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Abstract: Land use structure optimization (LUSO) is an important issue for land use planning. In order for land use planning to have
reasonable flexibility, uncertain optimization should be applied for LUSO. In this paper, the researcher first expounded the uncertainties
of LUSO. Based on this, an interval programming model was developed, of which interval variables were to hold land use uncertainties.
To solve the model, a heuristics based on Genetic Algorithm was designed according to Pareto Optimum principle with a confidence
interval under given significance level to represent LUSO result. Proposed method was applied to a real case of Yangzhou, an eastern
city in China. The following conclusions were reached. 1) Different forms of uncertainties ranged from certainty to indeterminacy lay in
the five steps of LUSO, indicating necessary need of comprehensive approach to quantify them. 2) With regards to trade-offs of con-
flicted objectives and preferences to uncertainties, our proposed model displayed good ability of making planning decision process
transparent, therefore providing an effective tool for flexible land use planning compiling. 3) Under uncertain conditions, land use plan-
ning effectiveness can be primarily enhanced by flexible management with reserved space to percept and hold uncertainties in advance.
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1 Introduction

Resource allocation is an essential issue for human de-
velopment, especially for land resource that is the car-
rier of economic activities, human living and the eco-
logical environment. Configuration of land resources is
important for achieving the target of sustainable devel-
opment as well (Cao et al., 2012). Land use planning is
the concrete policy of land resources allocation, one
core work of which is to decide area proportion of dif-
ferent land use types (Liu et al., 2002), i.e., regional
land use structure that is the reflection of regional
socioeconomic structure, and different land use structure
corresponding to different economic benefit and eco-
logical benefit. Therefore, to maintain sustainable utili-
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zation of land resources, it is important to find the opti-
mal land use structure as scheme of land use planning to
regulate future land use activities (Sadeghi et al., 2009;
Gao et al., 2010; Chuai et al., 2013). This process is
generally called land use structure optimization (LUSO)
which is a challenging task due to suffering from poten-
tially conflicting objectives as well as uncertainties.
Most of existing literatures assumed land use system
as determinate, thereby ignoring uncertainties manage-
ment during LUSO, resulting in planning schemes with
low scientific credibility and narrowing the horizon of
land use managers. One major drawback of employing
such determinate methods for LUSO is that when inex-
act but reasonable land use demand occurs in the future,
land use planning without advanced consideration of
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uncertainties will refuse it. In addition, planning will
become invalid ultimately under frequent disturbances
of uncertainties (Li Xin et al., 2013). This helps to ex-
plain to the unsatisfactory implementation of general
land use planning (1997-2010) in China that was de-
signed with rigid restraints and without reserved space
for uncertainties (Zhong et al., 2014). As LUSO focuses
on land use system which is in the future, and obviously
there can be a variety of uncertainties (land use demand
for economy and population, influence of climate
change and technical progress on land use output, im-
pact of price fluctuations for agricultural products on
land use, etc), so we could not forecast parameters ac-
curately (Messina and Bosetti, 2003; Wang et al., 2004).
In fact, uncertain environment is the real case for
LUSO. Land use planning with exact constraints may be
constantly violated by uncertainties, increasingly losing
its prestige and finally failure. Based on the lessons
from previous failures, land use planners in China have
reached consensus of making flexible planning to ac-
commodate for those uncertainties. A multitude of un-
certain programming models have been employed to
deal with LUSO to provide technical assistance for
flexible planning making (Li et al., 2014).

Uncertain programming is an innovative theme in
operational research field in recent years. Multiple new
variables have been designed to represent uncertainties
with corresponding models built according to different
principles, including dependent-chance programming,
chance-constrained programming and expected value
model (Liu et al., 2015). Meanwhile, uncertain pro-
gramming is widely applied for engineering problems to
enhance accuracy and control risk. It has also been used
for resource optimized allocation under uncertainties to
improve effectiveness of environmental management
policy, including water allocation (Nie et al., 2008; Li et
al., 2013), solid waste disposal allocation (Cheng et al.,
2003), regional energy planning (Li et al., 2011), indus-
trial structure optimization (Wang and Zeng, 2013), ag-
ricultural plantation optimization (Dong et al., 2014),
and pollutant disposal allocation (Luo et al., 2006). In-
spired by such application, scholars started to research
LUSO under uncertainties. Thus far, Liu used interval
linear programming for uncertain LUSO with economic
value maximization as objective (Liu et al., 2007; Liu et
al., 2009); Lu developed a multi-objective interval sto-
chastic programming to address uncertain LUSO, of

which some parameters were calculated by GIS spatially
(Lu et al., 2014; Lu et al., 2015); Zhou proposed an in-
terval fuzzy chance-constrained programming and a
hybrid programming with interval and stochastic vari-
ables to manage uncertain LUSO (Zhou et al., 2014;
Qiu et al., 2015; Zhou, 2015), and Wang established an
uncertain interval multiple objective linear program-
ming for LUSO (Wang et al., 2010).

However, we think those uncertain programming
models still can not provide effective decision support
tool for land use planning making under uncertain envi-
ronment. One side, those studies have not analyzed the
sources and types of uncertainties during LUSO sys-
tematically, and thus uncertain variable selection lacks
enough evidences. More importantly, on the other hand,
such models did not provide a transparent process for
the stakeholders to decide LUSO scheme with respect to
conflicted objectives and uncertainties. The effective-
ness of land use planning largely depends on the extent
of transparency for decision making. Stakeholders al-
ways have different interests on suggested objectives
and different attitudes towards uncertainties, so firstly
they should be able to obtain LUSO schemes of differ-
ent trade-offs between economic and ecological objec-
tives under different levels of uncertainties. Informed
decision can be made only if advantages and disadvan-
tages of any particular LUSO scheme are carefully
weighted against each other, taking into account their
preferences on the conflicted objectives and uncertain-
ties (Linkov et al., 2006). However, few of previous
studies have developed uncertain LUSO models to meet
such demands for land use planning decision to promote
its effectiveness.

