
probability of the activity being mature p}“(z) as:

PO =M exp{ -l =)}  ~ C®

M is the relevant normalizing constant and y is a def‘av parameter. The pl’Obablht’\
that the activity ‘dies’ in the next time period is:

pHE) = TI2(2) — p™(1) | (5)

and from Eqgs. (2) to (5) it is clear that these probabilities sum to 1. that is:

A1) =Ai(f)+A“‘(t)4-Ad(f) (1)
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function used to compute this probability is. Before the simulation begins, we can
select.one of four functions—an inverse Jinear function of distance, negative expo-
nential, inverse power, or a gamma-like function which combines the exponential
and power (Xie, 1994, 1996). Here for illustrative purposes, we choose the negative

exponential, and thus the probability Hj}\.(r) that a cell k is chosen in the field cen- _

tered on jis given as:
(1) = Q exp{—arj}. (©)

Q is scaling constant and « is a parameter controlling the decay effect of distance,
rjx, measured between locations j and k. A second probability is also chosen and this
is based on a distortion of the field in a predetermined direction. The user has the
option of transforming the symmetric field around the activity 4i(2) in a variety of
ways. In each of the eight compass directions around the point J, 1t is possible to
exaggerate the weight of any of these. If each of these compass directions is given an
equal weight, then it possible to gradually suppress the weight of the NW, NE, SE,
and SW directions.or to give increasing weight to any combination of these direc-
tions. This function is fairly elaborate and a demonstration of its use is postponed
until the model is demonstrated later. If each of the eight directions is given an
angular heading 8., z=1, 2, ..., 8 and a weight .. then the probability of growth
taking place in any cell in the direction x, is given as:"

pxjj = w:0-/X.w.0-. ’ (7)

The combined probability p;(7) of growth taking place in any cell k in the field is
then computed by combining Eqgs. (6) and (7) as:

o (1) = AT (1), oy} - : (8)

A random number between 0 and 1 is drawn to determine the particular cell x (=k)
which remains in the development pool at this stage. : .‘
Whether or not this cell is developed and what activity is actually located there
depends upon three other functions. First, the cell in question x is examined with
_Tespect to its classification in the wider region Qs. If it is classed as developable, it
survives but if not, due to exogenous physical constraints, it is ruled out from fur-
ther consideration. Second, if the cell is one which was originally developed but is
now vacant, then there may be a moratorium on its development for this is one of
the parameters that is set up prior to the simulation when the life cycle of the activity
is examined. If it survives this test, then a third test involving the density of other

activities in the neighborhood of the chosen cell % is invoked. Let us consider one _

land use only although this test can be extended to any number. The density of this
land use in the neighborhood of x is computed as § and if this density is greater (or
less) than a certain threshold depending upon the activity in question, then the c.ell_
becomes “actually’ developable. It now becomes necessary to determine what activity

Is developed. 975
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way in which cells are selected. Clearly the number of seeds and their configuration,
.one to another, has some effect on the growth generated but it is not possible in
advance to determine how much growth or decline there will be. However, at the
end of each time period, as * Egs. (9) and (10) indicate, it-is possible to compute
the growth rate I'(t + 1) for the system (and its parts if necessary) as:

T4 1) = AQ+ 1)/A() = {1+ DA+ 1)/ A1)} (11)

From Eq. (11), it is possible to reset various parameters in the system to reflect
requirements for increased or decreased growth. Another important rate is total
- initiating activity to total activity which is a measure of how the system is perform-
ing in growth terms. This rate y(¢+ 1) can be defined as:

y(t+ 1) = SA(0) /A + 1). (12)

We will not attempt a detailed analysis of growth paths in this paper, but in
developing the framework of DUEM for empirical applications, the first of which is
to the town of Ann Arbor, MI, we will extend the model to handle such issues in a
completely transparent way. In the current paper, our concern is with introducing
the software and showing the range of hypothetical applications that are possible
with DUEM.

3 Adapting the model to distinct land uses

The model becomes considerably more complex when different activities are con-
sidered. Each activity invariably has a diffefent rule set associated with development
which is specified through various parameters. In the current version, we have
.translated activities into five distinct land uses: housing or residential population
~which we will define as P; resource and manufacturing employment or industry, E;
ervice or commercial-retail-shopping activity, S; streets or transport routes, R; and
vacant land, V. Although we have labeled these variables as if total population,
mployment etc. can be derived from them, the current model like all CA only deals
‘with the physical allocation of land use, one unit of land use per cell. To compute
otal activities, cells must be aggregated across locations {j} and this implies that for
ealistic applications, the level of resolution of the spatial system must be very fine.
. The model can of course be run for a subset of these land uses which minimally
- Might contain a single land use and vacant land. It is thus possible to simulate urban
_ development per se where the emphasis is on the transition from rural (vacant) land
0 urban although DUEM is designed for more elaborate applications where simu-
lating the development of a series of interdependent activity/land use types is the
focus, , \
.We will describe the various rules used to define the dynamics’ of change asso-
Clated with these five land uses before we provide an overview of how the model can
be run. In locating four of these land uses—housing, industry, commerce, and
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transport routes/streets, the effect of the initiating activity for each of these uses on
the location of new development in their respective fields operates in the same way
with respect to the distance decay and directional effects. We dealt with this briefly
in the previous section but here we must be a little more explicit concerning the
possible options. The distance probability 1 (1) given in Eq. (6) for the exponential
form, can also be based on a simple linear inverse distance defined as
(1) = Q — g, onan inverse power function of distance () = Qry®, oron the
modified gamma function () = Q;-J_—kaexp{—ﬁqk} where the parameters must be
specified in advance. In choosing these, the user must be careful to ensure that these
are consistent with the dimensions of the spatial system; this should be possible for a
wide range of applications because the DUEM software enables levels of spatial
resolution up to 3000x3000 to be handled.

The direction in which allocation takes place within the field , is determined by a
graphical interface in which the user adjusts the weight of each sector in the eight
compass directions. We illustrate this procedure in Fig. 1 where we show two
examples of varying the weights of the compass directions with the weights propor-
tional to the areas of the sectors shown. The user can opt for standard weights by
systematically reducing the effect of the NE, NW, SE and SW directions from a
standard level in which all eight direction are weighted equally, using the left, mid-
dle, and right sequence buttons in the dialog. As Fig. | also shows, the user can then
vary these weights substantially by clicking on one of the eight directions and
skewing its effect across a range from O to 100 using the slider. Somewhat more
important is the way the distance and direction probabilities are combined for each
land use. Although the distance model is able to compute a probability for each cell

Fig. 1. Specifving the directional weights.
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‘k around the initiating activity j, we aggregate the cell probabilities by distance
pands around k. Using the example in Eq. (6), -

M (1) = SkcanlLi() | (13)

where Qg is the relevant band in which the appropriate cells k are located. The actual
band chosen is then decided randomly from the set of probabilities {IL;s(2)}. The
probability py; where x is the direction from j, is then used to select the actual direc-
tion X. As the distance bands are only one cell wide, the intersection of the direction
set 1y and the band set Qp, that is Qx N Qg, determines the cell ¥ in question.

The rules for further selection are more specific in that each individual land use
has particular characteristics, which imply that the rules are always defined in rela-
tion to the land use of the initiating activity. We will deal with residential activity P
first as this is the most extensive, occupying up to one half of all land classified as
urban. The cell k is only acceptable for developmerit initiated from housing if the
density of street nodes—that is key vertices in the transport network between which
routes exist—exceeds a certain threshold. This is to ensure that the land use o be
developed is adjacent to streets in its neighborhood which will service and physically
connect the relevant cell to the rest of the transportation system. This clearly
depends upon the size of the neighborhood and the density of street nodes that
define the threshold but in general, the user needs to be careful in defining reason-
able values to ensure that a connected city develops.

