CHAPTER FOUR

Freedom from the Tyranny of Zones:
Towards New GIS-Based Spatial Models

Klaus Spiekermann and Michael Wegener

4.1 INTRODUCTION

Pre-GIS spatial models get their spatial dimensiwaugh a zonal system. It is assumed that
all attributes of a zone are uniformly spatiallgtdbuted throughout the zone. Spatial interac-
tion between zones is established via networksatetinked to centroids of the zones. Zone-
based spatial models do not take account of topmabgelationships and ignore that socio-
economic activities and their impacts, e.g. envimental impacts, are continuous in space.
The limitations of zonal systems have led to seximethodological difficulties such as the
'modifiable areal unit problem' (Openshaw, 1984thEangham and Wong, 1991) and prob-
lems of spatial interpolation between incompatid@e systems (Flowerdew and Openshaw,
1987; Goodchilcet al., 1993; Fisher and Langford, 1995). The captivertgsspatial model-
ling in the straitjacket of zonal systems is tlyea’hny of zones'.

For instance, most existing land use models laekspatial resolution necessary to repre-
sent other environmental phenomena than energyuogtson or CQ emissions. In particu-
lar emission-immission algorithms such as air disijp@, noise propagation and surface and
ground water flows, but also micro climate analysegjuire a much higher spatial resolution
than large zones in which the internal distributbdmctivities and land uses is not known: Air
distribution models typically work with raster dathemission sources and topographic fea-
tures such as elevation and surface charactergiads as green space, built-up area, high-rise
buildings and the like. Noise propagation modetgine spatially disaggregate data on emis-
sion sources, topography and sound barriers sudaras, walls or buildings as well as the
three-dimensional location of population. Surfand ground water flow models require spa-
tially disaggregate data on river systems and ggodb information on ground water condi-
tions. Micro climate analysis depends on smallesecabpping of green spaces and built-up
areas and their features. In all four cases thanmdtion needed isonfigurational. This im-
plies that not only thattributes of the components of the modelled system such astiqy or
cost are of interest but also their physitidro location. This suggests a fundamentally new
organisation of urban land use transport envirorinleRE) models based on a microscopic
view of urban change processes (Wegener and Speker, 1996a).

This is where geographic information systems (G&)e into play. A combination of
raster and vector representations of spatial elesramit is possible in GIS might lead to spa-
tially disaggregate models that are able to overctiva disadvantages of zonal models. Using
spatial interpolation techniques, zonal data canlibaggregated from polygons to pixels to
allow the calculation of micro-scale indicators lswas accessibility or air pollution. The vec-
tor representation of transport networks allowsapplication of efficient network algorithms
from aggregate transport models such as minimuin ge@rch, mode and route choice and
equilibrium assignment. The combination of rastet @ector representations facilitates activ-
ity-based microsimulation of both location and ntibpin an integrated and consistent way
(Wegener and Spiekermann, 1996a).
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4.2 LINKING MICROSIMULATION AND GIS

The modules and decision functions of a micrositnutamodel require disaggregate spatial
data. Geographic information systems (GIS) offaaddructures which efficiently link coor-
dinate and attribute data. There is an impliciingff between microanalytic methods of spa-
tial research and the spatial representation oftmata in GIS. Even where no micro data are
available, GIS can be used to generate a probabitisaggregate spatial data base (Spiek-
ermann and Wegener, 1993b; see also Bracken antinM&®89, 1995; and Martin and
Bracken, 1991). There are four fields in which Gt support micro techniques of analysis
and modelling (see Figure 4.1):
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Figure4.1 Linking microsimulation and GIS.

- Sorage of gpatial data. There is a strong similarity between the storafyandividual data
required for microsimulation and the structure ofnp coverages of GIS. In an integrated
system of microsimulation modules a GIS data baag tinerefore be efficient for analysis
and modelling.

- Generation of new data. GIS may be used to create new data for microgitiou that were
not available before. This data can be derivedguamalytical tools of GIS such as overlay
or buffering.

- Disaggregation of data. Most available spatial data are aggregate zoat@. dMicrosimula-
tion requires individual, spatially disaggregatdaddf micro data are not available, GIS
with appropriate microsimulation algorithms can gerte a probabilistic disaggregate spa-
tial data base. A method for generating synthetarardata is presented in the next section.

