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Chapter 1
Introduction
1.1 Spatial planning process and products
Spatial planning is a complex activity. Spatial planning in the Netherlands
is defined by Hidding (2006) as: ‘a search process, in which planning actors develop coherent images and strategies to guide and intervene in the process of mutual
adaptation of space and society, primarily aimed at realizing public objectives. This
search process is framed in the process of policymaking and implementation and supports deliberate and democratically legitimized decision-making about the approach
on spatial problems’.
Planning can be conducted by several private and public actors, although
in this definition, spatial planning is limited to processes initiated by a public actor and framed to take place as preparation to policy making. In the Netherlands,
spatial plans or policies are developed at several different administrative levels:
national, provincial and municipal level. These administrations have a legal responsibility to update there spatial plans on a regular basis (Dutch Government
2005). At all three administrative levels, strategic framework plans and policy
guidelines are developed. The framework plans are indicative and must comply
with framework plans of a higher administration. Only at the local (municipal)
level, a binding land allocation plan is developed (Hajer & Zonneveld 2000).
In addition to this formal course of strategic plan development, a wide
array of informal plans and visions are developed and published, as well. These
plans are often initiated by other sectoral domains (e.g. water authority or transport) at the three different administrative levels. Typically, these informal plans
are not limited to jurisdictional boundaries and the extent of the plan area is defined by the geographical scale of the perceived problems and challenges at hand.
This explains recent popularity of area-based approaches. In this research, focus is
on the development of strategic plans (formal or informal) in regional planning
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processes. The term regional identifies processes where regional actors, as municipalities, provinces and other sectoral authorities co-operate in the development
of strategic plans.
At the heart of most spatial planning processes lies the design of one or
more plan alternatives. The approach to come to these plan alternatives is often
unique and tailored to the specific context and policy objectives formulated for
the plan area. As society is continuously changing, so does the conceptions about
the activity of plan-making. However, contemporary strategic planning in the
Netherlands is largely influenced by the design-oriented view on planning (Hidding 2006, Needham 2000), introduced by Kleefmann (1984), and is therefore a
starting point in this research.
Kleefmann proposed that the aim of strategic planning should be ‘to influence the actions of those who shape the spatial organization, by initiating a debate on
likely and desired futures with spatial scenarios and map representations’ (Carsjens
2009). An important goal of the debate is to create a broad social basis for a
normative future through social learning. Stakeholders are then more likely to
contribute resources (e.g. financial) for actual realization of the future plans. Tentative policy programs as a result of the planning process, inform decision-makers
in choosing the most preferable future spatial development in an area. The spatial scenarios and map representations are important communication media and
should provide solutions to earlier identified problems and challenges in an area
and are therefore directed to a set of objectives (e.g. increased access to an area,
economic development, ecological sustainability).
The design-oriented view on planning advocates an iterative and tentative
cycle of three phases:
1. analysis of the current situation and perceived problems and challenges;
2. design of alternative futures and identification of sets of measures and
actions to achieve these futures; and
3. evaluation of the possible consequences for several domains, including
performance of an alternative future with respect to the initial process
objectives.
Spatial scenarios and related map representations have often unique content and differ in detail throughout the construction process. Kleefmann (1984)
identified that due to the complex content, the development of different spatial
scenarios was typically an expert matter. Experts with different expertise, construct
in interdisciplinary teams, a coherent set of likely and desired futures in order to
present and communicate these to decision-makers and the broader public at predefined moments. Communication in construction between experts is yet com14
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plex, due to differences in values regarding functioning of landscapes, differences