This paper aims to develop an uncertain LUSO model
to meet demands of transparency in land use flexible
planning decision-making with respect to various un-
certainties and conflicted objectives. Firstly the sources
and types of uncertainties during different LUSO steps
were systematically analyzed; secondly the interval
programming model was established to deal with uncer-
tain LUSO, of which a heuristic algorithm with Pareto
Optimum principle and stochastic simulation was pro-
posed to solve it; lastly, Yangzhou a rapidly growing
city in eastern China was taken as a case study to dem-
onstrate the application of proposed method and provide
considerable land use management knowledge for local
government. This study presents an effective tool for
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flexible land use planning decision-making under un-
certain conditions, thus can improve the effectiveness of
land use planning primarily.

2 Materials and Methods

2.1 Study area and data sources
Yangzhou City is in the middle of Jiangsu, an eastern
province of China, at the intersection of the Yangtze
River and the Great Canal (Fig. 1). Its geographical ex-
tent is 31°56'N-133°25'N and 119°01'E-119°54’E, only
230 km away from Shanghai—the biggest Municipality
in China and 70 km away from Nanjing—the capital of
Jiangsu Province. The municipal area is 6.59 x 10° ha
with a population of 4.61 x 10> of which 61.2% live in
urban area and with Gross Domestic Product (GDP) of
3.7 x 10" yuan (RMB) in 2013. Yangzhou City, with an
abundance of historic cultural monuments, is a famous
tourism city; however in recent years its building indus-
try and industrial manufacturing grew with an annual
average rate of 10%. This has brought about lots of en-
vironmental problems, such as industrial wastewater
pollution, occupation of public space, and forest en-
croachment, posing serious threat to its tourism advan-
tage. Additionally, urban expansion has taken up a large
amount of agricultural land, which has a global impact
on economic and social sustainable development. As
land resources provides a carrier for human activities, it
is always important to employ land resource allocation
policy to balance economic growth, arable land protec-
tion, and ecological environmental maintenance, which
is particularly important for Yangzhou to realize sus-
tainable development. Yangzhou is currently undergoing
a rapid urbanization and industrialization. There is seri-
ous contradiction for land resources between economic
development and ecological protection, and also due to
exhausted demographic dividend, economic structure
transition pressures, and unpredictable natural hazards,
there are considerable challenges and uncertainties for
land use in the future. In this context, to provide effec-
tive reference for land resource allocation in respect to
uncertainties and trade-offs between economic and eco-
logical benefits, the established model was applied for
Yangzhou to generate informed LUSO scheme under
uncertain conditions, thus contributed to the land use
planning effectiveness.

Generally, three types of data are needed in this manu-

script, of which land use data (including vector format)
was provided by Land Resources Bureau of Yangzhou
(http://gtj.yangzhou.gov.cn/); relevant socio-economic
data such as population, GDP, economic output of dif-
ferent industries was obtained from Yangzhou Statistical
Yearbook (Yangzhou Statistics Bureau, 2007-2014) and
Jiangsu Statistical Yearbook (Jiangsu Statistics Bureau,
2007-2014); relevant regulated data such as per capita
urban land, land use intensity criterion, forest acreage
was collected from National Economic Development
Planning, General Land Use Planning, Urban and Rural
Planning of Yangzhou, and other strategic planning.

2.2 Analysis of LUSO uncertainties

Integrated land use and social-economic systems always
suffer from high levels of uncertainties, certainly com-
munication of these uncertainties helps for risk percep-
tion and effectiveness improvement of land use meas-
ures (Polasky et al., 2011; Verburg et al., 2013). Cur-
rently, there are many classifications for uncertainties in
integrated environmental assessment according to dif-
ferent purposes, and it is difficult to reconcile these tax-
onomies. Matott provided a comprehensive overview
about sources and types of uncertainties, as well as
model evaluation methods to alleviate such uncertainties
(Matott et al., 2009), so here there is no need to narrate
again. Among existing classifications, the three dimen-
sional concept framework from Asselt was selected to
describe LUSO uncertainty in this paper (Walker et al.,
2003), where uncertainty was defined in three dimen-
sions: location, level and nature. Location is the identi-
fication where uncertainty happens in model assessment
process; level of uncertainty is to manifest uncertainty
along the spectrum between deterministic knowledge
and complete ignorance; and nature of uncertainty is to
distinguish between uncertainty caused by the imperfec-
tion of knowledge and uncertainty due to inherent vari-
ability of studied phenomena. It is easy to understand
uncertainty classification of location and nature dimen-
sions, but for the level dimension, Brown (2004) and
Refsgaard et al. (2007) gave a more detailed uncertainty
taxonomy based on deterministic degree of knowledge,
as shown in Fig. 2, which was used to supplement the
three dimensional concept framework of Asselt (Walker
et al., 2003). Next the presented three dimensional con-
cept framework was used to analyze the types and
sources of uncertainties during different LUSO steps, as
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Fig. 1 Location and land use patterns of Yangzhou City, China
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Fig. 2 Uncertainties taxonomy for level dimension in three dimensional concept framework. 2.1—All possible outcomes and all prob-
abilities known; 2.2—All possible outcomes and some probabilities known; 2.3—All possible outcomes but no probabilities known;
3.1—Some possible outcomes and probabilities known; 3.2—Some possible outcomes, but no probabilities known; 3.3—No possible

outcomes known (‘do not know’); 4—Indeterminacy (‘can not know’)

shown in Table 1. The search for land use structure with
the highest benefits under relevant constraints is LUSO
process which we can divide into the following steps,
and each step suffers from uncertainties.