- Visualisation. Microsimulation and GIS can be combined to grealhy display input data
and intermediate and final results as well as tijinoanimation visualise the evolution of
spatial systems over time.

4.3 SPATIAL DISAGGREGATION OF ZONAL DATA

Spatial microsimulation models require the exacatmn of the modelled activities, i.e. point

addresses as input. However, most available datggatially aggregate. To overcome this,
raster cells or pixels are used as addresses twosmnulation. To spatially disaggregate spa-
tially aggregate data within a spatial unit sucraasurban district or a census tract, the land



use distribution within that zone is taken into sideration, i.e. it is assumed that there are
areas of different density within the zone. Thetigpaisaggregation of zonal data therefore
consists of two steps, the generation of a rasfgesentation of land use and the allocation of
the data to raster cells. Figure 4.2 illustratestto steps for a simple example.
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Figure4.2 Disaggregation of zonal data to raster cells.

Vector-based GIS record land use data as attrilmftpslygons. If the GIS software has no
option for converting a polygon coverage into demsepresentation, the following steps are
performed. First, the land use coverage and therege containing the zone borders are
overlaid to get land use polygons for each zonenTilme polygons are converted to raster
representation by using a point-in-polygon algaentfor the centroids of the raster cells. As a
result each cell has two attributes, the land asegory and the zone number of its centroid.
These cells represent the addresses for the desgaggyn of zonal data and the subsequent
microsimulation. The cell size to be selected ddpewn the required spatial resolution of the
microsimulation and is limited by the memory anéexb of the available computer. The next
step merges the land use data and zonal activitysiech as population or employment. First
for each activity to be disaggregated specific Wisigare assigned to each land use category.
Then all cells are attributed with the weights ledit land use category. Dividing the weight



of a cell by the total of the weights of all caetiisthe zone gives the probability for that cell to
be the address of one element of the zonal act@iynulating the weights over the cells of a
zone one gets a range of numbers associated vathoe#l. Using a random number generator
for each element of the zonal activity one ceBetected as its address. The result of this is a
raster representation of the distribution of thivag within the zone.

Figures 4.3 to 4.5 demonstrate how this methodusas to disaggregate population and
employment in Dortmund. Land use, population anglegment data were available for 170
statistical districts. Figure 4.3 shows the digitidand use map consisting of 2,600 parcels
classified by twelve land use categories (collapseithree categories for better reproduction
here). Figure 4.4 shows the spatial disaggregaifopopulation and employment after the
disaggregation. The width of the cells used wam5Qe. every pixel on the map represents a
square of 50x50 m. The upper part of the figurenshoesidences, the lower part jobs. The
distribution of the different activities visualisése urban structure of Dortmund and is con-
sistent with the land use pattern of Figure 4.3.
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Figure4.3 Land use in Dortmund by parcel.
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Figure4.4 Raster representation of (a) residences anddgtRplaces in Dortmund.
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the top shows the spatial distribution of residenoeDortmund. One can see the high-density
neighbourhoods of the inner city and the low-dgnséighbourhoods of the inner suburbs in

which there are only few high-rise housing aredse 3D plot in the centre shows the loca-
tions of work places. Compared with residences vpbakes are much more centralised in the
CBD and the inner city and in the subcentres ofpblgcentric suburban area. If residences
and work places are interpreted as origins andrdgtns of work trips, also the spatial dis-
tribution of work trips can be shown. This is danghe 3D plot at the bottom of Figure 4.5.
Work trips are bundled in corridors towards the C&m the inner city, some minor peaks

Figures 4.5 visualises the disaggregate data Imat®ae-dimensional form. The 3D plot at
can be found at suburban centres.

Figure4.5 Three-dimensional representation of (a) residerand (b) workplaces and (c) work trips

in Dortmund.



To correspond to the disaggregate representafiastivities, the transport network was
coded with great detail. Figure 4.6 shows the raadl public transport networks of the Dort-
mund metropolitan area (with the built-up area sunm@osed over the road network). There
are about 6,200 road links and about 5,900 pubdinsport links and about 3,900 public
transport stops. Public transport lines were cated sequence of stops with travel times be-
tween them. The cycling and walking networks anetlsgtically derived from the above net-
works with similar detail.
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Figure4.6 (a) Road and (b) public transport networksim Dortmund metropolitan region.