in domain ‘jargon’ and differences in the spatial scale of interest. Nowadays, this
communication increases when non-expert stakeholders (e.g. project developers,
landowners and citizens) and interest groups feel more and more empowered to
participate in the actual drawing of scenarios, as well. As such, the development
of spatial scenarios, progressively become transdisciplinary (Tress & Tress 2003).
Higher levels of non-expert participation in spatial scenario construction,
introduces several opportunities but also challenges. Mainly, the local ‘indigenous’ knowledge in scenario construction is regarded fundamental to reach better
consensus about future spatial development. However, also several public objectives need to be protected, while the underlying processes of spatial organization
of the landscape has in recent decades not become easier to comprehend. The
question remains how to integrate scientific and technical knowledge with this
local knowledge. As it is a practical problem to include all relevant stakeholders
in scenario construction, much attention should be given to organizational and
selection aspects of plan-making processes. In these days, non-expert stakeholders
are not frequently included as full members in the actual scenario construction
process. Instead, they are more and more included in the problem identification
phase and are more frequently involved in the intermediate evaluation of spatial
scenarios.
As identified before, the development of spatial scenarios is a central concept in the design-oriented view on planning. Scenarios have two main functions:
bridging and stretching. The bridging function permits and encourages communication between people from different communities of modeling and planning,
while the stretching function aims to improve thinking about the future and ultimately widen the range of alternatives considered. The ‘bigger picture’ that comes
into prominence to scenario users during their stretching exercises is an essential
ingredient of an effective decision-making process (Xiang & Clarke 2003).
Van Notten et al. (2003) identifies three general questions to be of importance when researching the future in planning. Three types of scenarios are
distinguished: what will happen (predictive); what can happen (explorative); and
how can a specific target be reached (normative)? Ideally, all types of scenarios
are conducted in developing a strategic plan. In planning practice, however, due
to limited time and competences, scenarios of only one type are designed and
discussed in isolation, or several types of scenario are designed and discussed,
but at different points in time. In this research focus is on the explorative type of
scenarios. In particular, on policy scenarios constructed in a collaborative creative
manner with multiple actors, opposed to the traditional more quantitative and
research-oriented manner of predictive scenario construction in land use modeling.
15
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Xiang and Clarke (2003) identified three important general aspects of sets
of scenarios, that make them effective for use in spatial planning. First, the scenarios should be surprising and plausible. Second, the information that is used
in scenarios should be vivid and presented in a vivid way. Third, scenario design
should be ergonomic, in terms of the themes, size and the defined time frame of
a scenario set.
According to Xiang and Clarke (2003), the quality of scenario sets increase when they are thought-provoking, internally consistent, include a diversity
of viewpoints and are consistent between scenarios. Further, when they offer a
holistic and insightful view of futures by articulating the knowledge about the
drivers with the presentations of the key challenges, the policy responses, and the
consequences of these responses.
Xiang and Clarke (2003), finally suggest that effective scenarios should be
spatially and temporally be proximate to the stakeholders and decision-makers
and that the degree of detail and specificity in composition and presentation of a
scenario set should be high and ‘concrete’.
In line with the identified challenges, de Waard (2005) extended the toolbox of planners with a comprehensive set of instruments and the scenario approach to support modern regional spatial plan-making processes and called it
Simlandscape. The research introduced here was embedded in a 3-year project
(2006-2008) called “Play area for Simlandscape” in the program of “Space for
Geo-Information” subsidized by national funding. The overall project aim was to
design and implement parts of the concepts and process flows of Simlandscape
into a digital planning support system. It should provide digital instruments in
order to support the design process of spatial scenarios up to a detailed and more
comprehensive level.
In the next section, a concise overview of the most important concepts and
process flows of Simlandscape is provided.

