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Abstract. In this paper we propose an approach to identify the spatial policy parameters 

(termed the implementation intensity reflecting planning controls on corresponding 

spatial constraint) associated with a predefined alternative plan, namely, a predefined-

binary urban form. During plan implementation, the alternative plan cannot be fully 

realized in some cases due to practical urban growth driven by both institutional forces 

and market incentives, which are comprehensive and complex. Few researchers have 

investigated spatial policies appropriate for an alternative plan. We aim to propose a 

novel approach incorporating constrained cellular automata and regionalized sensitivity 

analysis, a method for global sensitivity analysis to calculate the realization possibility and 

identify the spatial policy parameters for an alternative plan. This approach is first tested 

in a virtual space with four predefined urban forms and various point, line, and polygon 

spatial constraints, with both positive and negative impacts on urban growth. Finally, the 

approach is also tested in the Beijing Metropolitan Area to identify the required spatial 

policy parameters for four alternative plans with seven spatial constraints.

Keywords: urban form, spatial plan, cellular automata, regionalized sensitivity analysis, 

Beijing

1 Introduction
In this paper we propose an approach for identifying the spatial policies associated with a 

into account. Most spatial constraints in constrained CA are environmental, geographical, 
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A policy parameter is the implementation intensity of planning controls on the corresponding 

sets of policy parameters required for realizing an alternative plan.

mean patch compactness, edge length, and fractal dimensions. The fractal dimensions is a 

the other hand, some researchers have investigated the impact of policy parameters on resulting 

What If ?

Identifying the appropriate policy parameters for the alternative plan is necessary. 
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deviates from the alternative plan. Evaluations of planing implementation performance 

2

in the BMA in section 5. In the last section we discuss the PPI method, and then make some 
concluding remarks.

2 Approach

the policy parameters of spatial constraints from an alternative plan. This approach is shown 
as follows:

{ | f ( , ), }X F X A X Xmax[GOF( , )]F Fh= =* *

where f is the simulation mechanism, namely, the transition rule in constrained CA, A is 
the spatial constraint, X is the policy parameter representing the implementation intensity 
of planning control on a spatial constraint, Fh F is 

A and X as inputs into the constrained CA, and X * is the 
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Fh  and F

 is greater than this 

 is less than 

their 

valid and invalid.

solution using conventional methodologies, such as logistic regression or genetic algorithm-like 

x in X
x

from 10 3-  to 103 .
F is compared 

Fd , with 
form accepted; otherwise, invalid and then rejected.

x

x F.
F Fd  is calculated and evaluated 

as valid or invalid.
 reach convergence.

F and x into the valid cluster FB  and xB  as well as the invalid cluster FNB  and xNB , 
xB

Fd .
xB  to quantify the parameter uncertainty.

s xB  and xNB  are 
Z value.

s values to assess the overall sensitivity of each parameter.
F

step 7:

%P c c
c 100

B NB

B= +

where P Fd , cB  is the counted 
cNB

0P =
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3 Investigating the impact of spatial constraints on urban form in a virtual space
3.1  Designing the simulation model

constraint corresponds to a spatial policy. These constraints have positive or negative effects 

approaches, such as logistic regression, principal component analysis, and neural networks, to 

1t + t as:

( | )F F P P Pthreshold
t t HX= ,t t1+

where F t 1+ t 1+ , F t t, X  is the entire region, 
P t t, and Pthreshold  is the development 

( | )P P Pthreshold
t t HX  

t to 
t 1+ .

k 1=
F F threshold

t
k
t

k
t

k
1 =+ +, ,

n

t { [ | ( ) ]}exp distP P a PHmX = -

where n ak
+  is the constraint k, dist k

+a
the constraint k, m Pk

t  
k ( ) /ln Pthreshold m-  

of the positive point or line constraint, k

k 1=
F F threshold

t
k
t

k
t

k
1 =+ -, ,

n

t { [ | ( ) ]}exp distP P a P1 HmX = - -

where ak
-  is the constraint k and dist k

-a k. The area 
( ) /ln Pthreshold m-

Polygon constraints, as spatial entities, are different from the point or line constraints in 
Pk

t  is assumed to 
ak

+ . Areas 
P Pthresholdk

t H , the development threshold. 

k 1=
[ ( | )]F F P P Pthreshold

t
k
t

k
t1 HX=+ , ,

m

t ' 1
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where m
constraint is negative, Pk

t ak
- , 

P Pthresholdk
t H , the 

rather than a single constraint. Using a multicriteria evaluation approach, the weight of a 

[ | ( ) ]gF F P P XA Pt t t
threshold

1 HX= =+ ,t

where X
constraint, A is the spatial constraint, and g is the function for calculating the development 

s x a x at
k k N N

t

k

m n

1

= +
=

+

/  ,

expP s1
1

g
t

t=
+ -

expP P
P 1

max

t

g
t

g
t

a= -c m; E ,
( | )F F P P Pthreshold

t t t t1 HX=+ ,  ,

where xk  is the policy parameter of spatial constraint ak ; aN
t

3 3# xN  is 

simulations; xk

st  is the development 
t; Pg

t  is the development potential at time t; P maxg
t Pg

t  across 
the entire lattice space at iteration t; and a

speed. In addition, the positive and negative point and line constraints are given effect values 
using ( )exp dista ak km= - +  and 1 ( )exp dista ak km= - - -  for the positive and negative 

constraint and 1 outside the constraint.

using X
X
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Figure 1. 

lands. Cells in white denote undeveloped areas.

Figure 2. 
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3.2  
The virtual space has 400 100m m100 #

aim to develop 150 cells in the future. Assuming we need 100 m2

virtual space in the future.

growth simulation with single and multiple constraints.

Table 1. Inventory of constraints and their detailed descriptions.