Once a cell has passed this test, and assuming that it is compatible with any con-
straints on development posed by the region Q;, the land use type can be selected.
Development initiated by housing can be any one from the three main types: hous-
ing, industry and commerce but there are two different sets of transition prob-
- abilities that determine this. First, if all the activity in the neighborhood around « is
housing, then the probabilities of the development at x for housing, industry or
- commerce are given as ppp, ppg and pps. If the land uses in the neighborhood of cell
K are in mixed use, then a different set of probabilities apply and these are defined as
- mpp, Tpg and mps. In general, we would €Xpect ppp > Tpp, and Ppg < Npg, Pps < Mps
because housing which initiates development in a neighborhood which is pre-
- dominantly residential has a higher probability of being housing in comparison to
‘ any other new activity in a ‘mixed use neighborhood. This is one of the many areas
of the model where it is important to specify rules for development that are logically
plausible. At the same time it is clear that such rules, when considered in entirety,
- have a profound effect on the total activity which is generated.

Industry at J which initiates new development, follows the same distance and
directional rules used for housing. There is a similar constraint to that for housing on
the density of street nodes that is invoked if the cell x is to be considered as develop-
_able. Compatibility with any regional constraints in 3 must also be observed. How-
- tver, unlike activity which is initiated from housing, activity initiated from industry
an only be industry. In this way we exercise some control over the totals being gen-
- ®rated in that the ultimate total will depend upon that which is given at the start of the

~Simulation. To make sure that the composition of the neighborhood around x is such
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A(1) = £q4%() and 4'(£) = S AY(e) (15)

wheré the summation-over q is over the set of four land uses {9 =P,E,S,R}. Asin
Eq. (10), we can compute growth rates I'Y(7 + 1) for each of these land uses as well
as the rates of active to total growth y4(z + 1), both of which are important to the
long term dynamics of the model. The growth rates for each land use are defined as:

TP(t+1) = A%(1 + 1)/AP (1), TE(1+1) = AE(r + 1)/ 4E(1),

(16
IS(r+1) = A5t +1)/45(s), TR +1) = AR+ 1)/4R(0), )
with the rates of initiatirig activity as:

Fl+1) =A@+ 1)/47+1), 2B+ 1) = A5+ 1)/450+ 1), an)

Pa+1) =450+ 1)/ +1), FU+1) =480+ 1)4R¢+1).

These rates are computed by the software and provide essential diagnostics in
determining how the model is performing. To progress the discussion further, it is
now important to provide a brief outline of the software and the kinds of simulation
that are currently being attempted within this framework.

4. Exploring the model through its software

The model software is written in Visual C+ + and runs on a PC under Windows
95/NT and later generations of operating system. In essence, we have created a self-
contained package through which the user can develop both hypothetical and real
applications. The package also enables a very wide range of CA-like model types to
- be defined. A typical interface which is on-screen when the model is running is
shown in Fig. 2 for an example where several land uses are located randomly at the
- beginning of the simulation. We will continually refer to this in the following dis-
cussion when we examine the various menu items and parameter options that the
" user must invoke to develop any application, but we will also use this example as

part of the more substantive discussion of the model’s properties which we begin in a
later section. In essence, the interface consists of a series of pull-down menus from
which various options can be selected with some of these options also displayed in
tool bars as icons which enable the user to speed up selection. ‘

The screen shot also shows that when the model is running, there are three win-
dow types displayed. As the model simulates urban development through time, two
of these windows deal with spatial and temporal dynamics: the main window shows
the pattern of urban development at time 7 in terms of the five land uses and their
~locations, that is the set {A}’(t),A}S(l),Ajs(t),A}{(t), and 47 (1)}, and is updated

throughout the simulation. The second window type contains four graphs showing
-the trajectories of various activity totals, namely 47(1), 45(z), 45(r) and A(z) as well

as the initiating totals 4Pi(s), 4F(s), and AS\(1). These graphs of course are updated
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Fig. 2. The typical user {nterface to the spatial and temporal simulation.

as the simulation proceeds but they are also scaled to refiect movement through time
and increasing volumes of activity. thus alwavs providing a picture of the long-term
dynamics of the model. The last window is simply the legend for the five land uses—
housing, industry, commerce /shopping, street nodes and street lengths, and vacant
land. In fact, there is a sixth dummy land use which can be defined by the user, but
all this indicates is that the system is potentially expandable to deal with many more
land uses than those defined here.

The desktop interface consists of a main menu set at the top of the screen and four
tools bars below this that contain functions that can also be accessed through the
drop down menus associated with the top menu set. The menu set is shown in Fig. 3
with the drop down menus which are currently active. Many of these functions are
self explanatory for they are standard to PC (and some Macintosh) interfaces. but o
provide a sense of what the software contains. we will discuss these in turn. First the
Project item is the ‘equivalent of “File’ in conventional software. This enables the
user to launch a new project or appiication or load an existing one. or to close. save
or print the current application from an active window. More than one project can
be launched in one session and in fact. if the projects are small enough in terms of
spatial scale. then they will run simulianeously. as if in parallel although this 1s notd
feature that is recommended. In fact. the application itself is defined under Envir-
onment which enables users to create a space with dimensions of up to 300033000
pixels. providing the celis of the grid in which deveiopment takes place.
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Fig. 3. The main menu set forming the graphical user interface.

At this point, it is worth noting that once this space is defined, then the user can
“zoom in or out, each zoom enlarging or contracting the space on the screen by 23 %,
with the range of these zooms being 11 x downward (or zoom in), and 19 x upward
~ (or zoom out). The magnifying icons on the toolbar enable this or.it can be done
“from a menu item under View. In fact, when the software is loaded, the-graph win-
‘dows and the legend are set up immediately and once the spatial system window has
“ been fixed, it is possible to resize these to give some customization to the presenta-
_tion. For example, if the application only deals with one land use. say housing which
- might be considered to be generalized urban development, then' windows can simply
"be suppressed leaving only the total activity graph and the spatial window which
contain all the information that is needed. Under Environment, the usér can also
oad an image as a backcloth (from various standard formats) which can be used
nstead of the blank sheet pfoduced by selecting Create. This image might contain
onstraints on development which can be activated, if required. by clicking on the
_Constraint item within the drop-down menu. ' -_ B :
When the various windows have been fixed. the user must then decide how the
- @pplication is to be run. In fact at this point. the various rules defined in the previous
- Section must be specified but will postpone discussion of this through thé software
until later. The jtem Seeds deals with the way the model runs get started. In the




220 M. Batty et al. | Comput., Environ. and Urban Systems 23 (1999) 205-233

case of a hypothetical CA, it is possible to define seeds randomly by specifying the
density of vacant sites and the proportions of housing, industry Or COIMIMErce as wel|
as the density of street nodes, which is what we show in Fig. 2, This routine simp1y
locates these seeds randomly within the space. Once the model is started, a fairly
large proportion may not take off or may die because the densities of relevant land
uses in their neighborhoods and fields do not meet the thresholds required by the
various rules which determine development. The user can also define seeds directly
on the screen or load a file of seeds which can be created either in the software ang
exported, or created externally. At this point the user Is ready to run the model, ang
this is activated in Play which contains the item Start. The simulation then beging;
the user can stop or pause from this menu or can set the simulation to proceed one
step at a time or in @ multi-steps (10 time periods at once). These options are also
included in the animation tool bar which is the first in the second row of tool barsin
Figs. 2 and 3. One very nice feature of the software is its graphical and numerica|
fi=xibility; the user can move toolbars and windows on the screen, resizing windows,
switching graphs and land use patterns on or off within these windows, and zooming
‘4 or out as the simulation proceeds. If the simulation is stopped, 1t can be restarted
after the user has intervened in the process by adding new seeds, deleting develop-
ment and/or changing the many rules that govern the way the city develops.