1.2 Simlandscape
Simlandscape is based on the important observation, that in essence the
spatial organization of the landscape transforms at the level of ownership lots
(de Waard 2005). Also other authors recognize that landscape transformation
ultimately takes place at this level (Groen et al. 2004, Benenson 2007, Valbuena
et al. 2010). Landscape change occurs when there exists an actor that financially
supports it and when it is in line with spatial policy. Spatial policy is thus only one
of more aspects that determines future landscape transformation. Other aspects
are for example, the financial perspective of the actor and the physical suitability
of the land. Needham (2000) mentioned that planning authorities in the Nether16
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lands only have very few possibilities for changing the spatial disposition directly.
Ownership lots (from now on referred to as lots) are thus identified as the ‘cells
of change’ in a landscape in time. Insight in the future intentions of all relevant
stakeholders (including developers and co-users) is essential, when searching for
coherent, effective and realistic policy measures.
In Simlandscape, a specific scenario approach is developed for supporting
the construction of spatial scenarios down to the scale level of lots. The approach
supports the construction of a comprehensive and coherent set of scenarios: (1)
current situation scenario (or t0-scenario), (2) policy (plan) scenarios, and (3)
research scenarios. The research scenarios are further specified in (a) owner scenarios and (b) plan-realization scenarios.
This set describes a basic set of scenarios, which incorporate the different
viewpoints of the multiple actors present in its construction process. A balance is
sought to stimulate creativity and where the resulting scenarios are coherent and
effective to be evaluated on qualitative and quantitative effects.
In addition to a full range of input data sources suitable for analysis and
conception of the current situation, Simlandscape introduces its specific t0-scenario data set. This data set is essential for describing the current situation in
coherent terms at the level of lots and consist of two component layers: function
(forms) and layout (forms). Currently, at each lot, one or multiple economic
functions are performed (e.g. work, nature, recreation, residence, industry). The
functions give reason for the existence and influence the layout of the lot. The
total combination of functions present at a lot is defined as a function form.
Economic functions are not necessarily apparent from the physical layout of a
lot. The physical appearance of the set of landscape components at an ownership
lot, can be described by compositional properties (referred to as Space Ratios). For
example, 60% of a lot is built space (BSR), 20% is water space (WSR) and 20%
is green space (GSR). The total composition of physical components present at a
ownership lot is defined as a layout-form.
By expressing the current situation in a coherent format as functions and
layout, alternating evaluation of designed policy scenarios in similar format compared to the current situation becomes possible. Policy (plan) scenarios are ‘global
or detailed descriptions of a preferable future spatial organization’ (de Waard 2005).
These future scenarios in Simlandscape are constructed in functions and layout
up to the lot level. Owner scenarios describe the expected or desired spatial development (function and form) of the ownership lots, from the perspective of the
current landowners. The owner scenarios can only be constructed from empirical
social research and questionnaires. Plan-realization scenarios, finally, describe the
possible consequences of one or more policy scenarios on actual transformation
of the future spatial organization, through a simulation of speculative responses
17
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of owners to the policy scenarios.
In this research, focus is on the development of the so-called policy (plan)
scenarios. This is a fundamental activity in spatial plan-making and thus in Simlandscape. In figure 1.1, a general process flow about the construction of policy
(plan) scenarios is illustrated. The construction of policy (plan) scenarios generally consists of four phases. These phases describe a procedure of progressively
specific scenario construction. In each of the four phases, the three traditional activities of analysis, design and evaluation are performed. In the first phase (phase
I), it starts with global and abstract sketching of structures and zones for related
preferable futures, based on historical analysis and spatial background information. The evaluation of these sketches remains mainly qualitative and Simlandscape does not add much here to traditional processes. The core of the activity in
Simlandscape is in the next phases. These generally contain the specification of
ideas about area transformation into landscape lot typologies (phase II) and subsequently allocate these in an iterative and tentative fashion to demarcated zones
and available lots (phase III).
The lot typologies are the building stones in the construction of qualitative
and quantitative coherent plan scenarios. A landscape lot typology is mainly a
combination of the two components already identified to describe the t0-situation: function-form and layout-form. In addition, other attributes are included
in the typology in order to identify and store specific qualitative and quantitative information about a future development to a spatial location. In figure 1.2,
a realistic example of a landscape lot typology is provided. A lot typology can
be allocated directly to a lot or a cluster of lots. In the construction of coherent
plan area-wide scenarios, however, it is more likely that the area is first divided
in zones. Consequently, for each zone, a (zone) program as a combination of different lot typologies is compiled. It should be stressed that in this phase of zone
program compilation, lot typologies are not yet spatially allocated to lots. In the
example, the zone program is limited to only two lot typologies and their relative
projected distribution. Surely, a zone program can consist of more lot typologies.
With compiled zone programs, a qualitative and a first quantitative evaluation
becomes possible. The quantitative attributes of lot typologies can be multiplied
with the size of the zone geometry and their relative distribution factor for calculating overall statistics. In the third phase (phase III), the lot typologies of a zone
program are spatially distributed over relevant lots.
In figure 1.1 the result of this phase is illustrated with a map of the related
lots in the zone, where each lot is allocated a landscape lot typology visualized as a
color or pattern. This color or hatch pattern relates to the landscape lot typologies
identified in the zone program (phase IIb). The allocation activity can take place
manually or automatically, but generally consists of two steps. First, relevant lots,
18
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Figure 1.1 A general process flow, divided in four phases, illustrating multi-level plan scenario
construction in Simlandscape
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No. 425