The combination of the raster representation dt/idiets and the vector representation of the
transport network provides a powerful data orgdiueaor the microsimulation of land use,
transport and environment in urban regions:

- The raster representation of activities allows ¢alculation of micro-scale equity and sus-
tainability indicators such as accessibility, antlption, water quality, noise, micro climate
and natural habitats, both for exogenous evaluatimh for endogenous feedback into the
residential construction and housing market subsode

- The vector representation of the network allowsapply efficient network algorithms
known from aggregate transport models such as ruminpath search, mode and route
choice and equilibrium assignment. The link betw#®n micro locations of activities in
space and the transport network is establisheditoyraatic search routines finding the near-
est access point to the network or nearest pufalitsport stop.

- The combination of raster and vector represeortatin one model allows to apply the activ-
ity-based modelling philosophy to modelling bothdton and mobility in an integrated and
consistent way. This vastly expands the range dtips that can be examined. For in-
stance, it is possible to study the impacts of igttibhnsport oriented land-use policies pro-
moting low-rise, high-density mixed-use areas vsgitiort distances and a large proportions
of cycling and walking trips as well as new fornisollective travel such as bike-and-ride,
kiss-and-ride, park-and-ride or various forms diiecke-sharing.



4.4 GISBASED MICROSIMULATION: TWO EXAMPLES

This chapter presents the methodology and restiliwa explorative studies applying GIS-
based microsimulation at the urban and at the Eaogcale. The first example uses a simple
rule-based model of travel decisions to assespabéng potential of urban work trips. The
second example uses a gravity model to derive sixkty indicators for trans-European
networks. The focus is on the integration of GI8efionality into the models and in particu-
lar on the combination of raster and vector repregmns of zonal data and networks in order
to demonstrate that by using this combination issta be addressed that could not be dealt
with before.

4.4.1 Car pooling and energy consumption

There exists a wide range of potential measuresdoce automobile commuter traffic. How-
ever, the joint use of vehicles such as cars, @msminibuses, group taxis or other, more
flexible forms of public transport, is only occasally examined as a solution. In order to
explore the potential of these forms of collectixevel, one needs to know the microscopic,
small-scale location of residences and workplaces the resulting spatially disaggregate
transport demand in the metropolitan region. Thfsrmation is, however, not available. So
there is no clear knowledge about the theoretio&¢mtial for energy conservation through
vehicle sharing. This section summarises a studyhich the theoretical pooling potential of

work trips was investigated for the metropolitagiom of Dortmund in Germany (Spiek-

ermann and Wegener, 1992, 1993a).

The first step of the study was the generatioa disaggregate spatial data base of work
trip origins and destinations of more than 210,8@0k trips from aggregate census data. This
step was presented as an example in the previatisrseOn the basis of these origins and
destinations the microsimulation model calculaiép@ssible pooling constellations of work
trips and selects the most reasonable using erigerch as minimum detour of commuters or
maximum passengers.

The criterion for whether two commuters can belgbas whether they live in the same
neighbourhood and/or work in the same area anclti@vapproximately the same time. If
these conditions are satisfied, they can sharéni@lee Two kinds of pooling of work trips are
distinguished (see Figure 4.7):
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Figure4.7 Criteria for a trip pooling. (a) Total trips;)(parts of a trip.



- Pooling on the whole trip. Work trips can be pooled on the whole trip ifgim, destination
and departure time are similar. In this case athmwiters of a pool stay together over the
whole distance.

- Pooling on parts of the trip. Two work trips can be pooled on parts of the ifrgither origin
or destination and the departure time are simitar the shorter one of the two trips begins
or ends along the route of the longer one.

In order to operationalise this, some definitionswhat is spatial and temporal similarity are
necessary. The definitions are that commuters @dhagvto adjust their departure time by a
certain time intervalit (15 or 30 minutes) and accept a maximum walkiistadceAd (500

or 1,000 m) in order to join a car pool. If a warp has a total length belod, it will not be
pooled; the commuter is expected to walk to anthftbe job. These conditions are also ap-
plied if more than two work trips are to be pooled.