The other main menu items deal with ways of viewing the various decisions which
have already been made. The Yiew item enables or disables any of the four tool bars
the Standard bar which activates save, print and so on, the View bar which puts
zoom, rotate, and scale functions into icons, the Play (animation) bar. and the Sta-
tus bar which enables the Environment and Seeds to be specified directly. It also
provides the zoom and rotate options as menu items and it lets the user change the
background color (Settings) and the colors of the various land uses (Color Table) :
The Rules item enables general parameters relating to distance, direction, density §
and transition (already defined) to be specified but as we will see, this has to be done §
for each land use and is best activated through the legend. The Edit function is dis-
abled at present but will be used for drawing on the background grid image. Land
Use enables the legend to be displayed 1n various ways and is only activated when §
the mouse is pointed at the legend. Finally Statistic which is only activated when the §
mouse is pointed at a graph enables graphs to be plotted with or without erid lines. §
to be hidden, to revert to default size or full screen size. It also enables the vertical §
scale of each graph to be set at the maximum value of the activity of that graph s0
far or to be scaled so that each graph is based on the maximum of any activity 0
far. The Window item is used to shift berween any of the map windows that haw
been defined for diﬁerqn[ projects. making one of these active, or cascading. tiling §
or splitting the windows on the full screen. Help provides information about§
DUEM, its authors and contact points as well as access to the full Help menu. What §
is displayed in the development window can also be controlled by the right moustg
button where several of the menu/tool bar options pertaining to scaling can be g
activaied by point and click. If the land use item is activated from the drop dowrg
menu which is brought up this way, it is possible to enable the window to show an
combination of the four land uses once selected and then refreshed.
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development, simulating the transition from rural to urban for example. We can
casily represent such examples in this software and we will do so in the next section
for one of the best ways to use the simulator, is to develop simple examples and
watch them develop. However, another important issue reflects the size of the fleld
and the neighborhood used by different land uses. If we constrain these neighbor-
hoods and fields, then we generate compact development. If we define very large
fields, we can generate quite dispersed urban forms but at the same time, we may
define problems in which development dies out because neighborhoods and fields
are not well-defined in terms of their respective sizes to one other.

These are issues yet to be explored but we will introduce the difference between
compact and dispersed forms later. Moreover, we can define quite different life cycle
effects in which development can interact temporally with the size of the spatial
system. For example, if we define a small system of say 50x50 cells, and if develop-
ment is in its initiating phase for say 30 years and then in its mature or inactive
phase for another 30 years, then development will die out as the activity reaches the
edge of the system and passes into its mature phase. In short, the temporal cycle
interacts with the spatial cycle in ways that must be anticipated and controlled for.
Finally, there is some difficulty in allocating streets to entire grid cells which is
clearly a very crude way of representation. This is a problem that will be tackled in
future developments as it 1s possible to let cells share land uses. However the
attraction of the CA-like logic is that each cell has only one state, in this case land
use. In the future, it is our intention to relax this stricture for transport routes and to
open windows to display different types and combinations of the various uses.

5. Simulating generically different urban forms

There are many parameter values to be set within this model which will lead to
very different spatial simulations and a thorough exploration and understanding of
the model must be based on charting the solution space of possibilities which dif-
ferent combinations of these values generate. This is the time honored way of
exploring complexity of this Kind as used in other such models by the authors (Batty
& Longley, 1994; Batty & Xie, 1997) but before we attempt this, there is a general set
of explorations that we need to undertake. Different parameter values will generate
different forms but considering the model in perspective, it is clear that we need
some general testing of its basic properties before such detailed repetitive tests are
initiated. These are presented in this paper: first in terms of the model’'s dynamics
and temporal scaling; second in terms of limits on the capacity of the system and the
trafisition from new to mature regimes; third in terms of the way the model can be
adapted to deal with different types and combinations of activities ranging from
general urban development to specific land uses; fourth in terms of how the model
can generate different effects at different spaual scales, in particular simulating sys-
tems of cities or structures internal to cities themselves; and finally in terms of how
the model generates different densities of development from compact to highly
decentralized. We will develop these through a series of examples.
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:In fact, all the examples are based either on the default values of parameters which
e have preset in the software or on slight variations of these. These values are given
in Table 1 and some explanation of what they generate is in order. For each land
use, the neighborhood sizes are based on the 3x3 Moore neighborhood which nest
within 5x5 fields with the exception of the street development which is embedded in
a much large field size. of 8x8. The distarnce decay functions are all linear with a
decay rate of 0.8 meaning that the probability of land uses spawning other uses in
the field decays by 80% per unit pixel. This is strong effect and as such it implies that
the default model will generate highly compact growth. There are no distorting
effects in terms of direction, that is, the probabilities of development are symmetric
around the neighborhood cell in question. In terms-of housing, then there must be at
least 80% housing in the neighborhood for new housing to be spawned but there
need only be 15 and 25% of industry and shopping, respectively, for the new use to
be either of these two. For industry, the probabilities of the new use being housing
or shopping are 40% whereas for shopping the probabilities of the new use being
housing or industry are 20% respectively. In short, industry and shopping do not
spawn more industry or shopping per se although we are conscious that these
rules are fairly arbitrary and will be subject to much more scrutiny when realistic
applications are attempted. In terms of the minimum density in each neighborhood
for streets to be developed, these are 10, 60 and 70% for housing, industry and
shopping, respectively. If a less compact city is to be generated, then these propor-
tions should be relaxed.

The values in Table 1 were used to,generate the simulation shown in Fig. 2. In
that example, the simulation began with randomly placed seeds for each land use on
a grid of dimension 150x200. This generates a set of small villages which begin to
grow according to the parameters set in Table 1. This application provides an
excellent example of the ability of the model to generate clear ideas about urban
dynamics. Fig. 2 shows how from a random seeding involving 200 housing, 70
shopping and 100 1ndustr1al sites with 50 street nodes, 12 settlements are generated.

Table 1
Default parameter values for the basic model runs

Housing

Indusiry Shopping Street nodes
Distance decay Linear Linear Linear - Linear
| » Q=1u=0.8) {Q=12=0.8) (Q=1a=0.38) (Q=1a=0.8)
] tion - . Symmetric Symmetric Symmetric Symmetric
cxzhborhood size Q, 3x3 3x3 3x3 - 3x3
Field size 0, : 5x5 5%5 535 8x8
Minimum street density 5% 15% - -
Maximum. housing density 80% 1 40% 70 % ‘ 10%
Maximum industry density - 15% - 20% 60%
‘Maleum shopping density 25% 40% - 70%
Ualmo growth period 30 15 10 =
| Mawre growth period 30 30 30 - -

scent (dving) period 0 0 0
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Fig. 5. Longer-term cycles of growth and decline. -