Typology name: Villa district
Typology spatial extent:
1 ha - 10 ha

Typology description: Large space villas in a green area.

Associative images of landscape typology

Physical layout

HSR

-

Economic function Hydrological prop. ...

Compositional properties
20 - 40 %

SSR

BSR

40 - 60 %

GSR

ISR

40 - 60 %

ASR

n/a

WSR

0 - 50 %

TSR

50 - 100 %

0 - 50 %

Configurational properties
2D

+

60 - 80 %

3D

Landscape components

Figure 1.2 Example of a landscape lot typology; consisting of a descriptive title, a short description, the applicable spatial extent, multiple associative images, descriptive compositional properties
(HSR = Hard Space Ratio; BSR = Built Space ratio; ISR = Infrastructure Space Ratio; SSR = Soft
Space Ratio; GSR = Green Space Ratio; ASR = Agricultural Space Ratio; WSR = Water Space Ratio;
TSR = Tree Space Ratio) and illustrative configurational properties calculated from the distribution
of landscape components

to which the zone program apply, are selected. This is performed through a standard spatial overlay procedure. The selection is often based on the pre-defined
condition where lots ‘are completely within’ or ‘have their centroid in’ the zone.
Second, in an allocation procedure, the lot typologies are allocated, according
to the relative distribution specified in the zone program. This allocation procedure can be defined as a design problem, in which several decision factors play a
role. For example, the amount of transformation is minimized; i.e. lots that with
their current state fit in the zone program are preserved. Other examples are,
to maximize physical suitability, to minimize overall cost, to maximize spatial
contiguity and to maximize landscape quality. In addition, it is a feasible phase
for connection to (or integration of ) the drafting process of re-allotment plans.
A re-allotment study analyses the possibilities to optimize for a new layout of the
plan area based on rules set for re-allotment, the rights in the current situation
and a prioritized list of wishes of stakeholders. Most importantly, merging and
splitting of the lots (geometries) is an important additional instrument in reallotment plans to provide a larger solution space. It is believed that integration
of re-allotment studies in this phase of plan scenario development would largely
20
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increase the realization potential of policy plans, particularly in rural and semiurban environments.
It may be useful to present the results of this phase in three maps: (1) lot
typology map, (2) functions map, and (3) layout map. The resulting set of scenario maps, contain enough quantitative information for several types of evaluations. However, for comprehensive qualitative and quantitative evaluation the
layout map needs further specification.
In the last and fourth phase (phase IV), the layout map is further visualized with more detail. Based on a reference image of the layout, and a selected
lot geometry, a possible future layout is generated. In this research such possible
future lot layout is called a landscape configuration.
A subtle but substantial distinction is made between the terms landscape
configuration and landscape design. The process of creating landscape configurations does not intent to simulate the complete, creative and complex process of
professional landscape design. It rather intents to simulate the first quick, but
informational and communicative drawing, sketching and designing in (plan)
scenario construction. In a subsequent stage of the planning process, the landscape configuration can provide one of the founded inputs (e.g. quantitative plan
of requirements) of the tailor-made locational landscape design.
At this level of scenario construction, several factors may play role for the
creation of plausible landscape configurations. The factors identified above for the
zone program allocation may also apply at this level. However, most important is
first to create landscape configurations which are plausible and represent the proposed lot typology. In this research, a plausible landscape configuration is defined
as ‘a configuration that is representative for the proposed landscape lot typology
and when it is accepted as possible landscape layout in the plan scenario’.
Finally, in phase IVb, the users are provided with tools to manually relocate landscape components to improve overall plausibility.
The process of designing spatial scenarios cycles from abstract and general
at the area level, to detailed and specific at the local level. After analysis at the
local level, the user may re-design at the area level, taking learned lessons into account. With smooth and rapid switching (in design and view) between multiple
scale levels, consequences of measures introduced at one level to the other can
be evaluated. This evaluation is possible in a qualitative and quantitative manner. Theoretically, Simlandscape can be executed in an analogous fashion. As a
matter of fact, a role-playing simulation game with a physical maquette of the
game area has been executed several times in professional exercises. However,
computer-support for constructing and evaluating the different spatial scenarios
of Simlandscape can increase the rapidness and accuracy in collaborative design
and the perception about future spatial scenarios.
21
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1.3 Computer support in designing plan alternatives
Computer support for strategic spatial planning have been materialized
into Planning Support Systems (Harris 1989). Many dedicated PSS have been
developed since then, and since Geo-Information System (GIS) technology forms
the backbone, most of the systems have been developed with a strong focus on
analysis (e.g. impact assessment), evaluation (e.g. multi-criteria analysis), visualization (e.g. virtual reality) or simulation (e.g. agent-based systems) (Arentze et