All work trips are analysed using the above cidtethis means that each work trip has to
be compared with all other work trips with respertspatial and temporal similarity. Each
commuter is considered a potential driver, andotiiler commuters meeting the criteria are
recorded as potential passengers. For exampldefthpart of Figure 4.8 shows commuter
33333 (white arrow) and all possible passengeeckbarrows). In order to minimise compu-
tation time, for each commuter a search field fadihg potential passengers was defined
(dotted line). Depending on the combination ofestét, between three and 22 million pairs of
commuters are possible. For instancé\df= 1,000 m andt = 30 minutes, every potential
passenger can choose between more than a hundresdm average. The right part of Fig-
ure 4.8 shows commuter 33333 and potential drivers.

Figure4.8 Commuter 33333 (white arrow). (a) Potential paggrs, (b) potential drivers.

Obviously a commuter can be a passenger of onerdamly. But which of the available
pools should he or she join? In order to modekti@ce decision of passengers, two different
criteria are used:

- If the passenger acts rationally, he or she ad®tise pool causing the shortest detour.

- If the passenger acts altruistically, he or dh@oses the pool with the largest group size and
so helps to achieve the largest energy saving.

For both decision rules the pooling potential wakwated. In combination with the criteria
of similarity described above, this results in arfoy-four tableau of sixteen scenarios. For



each of these scenarios the number of commutersdhabe pooled was calculated. The as-
signment algorithm used is approximate becausetther in which the commuters are pro-
cessed influences the results. However, experirheataations in the order of processing
showed no significant changes in the results.

Table 4.1 presents the work trips that can begub@r the sixteen scenarios. There is a
wide range of pooling rates: between 33 and 90gmérd he pooling potential is less if only
pooling of total trips is permitted (upper partiitleven in the less restrictive scenarios with a
maximum accepted walking distance of 1,000 m andeparture time adjustment of 30
minutes three out of four commuters can be podfeaboling is permitted for parts of a trip
(lower part), even the restrictive scenarios hawelipg rates of about 85 percent. The deci-
sion criterion 'minimum detour' versus 'maximumgeagjers' does not affect the total number
of pooled work trips but has an impact on the sizéhe pools. An additional percentage of
work trips cannot be pooled because the work émgth is below the maximum walking dis-
tance. These commuters are expected to walk. Thsuats for 2.4 percent of all commuters
for a maximum walking distance of 500 m and 7.%&eet for 1,000 m.

Table4.1 Total pooling potential of work trips by scenario

Maximum 500 m 1000 m
walking distance
Maximum departure 15 min 30 min 15 min 30 min
time adjustment
Total trips Minimum detour 71151 91773 137889 154 767
only 334 43.1 64.8 72.7
Maximum passengers 70 531 90 848 136 602 153 400
331 42.1 64.1 72.0
Also parts Minimum detour 182188 191691 190224 193043
of trips 85.6 90.0 89.3 90.7
Maximum passengers 178 345 188 106 188 560 191 828
83.8 88.3 88.5 90.1

Numbers in italics: percent of all work trips

The analysis shows that traffic and so energy ampsion of commuter traffic could be sub-
stantially reduced by pooling of work trips. Thesea large diversity of energy savings be-
tween the sixteen scenarios. Four of the restdacdsenarios will even lead to an increase in
energy consumption. The explanation for this i¢ thahese scenarios commuters which to-
day use public transport are considered to joiargpool or even use a car as single drivers;
this means that they increase their energy consamphll other scenarios will lead to energy
savings between 20 and 55 percent. These redu@ren®mainly achieved by large savings of
car kilometres. Figure 4.9 shows the spatial digtron of saved work trips by car for one of
the most restrictive scenarios, i.e. the poteméidliction of car traffic if car users join a pool.
Like the actual commuting pattern, the potentiduction of traffic is unequally distributed in
the urban region. The CBD and the inner city bematst. There will also be a clear reduc-
tion of traffic in the main corridors to the CBD.



Figure4.9 Reductions in car traffic of a restrictive saga.