“urban development say—and thus the model will provide a demonstration of how
urban development diffuses around a central city site. But as new development only
actively spawns further development for a fixed initiating period, then this demon-
strates a process akin to the invasion and succession of land use in large cities
_whereby new growth stops generating further growth, eventually dying and thence
_providing room for further new growth. In effect, what we will show here is that if
he period of active growth is too long and the size of the spatial system too smgall,
hen growth will simply die out because no land is made available for further growth
n the vicinity of existing development. In short, what is happening is that the time
ycle of the system is co-ordinated with the spatial location: as growth moves out
rom the centre, this is related to the distance from the centre and development
:C_curs in waves which are a function of the way the growth phase coincides with
ocation. The neighborhood size and growth phase can thus be chosen so that the
waves of growth simply passes through the system and fails to activate new growth
efore it dies. -
In Fig. 6, we show an example of this ‘wave of development effect’ which is akin to
' pulsating clock generating successive waves of growth about a central point from a
Ingle seed. In this case, the system is set up as 100x 100 pixels, the growth phase is
time periods, the mature phase also 10, no streets are required to provide a
hreshold for development and there is no transition from housing (which is classed
$ generic urban development’) to other uses. In effect, a wave of growth develops
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and spreads fairly evenly around a central point. When the earliest development
ages to 10, it does not spawn new growth and when it reaches age 20 it dies anqg
makes land available for new growth. The waves of growth are thus around 20 units
of distance—read time—wide, and these move slowly across the space in ever
widening rings. In fact, the symmetry of the original seed is quickly broken and
although, by and large, the circularity remains, several cores develop and dissolve ag
randomness of locational choice distorts the original pattern. Moreover as Fig. §
shows, these waves are also apparent from the total volumes of activity generated
which rise and fall with the ebb and flow of development. ' :

Our third experiment involves generating dispersed. settlement patierns. The
default parameter values presented in Table 1 suggest very compact forms and it is
easy to see how dispersion can be introduced. This involves defining much larger
fields and neighborhoods for each land use and flattening the distance functions
which are used to compute the probabilities of location with respect to land uses
located at the centre of each neighborhood. In Fig. 7, we first show a compact
growth around a central seed for urban development in general using the default
parameter values of the previous experiment but also ensuring that all activity is.
initiating and that it never passes to its mature phase. We then relax these, widening
the field from 5x5 to 25%25, the neighborhood from 3x3 to 10x 10, and setting the
slope of the linear distance function equal to 0.1. This generates a more dispersed
pattern but it is clear that true dispersion does not depend upon all land being
available for development. We can generate an even more dispersed pattern by
ensuring that land is cycled through its initiating and mature stages immediately and :
this enables a much large quantity of land to remain and to become vacant during |

Fig. 6. Waves of urban growth reflecting cycles of maturing development.
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Fig. 7. Compaét to dispersed urban growth.
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Abstract

Hyperconcentrated flows are widely observed in the middle Yellow River basin. They occur as
a result of erosion, but once they form on slopes, they operate as a strong eroding and
sediment-carrying force and play an important role in drainage basin erosion and sediment
production processes. Since the energy expenditure is less and sediment-carrying capacity is
greater, hyperconcentrated flows have very high eroding and transporting abilities. There exists a
strong coupling relation between hyperconcentrated flow transport and gravitational erosion,
which ensures a rapid removal of mass-wasted materials. Hyperconcentrated flows are an
important factor responsible for the high-intensity erosion and sediment yield in the middle
Yellow River basin. Many previous studies have indicated that the sediment delivery ratio on the
Loess Plateau approaches 1. This can be explained by the action of hyperconcentrated flows. As
hyperconcentrated flows exhibit some particular behaviors in erosion and sediment production
processes, the present study suggests that the erosion by hyperconcentrated flows be regarded as a
special type of erosion. Accordingly, some countermeasures are proposed to control hyperconcen-
trated flows and the resulting erosion. © 1999 Elsevier Science B.V. All rights reserved.

Kevwords: Erosion and sediment yield: Hyperconcentrated flows: Loess Plateau of China; Yellow River

1. Introduction

Hyperconcentrated flows are a flow phenomenon widely observed in the middle
Yellow River basin. So far, there is no commonly accepted standard for the sediment
concentration of hyperconcentrated flows, and in the present study, the water flow with
a suspended sediment concentration of larger than 300 kg/m?® or 400 kg/m’ is
considered as a hyperconcentrated flow. In a sense, hyperconcentrated flows occur as a
result of slopeland and gully erosion, but when they form, they exert a crucial influence

0341-8162,/99 /$20.00 © 1999 Elsevier Science B.V. All rights reserved.
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channels and laboratory flumes at non-fill, non-scour state, or sediment transport
equilibrium, so the sediment concentrations are saturated and can be used to express the
_water flow’s sediment-carrying capacity. It can be seen from Fig. 2c¢ that, with the
“increase in flow strength, sediment-carrying capacity increases; but when the sediment
“concentration. exceeds a certain value, the flow strength starts to decline. This means
that, after entering the ranges of hyperconcentrated flows, the increased flow strength is
‘not necessarily required to match the further increase in suspended concentration;
instead, even at a lower level of flow strength the ‘sediment transport equilibrium can be
‘maintained. In essence, the upper limb of the curve in Fig. Ic indicates a positive
feedback process, that is, the higher the suspended concentration, the more under-

“sediment concentration may further increase. This feedback mechanism plays an impor-
“tant role in the erosion process by hyperconcentrated flows, which will be explained
later.

3.3. Greatly enhanced eroding ability

Many workers have noted that hyperconcentrated flows have very strong erosivity,
which is well demonstrated by the so-called ‘tearing-up of the river bottom’ phe-
nomenon widely observed in the middle Yellow River and its tributaries (Chien and
-Wan, 1986; Chien, 1989). In fact, the high erosivity of hyperconcentrated flows can be
explained by using Fig. 2c. When entering the ranges of hyperconcentrated flows, lesser
level of flow strength is required to maintain the sediment transport equilibrium; if the
flow strength remains unchanged, then the stream-flow may be at the state of under-
saturation. Thus, channel. scour can be expected to occur in order to increase the
sediment concentration and reach equilibrium.

Based on the data of 159 flood events from the Tongguan station of the middle
Yellow River, we have studied the fill and scour process in relation with event
suspended concentrations. The suspended sediment concentrations were measured at
Tongguan station on the Yellow River (Fig. 3). The depth of fill or scour was estimated
by comparison of water levels at a given water discharge before and after a flood event,
and the water level at a given discharge was read off from the pfeviously established

Water stage and suspended sediment concentration used here were measured by the
Tongguan Hydrometric station during 1960-1990. In so doing, we have obtained data
sets for 159 flood events. Of the 159 events, there are 91 floods during which channel
‘Scour was observed. The depth of fill or scour is determined by the water level at 1000
!n3/ $ in the recessing stage of the flood minus that in the rising stage; the positive and
‘Regative values are referred to fill and scour, respectively. In Fig. 3, the depth of scour
or fill (i.e., the change of water stage at the discharge of 1000 m*/s) is plotted against
the event peak values of suspended concentration. It can be seen that, when sediment
‘Concentrations are lower than 100—200 kg,/m’, depth of scour decreases with sediment
Concentration; and when the flood becomes a hyperconcentrated one, the depth of scour
338 o

saturated the stream-flow given the flow strength; thus, further scour occurs whereby the ‘

standard discharge-level curves each year for this station. Here, the water discharge of -
1000 m* /s was used, which is a discharge of baseflow. All the data of water discharge, -
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Fig. 3. Relation of scour or fill depth to event peak suspended sediment concentration. The scour depth wag
calculated according to the water level change at a flow rate of 1000 m? /5. The upper and lower envelop lines
and fitting curve (fitted by eye) are given to show the tendency clearly.

increases with sediment concentration. This graph indicates that hyperconcentrated
stream-flows have a high ability of erosion.