al. 2006).
Basically, GIS is a technology, designed to efficiently structure, store and
analyze geo-referenced spatial information. The spatial information is stored in
a database in raster or vector format. For integrated analysis the data requires a
common coordinate system. The strength of GIS is its capacity to combine information sources related to the same location in order to generate new ‘richer’
information. It provides tools to view and analyze data at different levels of abstraction and detail. The entering of new data however is a time-consuming and
accurate process, and requires a relatively high level of expertise. For effective
analysis, GIS requires data sources to be consistent in geometry (topology) and
in theme.
The strong requirements of GIS to operate with consistent data sources,
makes them not ideal for collaborative scenario design activities. Creativity, a
characteristic for scenario design processes, is hindered by the imposed data input
requirements. Many professionals are still educated and used to work with sketch
paper or paint software (e.g. Adobe, Coreldraw). Although these media do support unlimited creativity, quantitative information about what is drawn cannot
be provided and design and sketches can thus only be qualitatively (i.e. visually)
evaluated. Another popular technology in design is CAD (Computer-Aided Design) software, but is mainly used in the field of building design and construction.
The software is object-oriented and has only limited tools (compared to GIS) to
store and analyze design at different aggregated levels.
Several studies with positive experiences exist in which ‘manually’ modeled
CAD-models or GIS-models of complete neighbourhoods, virtual cities and regions are used to be viewed, navigated in, and evaluated during meetings in participative spatial plan-making processes (e.g. Dockerty et al. 2005, Langendorf
2001). The possibilities of in-process manipulation of the objects remain however limited to annotation. The manual production of the large data sets is very
costly and involves many expert man-hours to develop. The detailed visualization
and analysis of ‘sketched’ scenarios is done in the back-office and at a different
point in time by expert modelers and designers. The models are primarily based
on the interpretation of information produced in the actual scenario construc22
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tion process. Despite the existence of various tools to automate repetitive tasks
in modeling and design software (e.g. laser scanning, image-based capturing),
coherent modeling of large landscapes of historic or current situations with different levels of detail (building masses to photo-realism) remains labor-intensive
and costly. This only increases when situations about ‘what may be’ (a possible
future) are modeled. Both, GIS and CAD-software have functionality to support
a multitude of spatial plan-making activities, but are too generic or too technical
to be directly usable in collaborative design activities including participants with
different levels of computer experience. Many researchers, therefore, developed
dedicated systems, based on GIS or CAD (or a combination) for specific planmaking tasks.
Several attempts have been undertaken to provide support of the socalled creative ‘sketch planning’ activity (Hopkins 1999) with a GIS as underlying base. For a major part it reflects the activities of the first phase (phase I), illustrated in figure 1.1. For example, Geertman (2002) proposes sketchGIS, which
supports participants in an interactive group process of creating intuitive designs.
The instrument allows users to select geo-referenced background information,
combine it (visually) and view it at desired levels of abstraction. Users can create multiple alternative sketches consisting of points, lines, polygons, or fixedsize or free-sized rectangles. Consequently, the sketches can be edited (reshaped,
enlarged, moved and removed). Professional designers are usually very critical
about the main sketching functionality of such systems. The instrument should
imitate the analogue sketching process very closely and should at least offer comparable ‘sketching’ experience and comfort as in paint software (e.g. Adobe). In
sketchGIS and comparable systems, the results can visually be confronted with
the background maps, as well as rudimentary quantitatively evaluated (as size
and length). Since, the sketch is stored in a database it is possible to be combined
in sketchGIS or other software with sketches or selected background material.
Geertman (2002) further suggests to combine the dedicated software with a large
smartboard to enable more collaborative forms of sketch planning.
Hopkins et al. (2004) introduces such a large smartboard as a workbench
with a touch-sensitive device and focus on human-computer interaction in the
context of sketch planning. By means of gestures, users are able to draw, annotate
and manipulate ideas. The use of gestures seems to improve the sketching experience of analogue processes. Nowadays, ready-for-use hardware systems with a
desktop pc as backbone are available for commercial prices (e.g. MS Surface)
and many public authorities indeed have acquired such an interface. Software
for more advanced and multi-level design, construction and evaluation of plan
alternatives, however has not yet come to broad use in practice.
Two of the most exploited Planning Support Systems, at least in the USA,
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are INDEX (Allen 2008, Criterion-planners 2008) and CommunityViz (Janes
& Kwartler 2008, Kwartler & Longo 2008, Placeways 2010). These systems are
mainly used in community visioning processes and are tailor-made to more advanced collaborative analysis, design and evaluation.
INDEX is a static, rule-based geographic information system (GIS) tool
with a menu of indicators that can be applied to user-created scenarios to gauge