4.4.2 Accessibility surfacesfor Europe

The Treaty on the European Union signed at Madwtaod the White Paper on Growth,
Competitiveness and Employment of the European tJbaih claim that the development of
Trans-European Networks (TENS) is an essential eh¢rm both promoting the economic
development and improving the economic and sooiaésion of the Union. It is an important
question whether the expectation is right thatiligkperipheral regions to the European core
will stimulate their economic development or whethiee implementation of the trans-
European transport networks is likely to contribtdespatial polarisation. A full answer to
this question would require a comprehensive fotaugsnodel of all flows of goods, persons
and services across these networks and how theydwahange in response to the new
transport opportunities, as well as of the economigacts this would have on the regions.
Such a model based on the multiregional input-duti@uimework discussed earlier has been
applied to study the regional impacts of the Chaiinanel and related parts of the European
transport network (ACEt al., 1996; Faymaret al., 1995) but is not applied here. Here it is
only asked in which direction the trans-Europeatwoegks will change theelative locational
advantage of different parts of the European centinlf the trans-European networks indeed,
as the European documents suggest, improve thesiloitiey of peripheral regions relative to
the regions in the European core, it is possilde tine peripheral regions benefit economical-
ly, though also the opposite may occur. If, howetlee trans-European networks increase the
difference in accessibility between the central pedpheral regions, they will contribute to
spatial polarisation.

Previous accessibility studies have concentratedozessibility indicators calculated for
cities or regions and so have ignored the factdbagssibility is continuous in space and that
there are large intraregional differences in adbaégg. To represent a continuous surface a
raster-based data structure was applied. As nerrbased population data for Europe are
available, synthetic raster data were generatatgusicrosimulation in combination with a
GIS. For this purpose the European territory wasgtjregated into some 70,000 raster cells
of 10 km width. The method developed (Spiekermam Wegener, 1996) follows the sug-
gestion by Newman and Vickerman (1993) that acb#éggi models should be more dis-
aggregate in spatial resolution.

Two sets of input data were prepared, the didiobwf population in Europe and current
and future rail travel times in Europe:
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- Raster-based population data were generatedebgllitcation of urban and national popula-
tion to 10-km raster cells. For each country fils population of large cities was allocated
to cells at and close to their geographical locatithe number of cells for each city was de-
termined as a function of the total populationha tity. After distributing the population of
large cities, the remaining population of each ¢guwas distributed equally across the rest
of the country, i.e. a homogenous density of thralrpopulation was assumed. The result
was a data file with estimated population for eatcthe about 70,000 raster cells of Europe.

- For rail travel times a simplified network wasedswith travel times of 1993 and estimated
travel times for 2010, i.e. travel times with thighispeed rail network of the rail masterplan
in operation. The access time from each cell tong@rest node of the network was calcu-
lated assuming an air-line travel speed of 30 ke total travel time between two cells
therefore consists of three parts: the accessftione the origin cell to the nearest network
node, the travel time on the network and the teaiime to the destination cell from the
node nearest to it. If the direct air-line travehd between two cells is shorter than travel
over the network, the shorter direct travel timeswaed.

Accessibility values were calculated for each & #®,000 raster cells taking account of the
population at and travel time to all other 70,086ter cells for the years 1993 and 2010. Ac-
cessibility was calculated as population poteritinlvhich a gravity model was applied

=3
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i G

with P; representing population in destination gedind ¢; travel time between origin cdll
and destination cells

The accessibility surfaces so generated are pexbém three-dimensional form. Figure
4.10 (top) displays the accessibility surface @f thil network of Europe in 1993. The eleva-
tion of the surface at each point indicates the mtade of the population potential at that
point. Strong disparities in accessibility beconmghble. Urban regions have the highest and
rural areas the lowest accessibility. Accessibitigcreases from the city centres to the rural
areas. Moreover, the areas in central Europe, lnddthn and rural, have a higher population
potential than regions at the European periphernyh & little imagination the 'Blue Banana/,
the European megalopolis stretching from Londom@lihe Rhine corridor to Northern lItaly,
can be recognised. Figure 4.10 (bottom) contaiasatttessibility surface of 2010 drawn to
the same vertical scale. The only change in inpuhé assumption that the trans-European
high-speed rail network will be in operation by PQ1the assumed distribution of population
Is the same as for 1993. Because of the signifizamel time reductions on the major Euro-
pean rail links the population potential increaakésver Europe. However, it appears as if the
general accessibility pattern is not much differditte highest accessibility is still found in
the major centres of central Europe, whereas thesawility of the periphery is less than in
the centre.