Step 1: Determination of objectives and constraints.
Usually macro objectives for LUSO include maximizing
economic value, and ecological and social benefit. In
contrast, concrete objectives due to decomposition and
elaboration of macro objective are with various con-
texts, e.g., minimum soil erosion, pollutant emission,

land development cost, maximum income, water effi-
ciency, and so on. Constraints include specific require-
ments of strategy planning to regional land use, e.g.,
intensity of development, population density, and quan-
tities of agricultural land and parkland. It was observed
that when research purpose was to demonstrate method
application, macro objectives were always selected;
while when purpose was to resolve serious problem of
study area, corresponding specific objectives were
adopted. In this process, uncertainties were selected as
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different combinations of objectives and constraints
adopted by different researchers. This is due to the lack
of perfect knowledge for LUSO. The more informed one
is, the more likely one will select the most appropriate
objectives and constraints, resulting in less uncertainty.
In level dimension of proposed concept framework,
these uncertainties belong to bounded uncertainty, due
to all possible combinations of objectives and con-
straints known, yet corresponding probabilities to be
applied unknown.

Step 2: Model selection. In this step, according to
different understandings of LUSO, optimization models
will be chosen as linear or nonlinear with inexact or tra-
ditional programming. Moreover, multiple objective
decision making technique also needs to be decided for
multi-objective LUSO. Mostly it is assumed that opti-
mization goal values have linear relationships with
quantities of land use types, therefore linear program-
ming was always selected. However, when conducting
multi-objective decision, it is necessary to implant linear
formulations into a nonlinear model to obtain trade-off
solutions. Uncertainties in this step are similar to model
uncertainty in environmental assessment, where each
time the applied model may be different in structure,
which leads to uncertain results. As in step 1, uncertain-
ties within this step are rooted in knowledge imperfec-
tion of researchers for programming models and LUSO
itself.

Step 3: Data collection. Based on steps 1 and 2, data
were collected to determine related land use parameters
of target year. Commonly, historical data are required to
forecast corresponding parameters, e.g., population size,
urbanization level, output abilities of different land use
types, and so on, while for some parameters in con-
straints of uncertain model, information is obtained from
regional strategic planning and other higher level plan-
ning. The accuracy of result of LUSO relies heavily on
the quality of basic data. While occasionally data were
obtained by approximation or estimation, mistaken cal-
culations are also included. Thus, original data material
is uncertain instead of accurate to some extent. Some
possible outcomes of basic data may be known, but all
possible outcomes cannot be known, hence deemed as
unbounded uncertainty category.

Step 4: Parameters forecast and input. In this step,
parameters of target year were forested according to
historical tendency with various methods, and these

predicted values were used to describe land use. How-
ever, future land use situations may encounter many
cases and it is not known what will happen in the future.
As a result, there are uncertainties, and parameters
should have corresponding intervals to accommodate
possible cases. That is to say parameter uncertainties
reflect uncertain land use phenomenon which is affected
by various uncertain factors (such as physical, socio-
economic and even spatial factors). Therefore, we could
not know all the possible outcomes. In such an instance,
according to the three dimensional concept framework,
most parameters uncertainties belong to the unbounded
uncertainty in Fig. 1. While some parameters, particu-
larly in constraint condition, are certain or with prob-
ability distribution functions already known and are
therefore identified as bounded uncertainty. We consider
parameter uncertainties of LUSO mostly caused by in-
herent variation of land use system. However, imperfect
knowledge of researchers could also enlarge that.

Step 5: Representation of model results. Theoreti-
cally, because input parameters are uncertain, outputs of
LUSO model should also be uncertain (i.e., uncertainties
propagated from input to output through programming
model). Although corresponding results can be obtained
under different scenarios by input parameter adjustment,
it is difficult to know all possible LUSO results. For
uncertainties within this step, more attention should be
paid to make land use planning account for underlying
risks and maintain flexibility to hold them.

Above we analyzed LUSO uncertainties systemati-
cally. Once researchers begin to do LUSO, uncertainties
appear as researcher must decide optimized objectives,
choose a model structure, and collect basic data, and these
procedures could bring about considerable uncertainties.
There is no useful method to address this challenge,

Table 1 Analysis of Land use structure optimization (LUSO)
uncertainties with proposed three dimensional concept framework

. Location Level Nature
Content of uncertainties . . . . . .
dimension dimension dimension
Uncertainties of objective
) Step 1 23 1
and constraint
Model selection uncertainties Step 2 2.3 1
Data collection uncertainties Step 3 3 1
Input parameters uncertainties Step 4 1,20r3 lor2
Result uncertainties Step 5 2 2

Notes: Column 4: 1—Imperfect knowledge of researchers; 2—Inherent vari-
ability of land use system Column 3: Symbols are the same as those in Fig. 2
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except to enhance related knowledge to help make an
informed decision. In this case, uncertainties in steps 1,
2 and 3 are not the object to be dealt with in this re-
search. Input parameters of LUSO are various, and for
such uncertainties, there are both bounded and un-
bounded uncertainties, i.e., only partially possible out-
comes or sometimes with all possibilities known.
Therefore, it can not be decided which type of uncertain
variable should be selected to describe—fuzzy, rough or
stochastic, and what is more important is that it is diffi-
cult to find corresponding or relevant mathematical
functions. Although interval number is a coarse method
to represent uncertainties, it can avert the search for
mathematical function of uncertain variables. Given
this, interval number was applied to represent input pa-
rameter uncertainties as input for LUSO programming
model. How to obtain the lower and upper limits of such
intervals will be introduced following, and for uncer-
tainties of LUSO results, stochastic simulation was used
to determine interval size of optimized land use struc-
ture under different significance levels.