Geometry 
type

Constraint 
type

Descriptions

Point positive PP

negative
pollution sources, solid waste and wastewater treatment 

facilities
positive
negative

and seismological fault lines
Polygon positive PG1

special policy zones
PG2

negative
and steep areas

Figure 3. 
constraint in the virtual space.
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3.3  Urban growth simulations using distinguished spatial constraints

s x a at
N N

t
N
t= = xN

Table 2. Simulation results of various single constraint tests in the virtual space.

Point constraints Polygon constraints

PPa a a a PG1a a PG2a a

0.001

0.01

0.1

1

10

100

1000

 
a
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/x xNb = , where x is 
the policy parameter of constraint, xN b  

b  at 10 3- , 10 2- , 10 1- , 100 , 101 , 102 , 
and 103

Pthreshold  is set at 
b

b  has a 

3.4  Measuring simulated urban forms
[2( 0.25 )] /ln lnp aij ij , 

where pij ij, and aij
2 ij

parameter of the single constraint changes the shape of the simulated form. The calculated 
b

b

b , which indicates that the effect of the constraint 

1b =

100b = . 
1002b

Figure 4. 
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( 0.001)b =

.0 01Hb
shape.

Theoretically, there are many solutions of policy parameters for an alternative plan. The 

section 4.
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Figure 5. [In color online.] Scatter plots of  and 
line constraint in the virtual space.
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4 

4.1  Single constraint and neighbor effect
s a at

N
t

1b= + , 
where a1

when its b . %P 66 0=

achieved with PP regardless of the b P 0=

b P 0=

.0 011b  or 12b , a relatively steady  value is achieved 
 is sensitive when b

b  is greater than 

forms in the virtual space.

4.2  Two combined constraints and policy implications

s x a x a at
N
t

1 1 2 2= + + , 
where x1  and x2 a1 a2

simultaneously adjusted using the RSA approach for 500 times to allow the simulation results 

The numerous parameter pairs demonstrate that the relevant spatial constraints required 

forms, we separately conduct an RSA for parameters x1  and x2  using the proposed 
x2  is 

more sensitive than x1

forms, x1  for form 3 and  x2  for form 4 are the most sensitive parameters, which suggest that 
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5 
2 

Table 3. RSA results for four forms in the virtual space.

Sensitivity

x1 na 2.872
x2 na 5.080

Figure 6. 
space, when the x x1, y x2 %80Hl

P P P P = 17.8%.
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Alternative B is a sprawling scenario, where developments in the central city are promoted 
and developments in new towns are controlled. Alternative C is a grape-cluster scenario that 
promotes development along the transport corridors and round small towns. Alternative D 

pathway for the future or adjust the current policies. Second, alternative A is invalid under 
P 0=

40
km

Figure 7. 
Developed



Table 4. Spatial constraints and relevant policies in constrained cellular automata for the Beijing 
Metropolitan area.

a Description Value 
range

Data source Policy implications

Locational constraints
a1 Tiananmen Square derived from GIS dataset central city developments
a2 new city derived from GIS dataset new city developments
a3 town derived from GIS dataset small town developments
a4 river derived from GIS dataset developments along rivers
a5 road network interpreted from TM image of developments along 

transport corridors
Institutional constraints
a development- {0, 1} Beijing Municipal Planning ecological protection and 

geological disaster 
prevention

a7
agriculture 
developments

Beijing Planning Commission high-quality farmland 
protection

a

Table 5. 
Area.

Valid 
parameter 
sets

P
Minimum Mean Standard  

deviation

Alternative B
x1 305 0.011 30.215 28.928
x2 0.010
x3 0.011 14.588 0.730
x4 0.010
x5 0.010 17.248 1.207 2.508
x 0.010 3.319
x7 0.010 1.214

80.027 82.492 1.921
Alternative C
x1 258 0.010 12.025
x2 0.010 4.835 7.391
x3 1.111 99.855 28.975
x4 0.010 83.237 8.599 15.735
x5 0.010 77.594
x 0.014 92.885 10.203 15.277
x7 0.010 1.444 3.424

80.023 88.940 1.558
Alternative D
x1     4 0.8 0.014 1.791 0.887
x2 0.059
x3 0.013 0.774
x4

x5 0.098 1.202 0.479 0.507
x 1.433 9.703 4.031
x7 0.550 4.313 1.803

80.135 80.824



Figure 8. a1 a7

in the Beijing Metropolitan Area. Black represents 1, white represents 0, and gray represents a value 

50
km

P
Alternative D has the least P

the highest 
achieving the corresponding alternative. The policy parameters with the lowest  value can 

corresponding alternative. Therefore, this PPI work is useful for planning practice.
A sensitivity analysis is also conducted for the alternative plans in the BMA using 

x1  is 



the most sensitive, whereas x3

corresponding policy implementation intensity in planning practice. Small variations in these 
sensitive conditions could lead to large changes in the 
to deviate from the alternative plan. Therefore, in planning practice, more attention should 

6 Conclusions and discussion

implications for decision makers to design appropriate development pathways for alternative 

space and in the BMA, respectively. The policy implications for planning practice can also 

as policy parameters. This is a new attempt using a CA application to identify how well the 

P

Table 6. Regionalized sensitivity analysis results for the three valid alternative plans in the Beijing 
Metropolitan Area. Bold face indicates the most sensitive parameter. Values in parentheses are p-values.

Alternative x1 x2 x3 x4 x5 x x7

B 7.771 3.183 3.281 5.291 2.224 4.838

C 1.472 8.246 1.359 2.801 5.089

D 1.351 0.857 0.930 0.747 0.984 1.117



In the future, we will use the 

alternative approach for GSA, instead of the RSA approach used here. This is to overcome 
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