In order to get a closer look at the changes aessibility induced by the trans-European
rail network, Figure 4.11 displays tlebange in accessibility between 1993 and 2020. Figure
4.11 (top) shows absolute change. Now it is clieat, while the general pattern of accessibil-
ity has remained the same, the difference betwertrecand periphery has become more pro-
nounced. The highest absolute changes are in thesraf the future high-speed rail network,
and this growth is much more pronounced in cefitwgibpe than in the European periphery.
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Figure4.10 Accessibility surfaces of Europe. Accessibibiyrail: (a) 1993, (b) 2010.
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This result indicates that the trans-European oedsvwill increase the existing dispari-
ties in population potential in Europe in absoligens. But how about in relative terms? It
might be argued that, although the periphery wik in absolute terms, high relative gains
from a low starting position may be more import@mteconomic take-off. Figure 4.11 (bot-
tom) displays change in relative terms, i.e. asragntage of initial accessibility. Now the
picture is different. Peripheral centres such de,ddadrid or Lisbon gain slightly more than
centres in the European core such as Paris, whigady had a high accessibility. The rela-
tive gains are even smaller in the city centresclvappear as craters in the accessibility sur-
face because of their high initial values in 19@8eed all peripheral regions, urban or rural,
become significantly more accessible by the tramsspean networks, if only in relative
terms because of their low initial values. Howee®€en in relative terms they gain less than
cities which are nodes of the network.

In terms of methodology the analysis presentedeleaoom for a number of improve-
ments. In particular the population data used enstludy need to be more homogenous across
countries and regions either by taking data for [$UBIregions (which may cause problems of
finding appropriate data for eastern Europe) ousing data for NUTS 2 regions and compa-
rable regions in eastern Europe plus data for atbpean cities with a population of more
than 50,000. Also the network data used might peesented with more detail with respect to
national and regional networks and all stops inftitere high-speed rail network.

CONCLUSIONS

The main argument of the chapter was that the nategn of GIS and spatial models might
overcome one of the major disadvantages of cuspeatial models, their low spatial resolu-
tion represented by a zonal system. It was dematesitthat GIS can free spatial models from
the 'tyranny of zones' and that this opens up gel@otential for powerful new models (see
Wegener, this volume, Chapter 1). The chapter sddwe ways by which GIS may contrib-
ute to the development of new models:

- GIS-based data manipulation can be used to cpratsbilistic micro data sets. A spatial
interpolation method for the disaggregation of aggte data was proposed. The abandon-
ment of the concept of zones altogether and tlepiacement by a raster-based data organi-
sation is the ultimate solution to the 'modifiableal unit problem' (Openshaw, 1984; Foth-
eringham and Wong, 1991; see also Fotheringhamytiume, Chapter 2) and problems of
spatial interpolation between incompatible zondesys (Goodchilakt al., 1993; Fisher and
Langford, 1995).

- The data organisation provided by GIS, i.e. veatal raster representations, may be used as
common framework for co-processing polygon-, nekwamnd list-based spatial models. In
particular the combination of raster and vectorgspntations of spatial elements facilitates
activity-based microsimulation of location and mibpiin an integrated and consistent way.

The chapter presented two explorative exampleshimicombination of spatial microsimula-
tion models and GIS. Pooling potential and accdggilre issues that can only be addressed
by spatially disaggregate models. The introductds1S into spatial modelling widens the
range of issues that the models can deal withnloragoing research project GIS-based mi-
crosimulation is being applied to model hypothdtizdoan structures subject to new demo-
graphic developments, new lifestyles and new trarisgnd information technologies and to
systematically evaluate them using criteria sucla@ssibility, total passenger-km, energy
use, land requirement, other environmental indrsatmnd indicators describing the impacts
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for different social groups, with respect to theeth objectives of equity, sustainability and
efficiency (Wegener and Spiekermann, 1996b).
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