achievement of user-defined goals. The tool is mainly developed to intuitively
draw, design and paint land-use scenarios at the parcel level, and directly evaluate and rank the developed scenarios with pre-selected goal-relevant indicators
scored in charts and maps. The developed scenarios are compared to its baseline
scenarios and to each other. The tool supports real-time digital charretting in
public meetings.
Two main components in the tool, are the menu of INDEX indicators
and a palette with editable so-called land-use paints. A land-use paint includes all
sorts of socioeconomic characteristics (household, jobs, density, parking etc.) informing the indicators, and includes associative images. Users paint parcels with
land use types one-by-one, selected from the palette by clicking on the parcel and
thereby editing its attributes. For reliable indicator calculation, a strict setup of
the underlying geo-data is important.
The paint function is optimized for use with parcels as land units, although
also coarser area-base level land units are supported. More advanced editing or
design of landscape components is possible through manual ArcGIS editing functions, which as a consequence are only applicable by advanced tool operators.
The tool is optimized for land use allocation and spatial effect analysis. INDEX
roughly supports the ‘manual mode’ of phase III in plan scenario construction in
Simlandscape.
Currently, CommunityViz software (v4) includes two components, Scenario 360 and Scenario 3D, which are both ArcGIS extensions. Scenario 3D
enables the users to show a 2D vector map in three dimensions and can include
buildings, trees, mountains and more. Furthermore, the created scene can be
explored by moving through it in real time and adding environmental effects as
fog, clouds and time of day lighting. However, this tool becomes more and more
obsolete with the current developments of ArcGIS integrated ArcScene component and of course Google Earth.
Scenario 360 is more advanced and provides several tools to particularly
analyze designed land-use scenarios. The emphasis is on the analysis of scenarios,
providing several wizards to evaluate and improve scenarios. One example is the
common impacts wizard, that automatically create socioeconomic and environmental impact analyses based on projected growth of buildings. Another popular
wizard is the site-suitability analysis, which informs the users which locations are
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best suited for certain land uses based on locational attributes of other spatial
layers.
Like the INDEX software, Scenario 360 also contains a tool to create landuse scenarios (phase III in figure 1.1) by painting so-called land-use styles on the
map. The land-use styles are stored in the style manager and exhibit several editable characteristics, such as building density and resource utilization rates. In the
style manager, several pre-defined land-use models are provided, but new models
can be created, as well. Through the style palette and the paint tool, a land use
style can be applied to a feature on the map, taking on all the specified characteristics and style. In addition, corresponding impacts are calculated automatically.
The clone tool is an interesting function which makes copies of a feature, including its shape and style and can be used to manually design multiple features.
Scenario 360 further incorporates two other interesting decision wizards
which are connected to generate more detailed layout, as the allocation and visualization of buildings in land use scenarios: Allocator and Build-out Wizard.
The wizards reflect a procedure to phase IVa in Simlandscape. A more detailed
description about these specific tools is provided in chapter 2.
Both software programs are primarily developed based on popular community visioning approaches at a local level in the USA. Experiences and developments with these processes are very useful, but are not completely transferable
for use in strategic regional spatial planning in the Netherlands as identified in
previous sections. For example, they lack the ability to switch flexibly between
the identified different design scales as from abstract zoning to allocating and visualizing economic functions and physical layout at the parcel level. In addition,
the software is interlarded with characteristic and technical GIS-related control
artifacts; e.g. start and control of editing data or table of contents restrictions. A
multitude of wizards are offered to compensate for this technical experience, at
the expense of the ‘sense’ of creativity and being in control.
Another example of software developed to support design of scenarios is a
stand-alone tool called RasterPlan (Groen et al. 2004, Tisma et al. 2004). The former national institute for spatial research (dutch: former ruimtelijk planbureau)
in the Netherlands, often deal with predictive scenarios of future spatial developments expressed in quantitative needs for extensions of housing, working, nature,
water areas, or infrastructure. A dedicated software tool is developed with which
designers easily and quickly can design realistic scenarios or alternative plans for
future spatial developments at the regional level. Basic GIS operations are combined with simple drawing functionality. RasterPlan is restricted to view and manipulate raster data. As a consequence, only background images in raster format
can be loaded and viewed. RasterPlan combines raster drawing and calculation
functions so that the sketch created can be quantitatively checked. Final products
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are a raster map that shows the amounts and spatial distribution of new functions
and a table that shows the changes in land use caused by this allocation. Again, a
comprehensive visualization of the possible layout change is not incorporated.