2.3 Methodology

2.3.1 Generic uncertain programming model

Making part or all parameters of common programming
model replaced by uncertain parameter, then it becomes
uncertain programming model which was developed to
manage uncertainties and complexities in operational
research field. The generic uncertain programming
model is like Equation (1), where there are n optimized
objectives with Z constraints set, and £,(&,, X), g.(¢., X)
are the expressions of objective n and constraint z re-
spectively, of which &,, ¢, are their uncertain parameters,
and X is the vector of independent variables. The pa-
rameter can be interval, rough and stochastic or other
type of uncertain variable. Combined with different un-
certain variable, generic uncertain programming model
can further be subdivided into dependent-chance pro-
gramming, chance-constrained programming, interval
programming, and so on. Here, as we described above,
interval number has some advantage for uncertain
LUSO, thus was adopted along with interval program-
ming, and specific formulation will be established fol-
lowing.

max[fl(§I,X),f2(§2,X),...’f"(5’1,)()] )
s.t. gz(goZ,X)SO, j=12,...,7

2.3.2 Specific formulation
As land use structure reflects regional development
structure, so conversely it could be used to guide
socio-economic activities for promotion of land use
sustainability. The concept of sustainable development
from Word Commission on Environment and Develop-
ment captures both economic and environmental dimen-
sions of development, mainly emphasizing economic
and ecological benefits (Singh, 1999). However, social
benefit is also important for land use planning, but it is a
comprehensive concept involving different connotations
and difficult to quantify, therefore it is hard to get iden-
tified indicators and criteria to denote social benefit. In
addition, social benefit has close relationship with eco-
nomic and ecological benefits, when these two objec-
tives are at high levels, human well-being satisfied to a
large extent. The main form of social benefit is residen-
tial demand which will be guaranteed at the stage of
constrains setting. Thus, only economic and ecological
benefits are set as optimized objectives in this study.
Constraints are defined from land use intensity, residen-
tial land demand, land use conversion cost, arable land
protection, and other aspects.

(1) Objectives formulation

Economic benefit maximization. Different land use
types have corresponding GDP output abilities. Al-
though it is difficult to accurately identify the GDP be-
long to different types of land uses, an appropriate esti-
mation was obtained based on relevant statistic data.
The formula is as follows:

12
max ;7 (X) =D ecoc] xxf )
i1

where 7 refers to upper and lower limits of optimized
economic benefit of 2030 year and ecoc] is interval size
of GDP output ability for land use 7, and x] is the
solution element, referring to quantity of land use i,
meanwhile X=[xy, x,,..., X12].

Ecological benefit maximization. Natural capital pro-
vides humans with a range of provisioning, regulating,
and cultural services upon which humans depend for our
quality of life and well-being. This was used as repre-
sentation of ecological benefit. We coarsely calculated
the natural capital value of different land use types
based on unit monetary values of global ecosystem ser-
vices from a previous study (Costanza et al., 2014) and
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matchup of unit values between our land use taxonomy
and biome classification of Costanza is in Table 2. Fol-
lowing equation is used to measure aggregate ecological
benefit of target year.

12
max /57 (X) =) ecog] xx§ 3)
=)

where 7 is the interval size of ecological benefit, and

ecog’ is the interval of natural capital value for land use

i. Although Costanza et al. (2014) estimated the mone-
tary value of global ecosystem services, in case of the
studied area, there are maybe some differences due to
specific geographical conditions, therefore we correct
existing standard to obtain the interval values, i.e., ecog’,
and these intervals accommodate relevant uncertainties.

(2) Constraints formulation

Arable land protection constraint. In view of food
security, Chinese central government stipulates subor-
dinate administrative districts have political duty to pro-
tect certain amount of arable land. For Yangzhou, the
arable land quantity of 2030 has to be greater than gb
which is the least cultivated land quantity regulated by
Jiangsu Province government, as follows:

x =gb “4)

Ratio of urban green space constraint. Urban green
land can absorb polluted air, balance urban heat island

Table 2 Natural capital value standard of different land use

types
. Unit natural capital value
Variable Land use type (Costanza et al., 2014)
X1 Arable land Cropland
A f 1
o Garden land verage of cropland and
temperate forest
X3 Forest land Temperate forest
X4 Grassland Grass
Xs Other agricultural land Cropland

Urban residential and 0
X industrial land

X7 Rural residential land 0

X3 Infrastructure land 0

X9 Urban special land urban
X10 ‘Water Lake

X1 Beach and moor Tidal Marsh
X12 Natural reserve land 0

effect, improve human wellbeing and maintain urban
ecosystem health. Within urban range, ratio of green

space should be greater than /d¥, which is an interval

number obtained from urban planning knowledge.
Xo /(X6 + %0 ) 2 1d* 5)

Ratio of developed space constraint. For a region,
developed space with an exceeded threshold may cause
serious environmental issues, e.g., urban landscape
could hinder the hydrologic cycle, leading to ground-
water level declining, resulting in land subsidence. Ad-
ditionally, it compresses space for biological species,
threatening biodiversity (Berke and Kaiser, 2006).
Therefore, it is important to limit developed space at
certain level as:

(x6 + X7 + xg +x9)/Area <dR 6)

where Area is total area of Yangzhou City, and dR is
land development intensity criterion set by Jiangsu
Province government from perspective of sustainable
development of whole province.