4. Slopeland erosion as influenced by hyperconcentrated flows

The major sediment-producing areas of the Loess Plateau are located in temperale
semi-arid zones, with mean annual precipitation ranging from 400 mm to 550 mm. The
rainfall is concentrated in summer, often as several rainstorms. Loess is an eolian
deposit with loose structures, and its grain-size composition is dominated by silt
fractions: thus, its resistance to the flowing water erosion is very low. On bare loess
hillslopes, hyperconcentrated flows with suspended sediment concentrations of more
than 400 kg/m* can be formed by rain splash (Wang et al.. 1982). According to
measurements made in the plots located in Tuanshan Guily catchment in North Shaanxi
Province, the maximum suspended concentrations | min after run-off Initiation were
larger than 600 ke /m®. Based on data from three plots in this catchment, they plotted
the suspended sediment concentration against rain intensity, showing a positive correla-
tion. It was shown from these relations (Wang et al.. 1982, Fig. 2) that when rain
intensity is larger than 1-1.5 mm/min. suspended concentrations can be expected 10
exceed 400 kg /m’, meaning that hyperconcentrated flows occurred.

The initiation of rills is a subject drawing attention from many workers. The critical
“Jow shear stress can be regarded as one of the conditions for rill initiation. As pointed
out earlier, before rills appear, the suspended concentrations induced by rain splash can
reach 600 kg/m?. The unit weight of turbid water at this concentration is 1.37 t/m"
37% higher than that of clear water. This means that for a given water depth and energ!
slope. the flow shear stress of hyperconcentrated flows may be 37% higher than that of
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relationship between grayitational erosion and flowing water transportation. This study
- shows that, on the Loess Plateau, a strong coupling relation exists between these two
“erosional forces, and this can be regarded as a major factor responsible for the very high
intensity of erosion and sediment yield in this region.
The coupling relation between fluvial actions and gravitational erosion is controlled
by the rate at which the slope material is detached by gravitational erosion, and also by
the rate at which the gravity-detached material is removed by fluvial actions. This is
dependent on the frequency and magnitude of mass movement, the transporting ability
of flowing water, and the degree to which the mass-wasted material is suitable to be
transported. In non-loess areas, after a slide or a slump occurs on a slope the resulting
material may be deposited at the foot of the slope. The slope angle there becomes
smaller, and the slope will be restored to a stable state. When the slump-derived material
is gradually removed by flowing water and the slope angle increases to a certain value,
slope failure may occur once again. The time between occurrence of the two slumps is
the residence time or the return period of a slump with given magnitude, and its
reciprocal is the frequency. Obviously, the shorter the residence time, the stronger the
coupling relation between the fluvial actions and gravitational erosion.
As an eolian deposit, loess has a loose structure with well-developed vertical joints.
Its shear strength is low; thus, potential planes for slides and slumps form easily. The
grain-size composition of loess is dominated by silt fractions, which is susceptible to
fluvial erosion. Upon submergence in water, the structure of the loess collapses and
disperse to particles readily susceptible to water transport. In other areas, the mass-wasted
 material may undergo a rather long period of weathering before the structure Beeaks
down, and particles are easily removed by flowing water. Furthermore, as pointed out
earlier, since hyperconcentrated flows have a high sediment-carrying capacity, the
‘materials derived by gravitational erosion can be transported by hyperconcentrated flows
_effectively. All these factors make a short residence time for the mass-wasted materials
“in gullies and channels, and achieve a strong coupling relationship between fluvial
actions and gravitational erosion. - ' '
According to the observations made in Wangjia Gully in western Shanxi Province,
the mass-wasted material supplied from small-sized slope failures in the lowest-order
_ channel (i.e., zero-order channel) can be removed by flowing water within 1 or 2 years
f  after the slope failure occurred (Zhu et al, 1991). In the 72.92 km? Luoyugou
experimental catchment in eastern Gansu Province, observations were made to monitor
gravitational erosion in 1987 (Tang, 1991). The volume of toppling. slides and slumps
Was measured in the field, and the erosion amount related to debris slides was measured
by using the erosion pin technique. The results showed that the amount of gravitational
erosion in 1987 totaled 446000 t, of which the amounts of slump and slide, toppling,
and debris slides made up of 42%, 28% and 30%, respectively. As 1987 was a year with
relatively low precipitation, only 85000 t of gravitationally eroded material were
directly removed by flowing water within that year. However, the amount of gully
erosion in 1987 was as much as 623000 t, most of which were the previously restored
Materials derived by gravitational erosion before 1987. It is notable that the amount of
gully erosion exceeded the amount of gravitational erosion supplied within that year,
Meaning that in addition to transporting the mass-wasted material in that year, the
42 ,
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run-off had some surplus capacity to erode the channel bottom. This example demon-
strates that on the Loess Plateau the coupling relation between fluvial transport and
gravitational erosion is strong.

In general, the transporting of mass-wasted material does not take place uniformly. In
most situations, it takes place in a manner characterized by a ‘store—release’ proeess.
During a period of years with few high-intensity rainstorms, the frequency of hypercon-
centrated flows is low, and the material derived by gravitational erosion may be stored
in the gullies. When a high-intensity rainstorm occurs which leads to hyperconcentrated
flows, the previously stored material may be released rapidly. The observations made in
Nanxiaohe Gully, a small experimental catchment in Xifeng, Shaanxi Province show
that, when hyperconcentrated flows occurred, the suspended concentrations generally
ranged from 500 kg/m* to 700 kg/m?, the maximum up (o 1100 kg/m’. During one
such single flood event, a gully bottom could be cut down by 1-2m, and almost all the
previously stored materials derived by gravitational erosion could be taken away by
hyperconcentrated run-off (Tang, 1991). It is widely observed that the time series of
event-based sediment delivery ratios exhibit a feature of quasi-periodic pulsation, as for
example in Yangdao Gully, a 0.21 km? experimental gully catchment in West Shanxi
Province (Cai et al., 1992).

6. High sediment delivery ratios as influenced by hyperconcentrated flows

Several workers have studied sediment delivery ratios on the Loess Plateau (Mou and
Meng, 1982; Tang, 1991: Jing et al., 1993; Cai et al., 1992). The studies based on data
from different river basins and the studies based on different events in the same
catchment all indicate that, for river basins up to 10000 km?, the sediment delivery ratio
approaches 1, and does not decrease with basin area. For example, the study by Mou and
Meng (1982) indicated that the average value of the sediment delivery ratio of Dalihe
River and its tributaries is 1.0. Cai et al (1992) studied the event-based sediment
delivery ratio of Yangdao Gully, indicating that the average for 31 events was also 1.0.
These results indicate that essentially all of the sediment supplied by drainage basin
erosion can be transported out of the basin, without occurrence of deposition, in a
time-average sense. Obviously, this characteristic is quite different from that in many
rivers in the world. Several factors are responsible for this particular phenomenon,
among which the most important is the influence of hyperconcentrated flows.

