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Vector Cellular Automata
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KETTHRBRIEHRE

* Grid CA extensively applied for simulating urban
expansion/growth

— Batty, Clarke, Engelen, Li, White, Wu, Xie, Yeh

* Simulation results of grid CA sensitive to grid resolution and
neighbourhood configuration

— Jenerette and Wu (2001), Chen and Mynett (2003), Jantz and
Goetz (2005), Ménard and Marceau (2005)

* lIrregular CA, more representative to the real world
— Or vector-CA

— Geographical entities (e.g. parcels, with Shi and Pang 2000 as an
exception using Voronoi polygon) replace grids
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Why parcel/block?

* Raster CA models sensitive with the
grid size
e Urban planning and management
 Spatial plans, zoning, building permits

* Urban studies

* Urban form and its impact (travel
behavior, energy consumption, health,

quality-of-life, etc.)

It is worth noting that the term
PARCEL MR in this study, having no
relationship with ownership,
corresponds to a BLOCK in western
world.
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KETHRBIWHRE S /R

O‘Sullivan 2001 EPB & GA (Graph-CA)

« Combined CA and graph theory to generate sets of neighbourhood-scale
irregular cells.
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KETRBNBHRECH MR

Torrence and Benenson 2005 EPB
(Geographic automata systems, GAS)

* Proposed the geographic automata system (GAS) that combined
characteristics of both CA and multi-agent models, which incorporated
irregular vector objects as automata to represent real-world entities such as
roads, buildings and parks.
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K E i BT

Stevens and Dragicevic¢ 2007 EPB (iCity)
Stevens et al. 2007 CEUS

iF ki

e/

S

R

 Anurban area was partitioned into discrete land use units based on cadastral

information and represented as a collection of polygons.
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K E i BT

Moreno et al 2008 EPB and 2009 CEUS (VecVGA)

* A vector-based geographic cellular automata model allowing geometric
transformations of objects using a rasterized approach.

* The shape and size of each object can also change and a dynamic

iF ki

e/

R

neighbourhood was semantically implemented.
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KETRBNBHRECH MR

Shen et al 2009 EPB

* A geo-simulation model using the vector-based CA to visualise land use
patterns in urban partitions (R/C/I)

e Tested in both a virtual city and Kanazawa City.
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K E i BT

Pinto and Antunes 2010 EPB

iF ki

e/

R

 Developed a well-calibrated irregular CA based on census blocks to determine

the land use demand by considering the evolution of population and

employment densities over time.

* Both land use type and density accounted

B REAREBER CGRTERML) , B B, ylong@tsinghua.edu.cn
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KETRBNBHRECH MR

Zhang and Long 2013 SPSD (V-BUDEM)

* The updated version of grid-CA based BUDEM (urban/non-urban)

* Applied in a town of Beijing and will expand to the whole Beijing
Metropolitan Area (BMA).
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ZHPWTHIRE S H A EEPBHATI L

http://journals.sagepub.com/home/epb

* 2017F X T BT BIARRE

« J&3: Planning and Design
« INFE: Urban Analytics and City Science
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CEUStE 2 X T iEE N ERN T ETH

* https://www.journals.elsevier.com/computers-environment-and-urban-systems
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Simulating urban expansion at the parcel level for all Chinese cities
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Research background

* Booming urban expansion in China
* 46,751 km2 (annual expansion rate 5.2% 2007-2012)

* Urban expansion simulation models developed for supporting
decision making

1 City or district level models

* Almost all for big cities, e.g. Beijing, Shanghai, Guangzhou,
Hangzhou, using grid cellular automata (CA) models

« V-BUDEM for Beijing using vector CA (see the poster of Zhang and
Long)

2 Regional or national models
* Pearl River Delta, Beijing-Tianjin-Tangshan, Northern China
» Associated with low spatial resolution e.g. several km?, a county



Research question

* Can we develop an urban expansion model for a super large
geographical extent (e.g. the whole China), at a fine scale (e.g.
parcel/block), for a short or mid term (e.g. five years)?

Courtesy of Dr. Xingjian Liu

* Every city, big or small, would have an urban expansion model in
China

* To inform decision makers, developers, planners and local
residents our simulation results

=



This study will

* Extend the existing framework of AICP by replacing OSM road
network by the ordnance survey roads
 To generate 2012 parcels for all Chinese cities (297—>655)

* Develop a maga-vector-parcels cellular automata model (MVP-CA)
for simulating urban expansion of China
* 2012-2017
* 654 cities



The structure and flow diagram of MVP-CA

The macro module

Urban area in
2007 for each city

Urban area in
2012 for each city

Urban expansion rate

National spatial

during 2007-2012 development
strategies
e busmess—? 5 The urban agglomeration The. neW (5759 01F
usual scenario eEted geerEo (UAQ) urbanization scheme
(BAU) (NTU)

1 Total urban land area
for each city in 2017

(Three scenarios)

The parcel generation module

Road networks in
the ordnance survey

Points-of-interests

|

All parcels

Urban area in
2012 for each city

Urban parcels

2 Parcel-level urban
areain 2012

The vector-CA module

Spatial
factors

Neighborhood
configuration

Restrictive
condition

Stochastic
disturbance

Model
calibration

.| Simulated urban expansion pattern
(BAU, UAQO, and NTU)

3 Parcel-level

urban area

\//

in 2017




Administrative boundaries of 654 Chinese cities

Only a portion land
within each city
Boundary is developed.