Residential land demand constraint. The basic func-
tion of land use is to accommodate population, while in
China due to different patterns of life and productions,
urban and rural regions are with different per capita
residential land standards, and thus rural and urban
residential land areas in Yangzhou of 2030 are restricted
like this:

popr x Ar' < x, < popr® x Ar® )
popu™ x Au' < p* x x, < popu™ x Au"

where popr™ is the rural population interval of 2030,

popu™ referring to urban population interval, and Ar, 4"

are lower and upper limits of per average rural residen-
tial area, and Aul, Au" are those of urban residential land,

while p* is the ratio of urban residential land to land

use Xg.

Conversion cost constraint. In the process of land
consolidation, portions of other agricultural land, natural
reserve land, and water are always converted to arable
land for grain safety guarantee, while with remaining
quantities lesser, marginal conversion cost increases
drastically, meaning that conversion quantity should be
limited at a reasonable level.

x5 >122658.65-0g",x,, = 97400.22 — wa™ ,x;, > )
770.31-ns*
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where og*, wa®, nst are potential consolidation quanti-

ties of above three land use types according to the trend
of investment for land consolidation projects.

Macro strategy constraint. To promote sustainability
level and provide space for agricultural structural ad-
justment, there should be enough land for generalized
agricultural activities. Also proportion of infrastructure
land to urban land should be harmonious, because Chi-
nese local governments have enthusiasm for infrastruc-
ture construction, always resulting in excessive infra-
structure.

5
in > bag™, ju' < xg /x5 < ju® 9)
i1

where bag™ is area interval for generalized agricultural

production, and ju', ju" are lower and upper limits of
ratio of infrastructure to urban land.
Other constraints. The basic constraints are the total
area and non-negative variable constraints as follows:
12

le« = Area, x; 20
i=1

(10)

2.3.3 Interval size determination
As observed above there are determinate and uncertain
variables in proposed programming model. For deter-
minate variables, values were obtained from related
strategy planning and professional standardization ma-
terials. While setting interval size of uncertain variables
was a challenge. Verburg noted there are two approaches
of defining the band-width of uncertain variable value
(Verburg et al., 2013). One is using the standard devia-
tions of historic data to denote, and the other is combin-
ing expert knowledge with historic trends to determine
band-width. The second approach was considered to
percept the underlying uncertainties stemmed from im-
perfect human knowledge, and therefore be more suit-
able for estimating uncertain LUSO variables values.
Because grey theory assumed that world system was
grey and full of uncertain, incomplete information, it has
been proved to have an obvious advantage of making
grey system clear (Liu and Lin, 2006). The grey predic-
tion method was applied to forecast uncertain LUSO
variables’ value of 2030 year based on historic data. Al-
though the predicted value was considered to be a result
of internal uncertainties of indicated phenomenon, land
use also suffers from outside uncertainties, e.g., popula-

tion policy influence, economic cycle affect, even im-
pact of natural disasters. Therefore, expert investigation
method was applied in the second stage to address these
uncertainties. Secondly, 100 experts from relevant fields
were surveyed to understand biases of real value versus
the grey predicted value with measure of standard de-
viation of historic data. Experts came from Land Re-
source Bureau, local government of Yangzhou City and
some research institutes. Those experts all had enough
land use knowledge and were familiar with situation of
Yangzhou development. The materials including grey
predicted results, historic data of uncertain variables,
uncertainties analysis, as well as basic land use and so-
cioeconomic situation of Yangzhou City were provided
to the experts based on which experts estimated devia-
tions of uncertain variables. Expectations of negative
and positive deviations were respectively regarded as
lower and upper bounds of interval number, which are
shown in Table 3. The ratio of interval size to its lower
limit is assumed as relative width of interval, which in
reality reflects the influence extent of uncertainties, e.g.,
the relative width of ecoc] is larger than that of ecoc],

so we consider variable ecoc] with higher uncertainties

and is more likely to be impacted by uncertain factors.
2.3.4 Solving algorithm

Interval numbers and conflicted objectives decision
need to be dealt with for uncertain programming. How-
ever, traditional methods with serious simplification are
not sufficient. Therefore, a heuristic approach was de-
veloped to resolve it, mostly based on GA, featured in
Fig. 3. Based on the hypothesis that uncertain variable
presented as average distribution on interval from which
we randomly select a value to determine uncertain vari-
able, and it accordingly becomes common programming
model; then we could use GA method to solve it and
obtain the excellent solution. The above process was
repeated 10 000 times resulting in 10 000 excellent so-
lutions. Bootstrap statistic approach was then employed
to study distribution characteristics of excellent solu-
tions to gain confidence interval under a given signifi-
cant level as follows:

Pr()(;a/2 <XLEX ) =l-a (11)
where X, is the excellent solution selected from
non-dominated set and « is significant level, meaning
100 x (1 — ) percentage of the future uncertainties con-
sidered. The smaller it is, the wider confidence interval
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Table 3 Values of variables in proposed uncertain programming model