The data from the middle Yellow River and its tributaries show that, both for
different rivers and for different events ‘0 the same river, there exists a strong positive
correlation between median grain-size of suspended load and suspended load concentrd-
tion. Based on data from tributaries of middle Yellow River, the extreme suspended
concentration is plotted against median grain-size in Fig. 6. The data were collected &
the hydrometric stations. This figure shows that the higher the suspended load concentr¥
tion, the larger the grain-size of suspended load. This indicates that, with the increase in
suspended concentration, more and more Coarse sediment can be transported which
otherwise would be deposited. With the increase in suspended concentration, the unil
weight of turbid water increases. and thus the relative submerged weight of coarst
sediment particles is decreased. In the meantime. the increased unit weight of turbi
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- Fig. 6. Relation of extreme suspended concentration to median grain-size, based on data from hydrometric
 -stations on the tributaries of the middle Yellow River (Yellow River Commission of Water Conservancy,
1975). :

water may lead to a higher flow shear stress, and thus, more and more coarse sediments

* As discussed earlier, when entering the range of ‘hyperconcentrated flows, the energy
expenditure of stream-flow will decrease (Fig. 2a,b), and thus, its sediment-carrying
éapacity will be enhanced. It has also been pointed out that a positive feedback
mechanism exists in the relation of sediment-carrying capacity to flow strength (Fig. 2¢),
hat is. the higher the suspended concentration, the more under-saturated the sediment-
arrying flow. This positive feedback also leads to decreased probability for deposition,

regarded as an important factor for the observations of sediment delivery ratio equal to
1. According to Mou and Meng (1982), since the rivers in this region have strong
ediment-carrying capacity, and the sediment load is fine, almost all the sediment in
motion may be regarded as wash load; so, a high sediment delivery ratio occurs. This
Xplanation is consistent with the role of hyperconcentrated flows in the formation of
high sediment delivery ratio, as discussed here. -

.- Additionally, the: landforms developed under the influence of hyperconcentrated
Ws also.contribute to the formation of high sediment delivery ratio. According to the
ults of an earlier study by Xu (1993), the channel shape of alluvial rivers dominated
%Y hyperconcentrated flows is generally deep and narrow, and the channel width—depth

U0 decreases with suspended concentration (Fig. 7). The study by Zhang et al. (1982)

with the increase in suspended concentration, and scour occurs instead. This may be-
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Fig. 7. Relation of channel width—depth ratio to mean annual suspended concentration, based on data from
some alluvial tributaries of the middle Yellow River (after Xu. 1993).

indicates that hyperconcentrated flows will lose stability in a wide and shallow channel,
which is followed by strong deposition. As a result. the hyperconcentrated flows are
transformed to non-hyperconcentrated ones. Since the energy expenditure of resulting
non-hyperconcentrated flows will be higher than the previous hyperconcentrated flows,
further deposition takes place. As the channels of gullies and rivers on the Loess Plateau
are generally deep and narrow, this factor ensures the stable transport of sediment by
hyperconcentrated flows. Moreover, drainage density in this area is rather high. This
means that the average distance from any points of the slope to the channel is short—a
factor leading to a rapid delivery of sediment from slopes to channels. Field observations
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Fig. 8. Relation of sediment yield to unit area erosion. based on data from experimental catchments in Shaand
and Shanxi Provinces (some of the data were calculated from Mou and Meng. 1982: Tang. 1991: Cai ¢t al.
1992; Liu et al.. 1992).
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.sho“' that almost all the slopes are convex-shaped—meaning that the slope angle
increases downslope. Thus, the probability for sediment to deposit on the foot of the
slope is low. All these landform features are conducive to the formation of a high
sediment delivery ratio on the Loess Plateau. ,

To demonstrate the influence of hyperconcentrated flows on the sediment delivery
ratio, we plotted sediment yield to unit area sediment erosion (Fig. 8), based on data
from some small catchments in study area. The data include the river basins where
hyperconcentrated flows are dominant, and also include some basins where non-hyper-
concentrated flows are dominant. In this figure, a 45° line is given, which indicates a
sediment delivery ratio of 1. Through each given point and the original point, we can
draw a straight line, whose slope is equal to the sediment delivery ratio of the given
catchment. It can be seen that, entering the catchments dominated by hyperconcentrated

flows, the sediment delivery ratio becomes much, and increases to 1.

7 Relation of sediment yield to hyperconcentrated flows

In the preceding sections, we have discussed the influence of hyperconcentrated
flows on erosion in several aspects. As hyperconcentrated flows may cause high
intensities of slope, gully and river channel erosion, and they also result in a high
sediment delivery ratio, one can expect that there is a close relationship between
sediment yield and hyperconcentrated flows. An analysis was made on this relation,
based on the data from hydrometric stations on the tributaries of middle-Yellow River.
In the present study, the characteristics of hyperconcentrated flows are indexed by the
extreme suspended sediment concentration and by the frequency of hyperconcentrated
flows. The latter is defined as the average number of hyperconcentrated flows (with
daily suspended concentrations of equal to or larger than 400 kg/m?) per year in a
given period. Here, it was calculated based on data in the period of 1960-1969 for some
tributaries of the Yellow River. .

In Fig. 9a and b, sediment yield is plotted against extreme suspended sediment
concentration and frequency of hyperconcentrated flows, respectively, which show that
the sediment yield increases with extreme suspended concentration and frequency of
hyperconcentrated flows. Based on yearly data from a given river basin, a similar
relation can also be established, and Fig. 9c gives the relation between annual sediment
yield and annual number of hyperconcentrated floods with suspended concentrations
>300 kg/m’, based on the data from Longmen station at the Yellow River main stem.
These relations indicate that, to effectively reduce erosion and sediment yield in this

tegion, the measures should be taken to control the occurrence of hyperconcentrated
flows. ‘ '

Fig. 9. Relation of sediment yield to extreme suspended concentration (a) and frequency of hyperconcentrated
flows [(b). based on data from different rivers; (c) based on the time series data from the same river]. All data
used for these plots are from hydrometric stations-on the Yellow River and its .tributaries (Yellow River
Commission of Water Conservancy, 1975).
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. Countermeasures to control the erosion by hyperconcentrated flows

According to this studys hyperconcentrated flows can be regarded as an erosion force
which exceeds the common erosivity of flowing water erosion. The erosion process
elated with hyperconcentrated flows has some particular features which have been
discussed in the above sections. To control the erosion induced by hyperconcentrated
flows, we must take into consideration these particular mechanisms, based on which
'ffective measures can be taken.

8.1. Reduce the frequency of hyperconcentrated flows occurring on slopeland

As pointed out earlier, on bare loess slopeland, hyperconcentrated flows may occur
under the influence of rain splash. When hyperconcentrated sheet flow is concentrated to
rill flow, its erosivity can be greatly enhanced. So, reforestation or construction of
rerraces on slopeland may effectively reduce the occurrence of hyperconcentrated flows
on slopes, and thereby, sheet and rill erosion can be well controlled.

8‘2 Cut off the close coupling relationship between lz)petwncennated Sflow tranvpmr
nd gravitational erosion

The strong coupling relationship between hyperconcentrated flow transport and
gravitational erosion is the most important factor for the high-intensity erosion on the
Loess Plateau. To control erosion in this region, the key lies in cutting off this coupling
elatlonshxp The following measures may be taken.

+ Uplift the base-level, reduce the slope of gullies, and thereby make the hypercon-
entrated flows lose stability and cause sediment deposition. This may be achieved by
~ building check dams on .gullies. Upstream from the check dams, strong sedlment
deposmon occurs, by which fertile arable land may be formed.

+ Plant trees in gullies, whereby increase in the hydraulic roughness during floods
educes sediment-carrying capacity of hyperconcentrated flows. The hyperconcentrated
flows will lose stability and deposition occurs. In general, the soil m01sture conditions in
gullxes favor tree growth.

8.3. Combine biological and engineering measures

According to our earlier study (Xu, 1998), slope vegetation measures alone cannot
effectively control the occurrence of hyperconcentrated flows. Based on data from some
ributaries in the middle Yellow River, plots of mean annual suspended concentration
against forest cover percentage of the river basin indicate a negative correlation (Fig.
10) It is notable that even when forest cover 1s as much as 50%, the mean annual
. 1. Suspended concentration is as high as 100 kg /m>. Our earlier study indicated that if the

:'mean annual suspended concentratnon is larger than 100 kO/ m-, the daily suspended
: Concentration of > 400 kg/ m’ can be expected to occur 1-2 times each year. This
frequency is more or less equal to the frequency of bank-full dmharve (Xu, 1993). This
demonstrates that even if the river basin forest cover is as high as 50%, hyperconcen-
348
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Fig. 10. Relation of mean annual suspended concentration to forest cover. Data of forest cover are from (Typ,

. - . - . . . . &
1991). and data of suspended sediment concentration from hydrometric stations on the tributaries of migg,
Yellow River (Yellow River Commission of Water Conservancy. 1973).

trated flows can still occur and play an important role in channel formation processes,
This is because forest cover can control sheet and rill erosion on slopes, but canng
control gully and gravitational erosion effectively. In the study area, the sedimen
supplied by gully erosion makes up of 53.6%-93.2% of the total, while that by sheg
and rill erosion makes up of 6.8%—-46.4% only (Tang. 1991). Therefore, the vegetation
measures alone are far from sufficient to control erosion in this region, and we must
combine these with engineering measures, such as the building of check dams and
terraces.