Cities

I:I Provincial boundaries ?

* Five levels of cities in China:

* municipalities directly under the Central Government (MD, 4 cities), sub-
provincial cities (SPC, 15), other provincial capital cities (OPCC, 17),
prefecture-level cities (PLC, 250), and county-level cities (CLC, 368) @



City size of each city in terms of total urban area in 2012

and the urban expansion rate during 2007’-2_012

Urban area (km2) Rate (%)
o 1 - 50 |:]0 - 1.1
¢ 51 - 100 2 -30
O 101 - 200 st -s0




Urban agglomerations (city regions) of China (23)

¢ PCL
CCL

:I Provincial boundaries

' Urban aggzlomerations

0
i ........ L

* Urban agglomerations in China are highlighted in the future urbanization in
China (Wu et al, 2013)
* For setting simulation scenario
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Ordnance roads of China in 2012

* 6.03 million road segments of 2.62 million kilometers




Points-of-interest in 2012

* Five million POIs gathered from and geocoded by business cataloging websites

* 9 categories, including commercial, transport, government, education,
residence, green space, etc



1 The macro module:
Three scenarios on city-level urban area totals in 2017

1. Business-as-usual (BAU):
— Each city replicates its urban expansion rate during 2007-2012 (5.2% for the
whole China)

2. Urban agglomeration oriented (UAO)
— 355 cities in UAs: 5%
— Other cities: 4%

3. New urbanization planning (NUP)

— The larger a city is, the lower its expansion rate would be in the next five years
e Urban area > 400 km2in 2012, 3.0%
e Urban area 200-400 km?, 4.0%
e Urban area 100-200 km?, 5.0%
e Urban area < 100 kmZ2, 6.0%.

— This scenario is to be updated according to the new urbanization plan of China

announced on March 16%, 2014
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2 The parcel generation module (AICP):
(1) delineating parcel boundaries

* Raw OSM roads
 Various of road types: primary, secondary, footpath, etc



(2) Delineating parcel boundaries

e Buffer OSM roads
» Buffer width varies from road types (2 - 30 m)



(3) Delineating parcel boundaries

* Erase road space from the study area
* Road space retained as the land use "Transport”



(4) Calculating POIs density for all generated parcels

* Density = (The counts of POls in/close to a parcel) / (The parcel area)
* Other measures (e.g., online check-ins and floor area ratio) can substitute POls and approximate the
intensity of human activities @



(4) Calculating POIs density for all generated parcels

Low

1
O
I High

* Density = (The counts of POls in/close to a parcel) / (The parcel area)
* Other measures (e.g., online check-ins and floor area ratio) can substitute POIs and approximate
the intensity of human activities i



(6) Inferring urban parcels in 2012

* Various methods can be applied in this process

* Benchmarking road junction density and population density, referring to other LUCC
products @



(7) Selected urban parcels in 2012




3 The vector CA module
Selecting urban parcels using vector cellular automata

The final probability for being selected as an
urban parcel for parcels A, B and C is 0.6
(0.8*6/8), 0.3 (0.6*4/8), and 0.225 (0.9*2/8)

respectively.
P/ =(B);x(B,), xcon()x P,
1
1+exp[—(a, + i a.c,)]

k=1

Zcon(Sij’ =urban)

(E)y =

(PQ )g,' =

con(cell, = suitable)
P =1+(-Iny)’

Urban for Pl.jt > P

The black border indicates a parcel’s thd

neighborhood, and the number in brackets i ;
reflects the parcel’s intrinsic probability. NonUrban for F. <P,

2

* One vector cellular automata model for each city

* Neighborhood configuration: 500 m radius of each parcel

* Constraints: size, compactness, distance to city centers, and POls density
(parameters calibrated using the Beijing parcels)

* Overall accuracy = 83.2% @



3 The vector CA module

Selecting urban parcels using vector cellular automata

The final probability for being selected as an
urban parcel for parcels A, B and C is 0.6
(0.8"6/8), 0.3 (0.6*4/8), and 0.225 (0.9*2/8)
respectively.