1.4 Synthesis
The construction of a set of spatial plan scenarios is the core activity of
each regional planning process and is often unique and tailored to the specific
context and policy objectives formulated for a plan area. Modern collaborative
scenario construction is complex due to a variety of participating actors, as public
planners, domain experts and non-experts as interest groups and landowners. The
level of participation of the non-expert group varies from process to process, but
for effective spatial scenarios it is important to ergonomically construct, surprising and plausible scenarios with vivid, proximate and concrete content. Simlandscape introduces a rich set of instruments and procedures in order to construct a
diverse and coherent scenario set that supports communication and social learning and that facilitate a better informed decision-making process. The central
notion in Simlandscape is that actual transformation of the landscape takes place
at the ownership lot level. Through construction of strategic spatial scenarios
down to the level of individual or clustered lots, comprehensive qualitative and
quantitative evaluation becomes possible. Design instruments are proposed, that
are intuitive in supporting the funneling creative design process from abstract
and general sketches to specific and detailed economic function allocation and
landscape layout modeling. The latter activity is supported by the definition and
allocation of landscape lot typologies with (non-spatial) attributes.
Research in computer support for spatial plan-making have mainly focused
on the analysis and evaluation of spatial scenarios. Generic software modeling and
design software as GIS, CAD and graphical design are too generic, too inflexible
and too complex for effective, collaborative and creative plan-making processes.
Only some dedicated current computer-support for collaborative planning and
design have been developed and provide generic sketch and edit tools, to design
and allocate primarily economic functions at a single scale and abstraction level.
Since based on GIS, plan design software development however is more focused
in specifying and calculating spatial indicators for policy analysis than in providing effective instruments for creative spatial design and comprehensive physical
visualizations.
To enable the effective design and modeling of vivid and plausible future
spatial scenarios, there is a need for a method which supports the two main steps
of policy scenario construction in Simlandscape. The first step consists of the
distribution and allocation of landscape lot typologies to lot geometries. This step
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poses a complex problem, which can be manually as well as automatically solved,
but is not the core of this research. The second step, assumes that a landscape lot
typology is allocated to a lot geometry, and contains generation of a plausible
landscape configuration based on the attributes of the landscape lot typology.
This step can also be done manually, but is very time-consuming for a total plan
area involved. Therefore, automatic generation of a plausible landscape configuration, based on the properties of the allocated landscape lot typology is important
and the central subject in this research. The automatic generation of landscape
configurations is part of the research field called ‘generative modeling’.
Modeling scenarios in this way may better provide inspiring images for
engaging the future and means for finding new solutions (Couclelis 2005).
Because of its management, evaluation and interoperability characteristics,
GIS technology is used as the backbone and as such the primary aim is to generate 2D landscape configurations. These 2D geo-referenced representations form
the base for several yet existing techniques that can transform this data to more
comprehensive 3D visualizations.
The specific requirements of the methodology to generate plausible landscape configurations are summarized in table 1.1.
In the development of the methodology to generate plausible landscape
configurations it is vital to evaluate whether the generated landscape configurations represent the proposed landscape lot typology and whether they are accepted as possible landscape layout in plan scenario construction.