9. Conclusions

Hyperconcentrated flows are widely observed in the middle Yellow River basin.
They occur as a result of erosion, but once they form on slopes. they operate as a strong
eroding and sediment-carrying force, and play an important role in drainage basin
erosion and sediment production processes.

Entering the range of hyperconcentrated {lows, energy expenditure decreases and
sediment-carrying capacity increases, and thus hyperconcentrated flows have very high
eroding and transporting ability. Under the influence of hyperconcentrated flows, the
probability for rill initiation is lurgef‘ than for the case of non-hyperconcentrated flows.
Gully erosion and gully development are also enhanced by hyperconcentrated flows, and
there is positive correlation between drainage density and the unit weight of turbid water
at extreme suspended load concentrations.

There exists strong coupling relationship between hyperconcentrated flow transport
and gravitational erosion, which ensures a rapid removal of mass-wasted materials. This

is the most important factor responsible for the high-intensity erosion and sediment yield
in the middle Yellow River basin. Many previous studies indicated that the sediment
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1. Introduction

For the last few years, both the number and size of
databases have been growing at a staggering rate. It has been
recognized that there is valuable knowledge buried in the
data. In the meantime, some of the enabling technologies
have recently become mature enough to make data mining
usable for large data sets (Carbone, 1998). Therefore, data
mining has received increased attention and is becoming
popular due to the decreasing costs of data collection
(Pfeiffer, 1998).

Data mining is defined as the process of extracting pat-
terns and relationships, often previously unknown, from data
sources that include data bases, collection data, or even data
warehouse (Thuraisingham, 1997). Data mining is a step in
a larger process of knowledge discovering in data bases
(KDD) that refers to the overall process of discovering use-
ful knowledge from data. To begin the KDD process, the
analysis must first have an overall purpose or set of goals to
select data to be analyzed from the set of all available data.
Then, the target data are moved to another database for fur-
ther preprocessing. To discover knowledge such as trends,
patterns, characteristics and anomalies, data mining algo-
rithms should be used, which should be pertinent to the pur-
pose of the analysis and to the type of data to be analyzed.
When a pattern is identified, it should be examined to deter-
mine whether it is new, relevant and correct by some stand-
ard of measure. After the interpretation and evaluation step
is completed and the pattern is deemed relevant and useful,

Data mining is an important method for extracting
valuable information from all sizes of databases. Data
miners are sometimes required to construct a highly ac-
curate model for data mining as quickly as possible.
But three factors make constructing a model for data
mining a potentially lengthy process: (1) the enormous
amount of data that must be processed, (2) the large
number of models that must be constructed, and (3) the
intricacies of testing and validating models (Small and
Edelstein, 1998). The approach of differential geome-
try, developed in this paper, is a solution to these prob-
lems. This approach to data mining includes a model
for huge data in a single attribute phase and a model
for huge indices in a multi attribute phase.

2. The Foundation of the Approach

The approach is based on the Curve Theorem in the
plane (Spivak, 1979). Let k:[Sy,S]— ® be continuous.
Then there is acurve, L :[S,,5]1-» R2.,  parameterized
by arc-length, whose curvature at s is k(s) for all
S e [Sy,S]. Moreover, ile and L, are two such curves,
then L, = r L, where o is some proper Euclidean motion (a
transiation followed by a rotation).
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Therefore, the overall difference between the 1y,
plane curves can be simulated as following (Yu

1990):
((a(so)-La(so))' +

j (@()-ar6 + | s
(k&) ~k2(5))

) CD=
) S5 s

Where k(s) is the curvature of the plane curve L; S afs
is the slope of the plane curve L; L(S) is the i initiy
value (i=1,2).

It can be demonstrated that CD(L,L,) has the fy.
lowing three properties (Yue et al. 1990):

(@) ¢D(L;, L2)20:¢CD (L,, L, )= 0 if and onlyjf
L=L,;

() cp(L,;,L,)=CD (L, L;);

© ¢D(L,, L;)<CD (L, Ly )+ CD (L., Ly)
In terms of Theory of Functional Analysis,
¢D (L,.L,) is a kind of distance on metric space of

curves (Taylor, 1958). We could call this kind of dis.

tance a Curves’ Distance.

If the curves L, could be simulated as:

@) y=fi(x)

then, a, and &, can be respectively formulated as
(3) ai(x)=="= ( )

@ k(=L (1+ oc,z(x)) 2

(5) ds= (1 +0t2(x))-2 dx

Suppose that the curve L :f{x) is considered as an in-
tended-goal-function and L, ::g(x) is an arbitrary function.
According to the discussion above, if g{x) consists of nega-
tive factors, the intended-goal-function is a plane straight

line f(x)=0, xe [Xo,X] In this case, 7,(s). k,(s), s
and f(x,) equal zero, then (Yue, 1994):

(6) CD

X
j(az(x)+ 82(x) + g (X))

Xy

negative

..XO

1
(1+a%(x))? dx




Obviousb" CD,pciive £0 3 CD ppgarie = 0 is the optimum
ation. In other words, the closer the distance is from the

f(x)= 0, the better the situation is.

If g(x) consists of positive factors, it is not so easy to

determine a quantitatively intended goals. In this situation,
We express the intended-goal-function as the longer distance

from the straight line £ (x)=0. In other words, for the is-
gues of positive factors, the better the situation is, the longer
¢ distance is from the straight line f{x)=0. The model can
" pe generally formulated as

1
1 x[d@+EE @+ )1+ )2
(7) CDpasirive =;(__X0 ‘[Xo [gZ(XO) }[az(x)] dx

Where Cl)positive 20; CD

=3

= O is the worst situation

positive

~ and the biggest CD is the optimum situation.

positive

/ 3. The Model for Huge-Data in a Single-At-
3 tribute-Phase |

If the relative data at every point of the earth or of a
region are ordered in terms of longitude, latitude and time,
they are sequenced in three dimensions. The train of thought
in this model] at the initial stage of its development can be
expressed as follows: (1) at first, let two of the three vari-

~ ables (longitude, latitude and time) be fixed temporally;
L. sequenced data are transformed into plane curves; for any
. plane curve, it is enough to analyze three parameters that
. are intercept, slope and curvature to find the pattern of the
sequenced data; (2) in order to analyze the reasons that have
S causcd the pattern, matrices of leading factors are included
‘1 ' in the model; (3) finally, the temporarily fixed variables are

the spatial and temporal dynamics.

Suppose that the sequenced data in single-attitude-
phase can be expressed as fellows in terms of longi-
tude, latitude and time,

8) x(I. Lty x(1,2.0) .. x(1,J1)

x@2. L1y x(2,21) .. X2, 7.1) .