Variable Interval size Variable Interval size Variable Interval size Variable Interval size
ecoc; [4.45,6.76] ecoc;, 0 ecog, [3.98, 4.83] Ar 100
ecoc; [3.92,5.11] ecoc, 0 ecog), [6.99, 8.44] At 220
ecoc; [7.87,11.09] ecog,; [2.84, 3.89] ecog;, [100.09, 129.52] Au' 60
ecoc; - ecog; [2.01, 3.29] pF [0.55, 0.68] Au" 120
ecoc; [1.81,2.29] ecog; [1.67,2.66] gb 314391 og* [12093, 17668]
ecoc;, [948.91, 1211.06] ecog, - ld [0.0366, 0.0432] wa: [6719, 8803]
ecoc’ [19.98, 23.77] ecog; [2.35, 3.44] dR 0.2314 ns* [109, 145]
ecoc; [880.35, 1105.14] ecog, 0 Area 6519121 bag* [370291, 410874]
ecoc; [98.88, 154.07] ecog, 0 popr® [140.27, 178.03] Jjul 0.52
ecoc), [5.11, 6.66] ecog, 0 pOpuF [299.02, 342.76] Ju® 0.65

Notes: Zero indicating there is no ecological benefit for those landscapes; some variables with certain rather than interval numbers manifest they are mandatory

indicators for land use planning. Meanings of all abbreviations see equations

will be, X,., and X, are lower and upper quartiles,
respectively. Here confidence interval was considered to
be a solution distribution as result of LUSO to accom-
modate uncertainties. Because confidence interval band
was decided by a, and with adjustment of it the result of
uncertain LUSO can be controlled. This completely de-
pends on decision maker’s attitudes, where if risk is
preferred, and then o is assigned with large value to
narrow interval size, with the possibility of uncertainties
to violate interval restriction increased, whereas if it is
risk prudent, interval will be wide to hold most of un-
certainties.

Pareto Optimum principle was applied for trade-offs
making, where only both economic benefit i(X) and
ecological benefit (X)) of X  are better than that of X,
X' is considered better than X. With this rule to evolve
solutions, ultimately non-dominated solution set can be
obtained, which forms the so-called efficiency frontier.
However, non-inferior solutions in non-dominated set
do not conform to the rule of Equation (12), and there-
fore could not be compared to determine which is best.
To provide assistance for trade-offs making between
ecological and economic benefits, this paper presents a
skill to distinguish these solutions. For each of the
non-inferior solutions, ratio of its economic objective to
ecological objective was calculated, listed in descending
order with the sequence number to mark them, i.e.,
non-dominated solution with the largest ratio value is
denoted by X;, and with the wth large ratio value is
denoted by X,. Finally, one of non-inferior solutions is
used as a land use planning scheme. However, which
solution to be adopted depends on the preference of

stakeholders that is represented by w value; the larger it
is, the more preferred ecological objective is, while the
smaller it is, the more preferred economic objective is.

FLA(X)2 £(X) andfy (X7)2 £,(X) ], then X" > x
(12)

The evolutionary process of pursuing non-inferior
solutions is achieved by GA, which was proven to have
good global optimum ability for both linear and nonlin-
ear programming. Usually GA has four steps: initializa-
tion, selection, crossover, and mutation. Firstly, parent
solutions are randomly generated in binary format,
where a solution is a chromosome, the binary characters
on which are genes. Secondly, their economic and eco-
logical objective values are calculated, after that we se-
lect the best 10 solutions into non-dominated set.
Thirdly, according to crossover rate, some pairs of
chromosomes are chosen to create offspring by swap-
ping part of their genes. Fourthly, to promote diversity,
some chromosomes are selected to mutate genes into
another binary character. The above four steps are an
iterative process of GA of producing the next genera-
tion, and for each loop, new generation was compared
with the solutions already in non-dominated set to
make non-dominated set updated. During the whole
process, penalty function tool is applied to guarantee
all solutions within constraints, and when cycle index
reaches given number of times, programming will
cease. Non-dominated set is then exported, from which
the ideal solution is selected according to the w value of
stakeholders.
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Fig. 3 Flowchart of heuristic algorithm for uncertain Land use structure optimization (LUSO)

Above is our proposed approach to solve the uncer-
tain programming model, which could be briefly de-
scribed as follows. Uncertain variable values are ran-
domly selected from intervals to determinate uncertain
model, and GA resolves it; this process repeats 10 000
times, and every time one sample solution was acquired;
the confidence interval of LUSO is then obtained based
on 10 000 solution samples selected from dominated set
with w value. In all, two control parameters (a and w)
are presented for stakeholders to adjust preferences on
uncertainties and trade-offs between conflicted objec-
tives interactively, and makes LUSO decision transpar-
ent, thus could get the informed scheme for land use
planning and then promote its effectiveness.

3 Results

The proposed approach provides an interactive tool to
deal with uncertain LUSO with help of two parameters.
One was significance level a, on behalf of attitude to
uncertainties, meaning interval result to hold percentage
of 100 x (1-a) land use uncertainties in the future. The
other was sequence number w, representing relative
preference to the two objectives, of which value range is
1-10, because there are 10 solutions in dominated set,
and the smaller of it, the more preferred economic ob-
jective is. Thus design makers can attempt the two pa-
rameters constantly until get the ideal solution. Here
results were calculated under various scenarios with

different combinations of these two parameters and for
each circumstance the result can be observed in Table 4,
while computation time for solution was approximately
8 hours on a Lenovo laptop with an Intel(R) Core
(TM)i-3 CPU @1.9GHz.