The black border indicates a parcel’s
neighborhood, and the number in brackets
reflects the parcel’s intrinsic probability.

Factor Coefficient
SIZE LN -0.197
COMPACT 1.933
CENTER -.101
DENSITY 2.230
Constant 2.224

S.E.

0.007
0.962
0.002
0.110
0.082

P/ =(B),;x(B), xcon()x P,
1
1+exp[—(a, + i a.c,)]
D con(S, = uk;l;an)

(B)y =

(Fy )ij =
con(cell, = suitable)
P =1+(-Iny)’

< Urban for Pl.jt > P

2
i =

thd

NonUrban for Py’ <P

thd

Wald Sig.

093.572 0.000
4.033 0.045
1891.809 0.000
407.554 0.000

739.440 0.000 ]



3 The vector CA module
Simulated urban expansion (in blue)




Urban areas of all Chinese cities in 2012

I:l Provincial boundaries
- Urban area in 2012

! _: Urban agglomerations

IS

* There are totally 761,152 urban parcels (among all 1.2 million parcels) for all 654
Chinese cities and with a total land area 46,751 km? (the average urban parcel size

is 6.1 hectares, 200 m*300 m) @



Simulation results: BAU

- Urban area in BAU

|:| Provincial boundaries

. 0 500 1,000 Ki
! Urban agglomerations | . : m

 Total urban land areas estimated by BAU are 62,835 km2 in 2017, increased by
34.4% compared to 46,751 km?2 urban land in 2012.



UAO

- Urban area in UAQ

\:I Provincial boundaries 3T,
y a

— . A 0 500 1,000 K —_

i ! Urban agglomerations | . A " A0 -

_____ - .

* Total urban land areas of UAO are 58,394 km? in 2017, increased by 24.9%
compared to urban land in 2012, while 4,441 km? less than BAU.
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NUP

- Urban area in NTU

I:I Provincial boundaries

r— : . 0 500 1,000 K 28
| Urban agglomerations | , L AT -

* The total urban land areas of NUP are 58,930 km? in 2017, increased by 26.1%
compared to urban land in 2012, while decreased 3,905 km?2 in comparison with

BAU. @




Urban expansion patterns in typical city regions
Beijing-Tianjin-Hebei, Yangtze River Delta, Pearl River Delta

Red denotes simulated
urban expansion during
2012-2017 and blue

denotes existing urban

land in 2012.



Validation: Comparing the BAU scenario with a 500m-
raster-CA model BUDEM in the city of Beijing

B vr-ca

BUDEM: Long, Y., Mao, Q., &Dang A. (2009). Beijing
urban development model: Urban growth analysis and
simulation. Tsinghua Smende & Technology 14(6), 782-794.

= ,.I“J_,;Ji": e 4 ‘ - BUDEM

* Expanded areas in both models exhibit similar patterns according to the visual

judgement.

* The overlaid area shared by both patterns was 119 km?2 (68.4% of the total

expansion)

* The simulated pattern for long term is not realistic due to developed large parcels
when MVP-CA is adopted to predict for a longer time. @




Validation: By online browsers on the released
simulation results at CartoDB (an online WebGIS)

* 76 comments for 12 cities received at Sina Weibo. Most of them are positive
“Happy to see my city’s future development”
* Some potential simulation bias due to being lacking of planning intervention in



Concluding remarks

A data-driven and straightforward model for simulating
urban expansion in a super large geographical scale in the
parcel level.

* Datasets on existing urban areas and expanded parcels
shared online for both practitioners and researchers.

https://www.beijingcitylab.com/data-released-1/data1-20/
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Potential applications
Results shared online to promote applications

1. Evaluating national spatial development strategies via
linking macro policies to local developments.
* Visualized at a fine scale using MVP-CA

2. Informing decision makers, developers, planners and
local residents on simulated local developments
* “Parcels” make more sense to them

3. Evaluating urban expansion impact based on simulated

results
* E.g. environment, ecology and social impacts



The codes show for the MVP-CA model
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Agent-based Modeling and Parcel Subdivision
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E T MEEIR (Agent-based Modeling)

- AR AL EEEAEER (Multi-agent System. MAS)
- JUhE B EIIRB A A R MASIR R A —FhFF s\
- JAANEERE) (T gEBBIagent) , MagentZHAILATZEN

* An agent-based model (ABM) is a class of computational
models for simulating the actions and interactions of
autonomous agents (both individual or collective entities such
as organizations or groups) with a view to assessing their
effects on the system as a whole.

* It combines elements of game theory, complex systems,
emergence, computational sociology, and evolutionary
programming. Monte Carlo methods are used to introduce
randomness.