0= ‘ ' =[xG.s t)]lxl
(510 x(1,2:) .. x(IJ1)

where X (t) is the tth layer of the three-dimensional ma-

trix, 1=1,2,....T...,J is the maximum longitude; [is the maxi-
mum latitude and T is the maximum value of the time vari-
able.

respectively allowed to change freely so that we can analyze -

The three-dimensional matrix X(t) can be transformed into
a standardized matrix

® ¥()=pGin],,
where
xgi, Jit)

(10) Y. 1) ==

max )
(1) gy = max &Gh 0}
'.’!

Then, the dynamic model in terms of latitude and
time can be formulated as

; a® (i, j 1)+ ,
(12) CD (i, )= sign(y)--j-z G+ (J +a(ij, :))3
=26 o)

where

(4
(13) sign(y)={ 1

y<0
y>0

J
1
a9 ¥i00=" 3501
j=1
asy e, j.t)=y@ j.o)-y@ j-11)

(16) Ko 1)= 0 )= L)1+ o267 3

J

1
an a@o,1)= r; Z ol 1)

j=1
1 J
as) k(i,0,¢)= T g{k(i,j, )

To formulate the dynamic state of the leading fac-

tors, we introduce two special matrixes,
(19 Spac )= (MG 1),

@) S )= (1)),

where

- it Lj,t BD
1) M(I,J,l‘)={(’! ) f((ftr))fD:

N : (i j >0y
(22) m(l,],t)"'ﬁ(i_j,z) x(.j,1)<D;

D>D,; D, is the critical upper-value and D, is the critical
lower-value.
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According to requirements of some studied issues, very use-
ful knowledge can sometimes be obtained by analyzing the
dynamic characteristics of the sector

G,a G, 7 1) kG J. t)), where y is the measurements of
average situation of the huge-datain a single-attribute-phase.

4. The Model for Huge-Indices in a Multi-
Attribute-Phase

Index systems have been studied by many scientists, in
which each index is a summary of a data cluster. The Or-
ganization for Economic Co-operation and Development
(OECD) developed a set of environmental indicators for
agriculture in terms of the Driving Force-State-Response
(DSR) framework in order to identify and quantify the ex-
tent of the impacts of agriculture and agricultural policies
on the environment and to better understand the effects of
different policy measures on the environment (OECD, 1997).
Haber and Engelfried (1997) set up a criterion system for
environmental impact assessment to establish ecological
balance-sheets and measures of environmental protection.
The World Bank (1996) develeped social indicators of de-
velopment to address the most pressing issue facing the
World Bank and its member countries. Pieri et al. (1995)
proposed the land quality indicators to measure changes in
the quality or condition of land and to promote land man-
agement practices that ensure productive and sustainable use
of natural resources. Opschoor and Reijnders (1992) intro-
duced sustainable development indicators to determine
whether the development of a region or a nation is sustain-
able or not. In order to derive economical indicators that can
give better guidance than the gross national product to those
interested in promoting economic welfare, Daly and Cobb
(1990) developed an index system of sustainable economic

welfare.

For all these index systems, we designed a model
for huge-indices decision making by means of differen-
tial geometry. This model applies to the situations that
have more than 10 indices (indicators or criteria). The
studied issues might sometimes required us to analyze,
(1) the effects of negative factors, (2) the effects of
positive factors, or (3) simultaneously both. In these
three situations we must separately set up index system
of negative factors or one of positive factors. For this
index system, all indexes should be relatively indepen-

dent.

Suppose that for an analyzed issue an index system

has been set up as follows _
@ @i 2200 e g0 lit)
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For constructing a temporal dynamic model, 4
period t would be temporarily fixed. Then, we cy
the following algebraic matrixes

@4 z()= (=6 j, 1)y

Let

25) zme = max {26000}
.. z(i, j.t
26) )’(l,J,l‘)=‘(Z_‘]_—)

I

. 1 .
an K0.jt)= ;Z )

=l

ey al, j.t)=y0 J t)-y@-1j.1)

@) 1, j,1)= (@t j. -1 ] NG A
, \

: 1 ..
aoy a0,/ 1) '—‘72 ali, j,t)

i=1
| Ny
a1 k(0,j.t)= ;;k(w‘, )

For the index system (23), the determination of the in-
dex weights is very important for constructing its model.
Each set of weights would correspond to one kind of struc-
ture in the index system. Change of index weights would
mean the model’s structural dynamics. Different sets of
weights would produce different results (or scenarios). The
determination of the weights of the indexes have various
ways such as choosing equal weights for all indexes, deter-
mining the weights by analysis of administrative levels or
by a subordinate function of fuzzy sets. The weight system
can be generally formulated as:

32) w(l), w(2), w(i), w(l)
Where i=1, 2, ..., I; j=1,2, .., J;t=1,2, ., T,

|
> w(i)=1 - I is the total number of the indexes; j is

i=1
the total number of analyzed regions; and T is the total
number of analyzed sub-periods.

The common model both for negative factors and
for positive factors in the jth region can be expressed

as:




@3 CD(in)=sign(y)

a’(i, 1)+ ,
IZW(:) k3(ij, 1) I+a2(z,1,t)?
= L+y2(0,], 1)
'(where
-1 ¥(0
- (34) sign(y)={ 1 70

' The general model in the whole area investigated
can be formulated as

J
@s) GSCD ()= Y. P(j, 1) cD(j.1)

=1
Where P(J.t) is a parameter determined by the jth
country or region;CD(i,t)is the pattern in the jth

‘country or region; GSCD (t)is the general pattern in
the whole analyzed area.

‘In order to know the leading indices in which

countries or regions exist, we introduce two leading

matrixes
(36) Mmax (t)= (M (l’ j’ t))lﬂl ~

6D Mut)=(nli.7.0)),,

where

60 MG, j)= 5 ke
- _ {5230
(39) m(l:_jyt)—{(i,j,t) Z(l’,j,tﬁCz

C>C,; C, is the critical upper-value of the index system and
C, is the critical lower-value of the index system.

According to concrete contents of some studied is-
+ sues, dynamic characteristics of sector, ((0,j,1),a(i,j,£),
- k(i,j,1) are sometimes useful for bring to light the law of
the discussed issues.

5. Discussions

The models in the approach of differential geome-
.y to data mining have a common shell and need at
. Most to deal with three variables, which are the curva-
ture, the slope and the initial value. independently of
the amount of data that are mined or the number of in-
dices that must be handled. It is not, necessary for the
approach of differential geometry to construct a large

tumber of models in order to process an enormous

amount of data. The effective application of the ap-
proach of differential geometry to data mining requires
performing four important steps. They include identi-
fying the overall purpose of data mining, preparing
data, operating model and evaluating results of the
model. Because different purposes require very differ-
ent data or index system, the overall purpose must be
clearly stated in order to make the best use of data min-
ing.

The step of preparing data is the most time consuming.
It is quite possible that some of the data required has never
been collected so that it may be necessary to supplement
additional data. Because good models must be supported by
good data, it is essential to assess data characteristics and to
repair data defects. When data come from multiple sources,
they must be consolidated into a single database. It is also
important to ensure the same characteristics are measured
in the same way. Once the data are gathered for the model to
be constructed, it is essential to select specific data. When
specific data are selected, some additional data transforma-
tions may be necessary. For instance, the operation of the
model for huge-data in single-attribute-phase may require
that the data be sorted out and correspondingly given plus or
minus signs in relation to their contribution to the overall
purpose. The operation of the model for huge-indices in
multi-attribute-phase may require that the data be clustered
and transformed into an index system accordmg to certain
algorithms.

After a model is constructed by means of the ap-

.p}oach of the differential geometry, its results must be

evaluated and their significance must be interpreted.
When the model has been used, it must be measured
how well it represented that data set. When the model
performs well, the performance of the model must be

- continually monitored because all systems may evolve

and data may change over time (Edelstein, 1998).
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