The economic and ecological objectives of land use
structure in 2013 of Yangzhou City were calculated as
6.555 x 10" and 3.397 x 10" yuan (RMB), respec-
tively. Contrasting to any circumstances of 2030 year in
Table 4, of which lower limits of economic objective are
8.234 x 10", 7.741 x 10", 6.819 x 10" and 7.335 x
10" yuan, respectively, and the expected values of eco-
logical objective are 3.454 x 10'°, 3.473 x 10'°, 3.489 x
10" and 3.471 x 10" yuan, respectively. There is much
room to improve current land use structure. To obtain
better economic and ecological benefits, meanwhile, to
satisfy suggested constrains, general orientation of land
use change for Yangzhou in the future could be as fol-
lows: as farmers moving into urban, rural residential
land should be reduced gradually, which can be re-
claimed into arable land, because present arable land is
only 284 065 ha, with a certain gap to the regulated
quantity of 314 391 ha, thus one emphasis of land use
policy for Yangzhou is the consolidation of rural settle-
ment to supplement arable land; along with the progress
of urbanization and industrialization, urban and infra-
structure land will increase drastically, e.g., if a=0.5 and
w=2, urban land increases at least 28.52% to reach its
lower limit, however, to avoid its excessive expansion,
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Table 4 Uncertain Land use structure optimization (LUSO) results for Yangzhou City of China in year of 2030

Present land use

Variables
w=2 w=5 Ww=8 w=5 structure
x; (ha) [315654, 318528] [318230, 323120] [316628, 331716] [315360, 326440] 284065
X; (ha) [6593, 8214] [6638, 8288] [6145, 9504] [6135,9556] 13083
x; (ha) [6844, 8211] [6854, 8211] [6477,9323] [6474, 9400] 5129
x; (ha) [0, 0] [0, 0] [0, 0] [0, 0] 0
x; (ha) [105850, 108214] [106260, 110040] [105253, 117882] [105230, 114020] 122659
x; (ha) [47422, 49229] [44556, 47294] [39520, 45943] [42711, 48943] 36889
x; (ha) [29199, 30028] [29159, 29810] [28974, 30400] [28979, 30537] 64405
x; (ha) [29094, 31184] [26182, 28823] [23002, 28294] [24829, 30420] 21695
x; (ha) [2262, 2624] [2332,2614] [1928, 2756] [2008, 2759] 1867
x;, (ha) [97030, 97750] [97337, 97825] [96877, 97969] [96768, 97965] 97400
x;, (ha) [11116, 11148] [11130, 11151] [11111, 11157] [11107, 11156] 11158
x}, (ha) [661,731] [661, 730] [633,760] [633,761] 770
/(10" yuan(RMB)) [8.234, 8.886] [7.741, 8.382] [6.819, 8.254] [7.335,8.803] 6.555
/(10" yuan(RMB)) [3.351, 3.557] [3.370, 3.576] [3.245,3.733] [3.228, 3.714] 3.397

effective policy will be formulated to regulate and con-
trol this process; to add arable land, approximately 17%
of the other agricultural land will be consolidated and
relevant capital should be prepared; due to with rich
natural capital value, the quantities of water, beach and
moor remain unchanged in planning period, implying
much attention should be paid for protection of these
land uses from urban growth encroachment and distur-
bance of human activities; the garden land should be
reduced, while forest land is supposed to be increased,
as in the most cases it has larger output ability for eco-
logical benefit.

With this approach Yangzhou could get flexible
LUSO for land use planning under uncertainties, where
scheme is not a series of fixed values, but some interval
numbers. Because uncertainties are considered in ad-
vance, flexible land use planning suffering not so much
disturbances, and thus has strong vitality to achieve the
target. So we think flexibility is the necessary guarantee
to achieve optimized objectives and to improve effec-
tiveness of land use planning. Also, with this approach
stakeholders can get LUSO scheme with respect to
preferences on trade-offs between economic and eco-
logical benefits and to attitudes towards uncertainties,
after that participants compare and weight alternatives,
from which the informed one will be finally decided for
land use planning. E.g., at first planning makers may set
0=0.5 and w=2 to get solution, but they find ecological
benefit of corresponding result is not obviously im-

proved, so they change w=2 to w=5; this time they think
trade-offs between economic and ecological benefits is
acceptable while interval size of LUSO is a little wide,
so they change a=0.5 to a=0.1, narrowing interval band
to raise control effect of land use planning. Repeat this
interactive process until they get the ideal scheme, and
this transparent decision process based on our proposed
model obviously enhances the effectiveness of land use
planning of Yangzhou.

It was observed from Fig. 4 that, when significance
level becomes smaller, interval of LUSO result became
wider, e.g., when a=0.5 and w=2, the interval of urban
land is [44 556, 47 294] to accommodate 50% of land
use uncertainties, while when a=0.1, it expanded to [42
711, 48 943], accommodating for 90% of uncertainties.
However, this does not necessarily mean that the wider
interval will be better; actually it is a double-edged
sword, one side accommodating more uncertainties, the
other side weakening the restraint effect of land use
planning. Reconciliation of this contradiction depends
on attitudes of decision maker where if it is risk pre-
ferred style, a will be set with high value to narrow the
interval, and thus tighten for land use planning control,
then failure risk rises, and vice-versa. As w value
enlarges, the solution with more relative ecological
benefit in non-dominated set is likely to be selected.
Comparing circumstance 1 and 2, of which w values are
2 and 5 respectively, the areas of land uses that have
more natural capital value in circumstance 2 are larger
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than that in circumstance 1, e.g., the arable land is [318
230, 323 120] versus [315 654, 318 528], and garden
land is [6638, 8288] versus [6593, 8214]. Fig. 4 depicts
the distributions of LUSO objectives which fit the nor-
mal distribution approximatively. When ¢=0.5 and w=2,
indicating 50% of uncertainties considered, the interval
of economic and ecological objectives for Yangzhou are
[8.234, 8.886] x 10" and [3.351, 3.557] x 10" yuan
respectively, while when w=5, the ecological objective
rises to [3.370, 3.576] x 10" yuan and economic objec-
tive reduces to [7.741, 8.382] x 10" yuan accordingly,