* https://en.wikipedia.org/wiki/Agent-based model

NETLOGO
https://www.voutube.com/watch?v=A4Q5A2ZNpxk
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Coupling CA with ABM

* Coupling
— CA —fixed position (environmental factors, physical process)

— ABM (agent-based modeling) —moveable agents (players/actors,
socioeconomic process)

Agents: government, planners, developers, residents

* Grid CA equipped with ABM for modeling urban expansion/urban
growth/LUCC (land use and cover change)

— Evans and Kelly, 2004; Li and Liu, 2008; Vancheri, 2008; Robinson
and Brown, 2009

* Limited studies for integrating irregular CA and ABM
— The following pages focus on this aspect
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Coupling CA with ABM

Li et al 2011 JGIS (GeoSOS)

* Discussed the concepts and methodologies of a geographical simulation and
optimization system (GeoSOS) coupling grid CA and ABMs.
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Coupling CA with ABM

Jjumba and Dragicevic¢ 2012 ASAP (Agent iCity)

* The new version of iCity by Stevens and Dragicevi¢ (2007) EPB

* An agent-based model that simulates the process of urban land-use change
by using irregular spatial units at a cadastral scale and by incorporating the
interactions of the key stakeholders.
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Coupling CA with ABM

Zhao and Peng 2012 JTG (LandSys)

 CA

— Land use types

— 50m cell

— MNL based calibration
* Agents

— Household, employment
and developer

* Land market equilibrium

— Demolition of existing
and redevelopment

— Development of vacant
land cells

* Developer Agent
— Demolition model

— Construction model
* Application
— Orange county, FL, USA
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Coupling CA with ABM

A comparison on aforementioned simulators

Cells Subdivision Geometry Planner Other Density Redevelop
change agent agents ment
Agent iCity vector Y N Y Y N Y
GeoSOS grid N N N Y N N
LandSys grid N N N Y N Y
Hammam |\ tor N y N y N N

et al.

GAS vector N N N Y N N
Pinto and vector N N N N Y Y
Antunes
shenand | o N N N N N Y
Kawakami
VecVCA vector N Y N N N N

Planner
vector N N Y Y Y N
Agent

* All with exogenous demands as input

* Emerging tools Agent iCity and LandSys

 All CA+ABM with residential, developer and government agents

* All focusing on multi land uses except our V-BUDEM and LandSys

* Density, subdivision, geometry change and urban redevelopment less explored

BHREABEBRER GRTEREMLY , # B, ylong@tsinghua.edu.cn 60
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Parcel subdivision for urban expansion process

e Subdivision is the act of dividing land into pieces that are easier to sell
or otherwise develop, usually via a plat (Wikipedia).

* Parcel subdivision is an important process in simulating land use
change, especially for urban redevelopment.

— E.g. as atool in land readjustment in Japan, Turkey, and Germany

* More attention is focusing on parcel subdivision, with the trend of
find-scale spatial simulation

— Raster vs vector data model used

* Fialkowski and Bitner (2008) found universal rules of parcel size
distribution in both urban and rural areas

 Animportant part for spatial simulator
— Visualization and accounting
— More realistic simulation results
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Parcel subdivision for urban expansion process

Wickramasuriya et al. 2011 EMS (LSS)

Name of software: Land Subdivision Simulator
Developer: Rohan Wickramasuriya

Software required: ArcGIS 9 (ArcView license)
Program language: ArcObjects and VBA

* Presented a fully-automated land subdivision tool that uses vector data and is
capable of generating layouts with both lot and street arrangements for land

parcels of any shape
* Software availability and now testing (irregular_subdivision.mxd)
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Parcel subdivision for urban expansion process

Vanegas et al. 2012 Computer Graphics Forum

* Interactive procedural generation of parcels within the urban modeling
pipeline

* Performs a partitioning of the interior of city blocks using user-specified
subdivision attributes and style parameters

 “become a standard in parcel generation for future urban modeling methods”

* To be embedded in UrbanSim
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Parcel subdivision for urban expansion process
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Parcel subdivision for urban expansion process

Jjumba and Dragicevi¢ 2012 ASAP (Agent iCity)

* Subdivision of a large tract of land, first into blocks and roads (b), and then
cadastral parcels (c)

e Activated by the planning agent
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Parcel subdivision for urban expansion process

Wickramasuriya et al. 2013 LJGIS

* Improved LSS to dynamically subdivide parcels in land use change models.
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Parcel subdivision for urban expansion process

After the parcel scale: Tony et al 2013 (Tile)

* ReVISIONS project report
* From parcel to building scale and very promising
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* https://www.beijingcitylab.com/courses/aium2018/

* OPEN OFFICE HOUR
- §F=T412:30-13:30
- EERANBETinfoTR4)
* ylong@tsinghua.edu.cn, HEH{E501, 13661386623

- B REERFE

* ylong@tsinghua.edu.cn
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