and when significance level becoming 0.1, implying
90% of uncertainties considered, intervals of proposed
objectives enlarge to [7.335, 8.803] x 10" and [3.228,
3.714] x 10'° yuan respectively.

4 Discussion

Comparing to existing uncertain programming models,
our modeling is considered to have three important ad-
vantages. Firstly, interval number is used to represent
LUSO uncertainties, particularly grey prediction plus
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Fig. 4 Probability distribution of objectives for Land use structure optimization (LUSO) of Yangzhou City, China



986 Chinese Geographical Science 2017 Vol. 27 No. 6

investigation methods employed to determinate interval
size, making that strongly evidential; i.e., we illustrate
why interval number is selected and how the size of it is
obtained, which is crucial to final result. Secondly, it
provides two adjustable parameters for decision makers
to manage trade-offs between economic and ecological
benefits and uncertainties to be accommodated corre-
spondingly, which is useful for achievement of informed
and agreeable LUSO interactively to improve effective-
ness of land use planning. Thirdly, a heuristics similar to
Monte Carlo based on Genetic Algorithm is developed
to solve this uncertain model rather than directly reduc-
ing it to common programming model, which reestab-
lishes uncertain environment for LUSO and no doubt
enhance optimization results level.

The significant policy implication of this research in-
cludes two aspects. The first is that uncertainties man-
agement during land use planning is supposed to receive
great attentions from government and academic. Land
use planning in China would shift from blindly
high-pressure control to flexible management, which is
the inevitable choice corresponding to the complex un-
certainties of future; otherwise, even a lot of regulatory
cost is input, effectiveness of land use planning still not
satisfied. The second is that informed decision is gener-
ated by comparing and weighting the alternatives in-
volved by various stakeholders rather than decided by
political leader; because benefits provided by land re-
sources is to meet public demands that is difficult to be
fully perceived only by governments. People have no con-
fidence on planning decision made in a non-transparent
process with less of public participation. Providing an
interactive platform regarding on trade-offs of incom-
patible interests and uncertainties management for
stakeholders to make planning decision is critical to im-
prove its effectiveness.

Uncertain programming is the innovative theme in
operational research, and new uncertain variable types
are always put forward, from stochastic, fuzzy, and
rough to a comprehensive uncertain variable to describe
different uncertainties, also there are more and more
literatures about uncertain resources and environmental
optimization to improve policy effects. However, for
uncertain LUSO, not only various uncertain variables
are applied to substitute into programming model, but
more attention should be paid to research the external
performances and mathematical personalities of LUSO

uncertainties, e.g., how to obtain membership function
of fuzzy variable or interval number size for LUSO un-
certainties. As a complicated system, different aspects of
land use may have mutual relationships, making identi-
fication and quantification of LUSO uncertainties
harder, so uncertain LUSO from a system point of view
is worth to be pursued, as well due to with spatial char-
acter, uncertain land-use spatial optimization should be
researched urgently.

5 Conclusions

Based on a comprehensive analysis of uncertainties for
land use structure optimization (LUSO), an uncertain
programming model with interval number as uncertain
variable was established. Although all steps of LUSO
suffer from uncertainties, only uncertainties in variables
input and result representation stages could be tackled
with mathematical model. Interval numbers were
adopted to describe uncertainties in this manuscript, of
which size was determinate by the combination of grey
prediction and expert investigation methods. To solve
this uncertain model, a heuristic algorithm with Pareto
evolutionary rule was developed based on Genetic Al-
gorithm (GA), by which the interval of LUSO result
under given significance level was calculated. The main
conclusions of this research are as follows:

(1) There are different types of uncertainties from
certainty to indeterminacy in the five steps of LUSO due
to inherent variability of land use and imperfect knowl-
edge for design-makers. As posing serious challenges
for land use planning, these uncertainties should be
quantified into LUSO programming model. However,
because of complexity of uncertainties, it is not appro-
priate to adopt single mathematical variable to describe
them; yet interval number was proved to have the ability
of expressing comprehensive uncertainties in this paper.

(2) Our proposed model was proved with good poten-
tial for flexible land use planning making with respect to
trade-offs of conflicted objectives and attitudes towards
uncertainties, thus making planning decision process
transparent. Two parameters were provided to regulate
levels of uncertainties and trade-offs of conflicted ob-
jectives in this manuscript by which alternatives were
generated according to different stakeholders’ prefer-
ences, and informed scheme can be obtained only if
these alternatives are carefully weighted and compared.
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(3) Due to advanced perception and acceptance for
uncertainties with already reserved space, flexible man-
agement could enhance land use planning effectiveness
primarily. Uncertain environment with high complexity
is the real case of future, so rigid planning is no longer
appropriate, otherwise efficiency loss or implementation
failure will happen, because reasonable demand is not
satisfied by rigid land use planning that finally becomes
invalid under frequent disturbances of uncertainties.
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