1.5 Research objective
The main objective of this research is to develop and evaluate a method,
that generates plausible landscape configurations by using user-defined landscape
typologies, as a digital support tool for participatory spatial plan-making.
It is postulated that this method can support participatory spatial planmaking in two complementary ways:
1. producing landscape scenarios and constituent configurations that
better match the perception level of all participants; and
2. providing detailed geo-referenced input data for scenario performance
evaluation in order to obtain founded insight in likely consequences
of policy decisions or spatial interventions.
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Table 1.1 Requirements to the methodology which generate plausible landscape configurations
from user-defined landscape typologies
Requirements

Description

1. landscape lot typology as
building blocks

The method should be able to produce a landscape configuration based on the information of a user-defined landscape lot
typology. The landscape lot typology consists of spatial and
non-spatial properties. The spatial properties are depicted as a
2-dimensional reference image.

2. landscape components

A limited set of landscape components present in the reference
image is distinguished: (1) landscape elements (e.g. building,
tree), (2) land cover features (e.g. vegetation, hard space, water)
and (3) network features (e.g. dry and wet infrastructure).

3. allocation site

The landscape typology with its spatial properties need to be
allocated to a spatially explicit site with given realistic dimensions and geometry. The allocation site is assumed homogeneous
within its borders with respect to local suitability. Spatial factors,
such as micro-relief, soil or groundwater level, and a-spatial factors, such as ecological and economical values, are considered in
advance of the generation process.

4. spatial extent

The landscape typology contains a user-defined applicable
spatial extent. This extent defines the minimum and maximum
site surface to which the properties of that particular landscape
typology are applicable.

5. generic approach

Each applicable case study (e.g. landscape typology and allocation site) is unique, but requires a generic approach.

6. interaction time

The landscape configurations are required to be generated in
‘reasonable’ time. Reasonable in terms of to be suitable for interactive plan-making processes.

1.6 Structure of this thesis
As table 1.2 shows, this thesis is structured in seven chapters. After this introductory chapter in which the problem context and research objective are stated,
an overview of the range of currently available approaches to generate landscape
configurations is provided. Then, the two main contributions of this research are
clearly described. First, inspired on current approaches, a conceptual model and
the implementation of a ‘landscape generator’ is presented. Second, the design of
an extensive validation experiment about the plausibility of the generated configurations and its analyzed results are reported. Finally, in a concluding chapter,
main findings about the developed method and its validation are summarized
and discussed, after which recommendations on both are suggested.
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Table 1.2 Structure of the thesis in chapters and topics
Chapters

Topics

chapter 1
Introduction

- problem statement
- research objective
- thesis structure

chapter 2
Overview of generative landscape modeling
approaches

- procedural modeling
- spatial multi-objective optimization
- cellular automata
- agent-based modeling
- summary of existing approaches

chapter 3
Landscape Generator: method to generate
plausible landscape configurations

- model of the system
- basic heuristic approach
- modified heuristic approach
- example case study

chapter 4
Validation approach on landscape generator
output

- model validation purpose
- developments in model validation
- experiment design
- presentation of the survey
- statistical analysis

chapter 5
Results of validation of landscape generator

- descriptive statistics
- results design quality test
- results representativeness test and dimensions of
evaluation
- survey reliability statistics

chapter 6
Analysis of validation of landscape generator

- analysis of design quality test
- analysis of representativeness test

chapter 7
Conclusions, discussion and
recommendations

- conclusions
- discussion and recommendations
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Chapter 2
Overview of generative landscape
modeling approaches
2.1 Introduction
In the previous introductory chapter, the context and objectives for this
research are introduced. In this chapter, most of the established existing generative approaches in landscape modeling are reviewed for their applicability and
relevance as the base for a method to generate plausible landscape configurations
from landscape lot typologies.
In spatial planning literature, four important more of less distinct fields of
research are identified which offer directly or indirectly approaches for developing
a generative method:
1. procedural modeling (e.g. spatial grammars, landscape grammar);
2. spatial multi-objective optimization modeling (e.g. Genetic Algorithms (GA), Simulated Annealing (SA));
3. Cellular Automata (CA); and
4. Multi-Agent Systems (MAS).
The current state-of-the-art of the four approaches in relation to the objectives of this research are discussed in the following sections. It is not intended to
provide a mutually exclusive categorization and complete overview of generation
methods and techniques available, neither to position them according to their
objectives in a spatial planning process. Rather, major approaches are described
that can be useful for the definition and implementation of a method to generate
plausible landscape configurations.
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2.2 Procedural modeling
One of the most straightforward approaches to generate (parts of ) landscape scenarios is to procedurally model (e.g. addition, deletion, alteration) landscape components at a site. In a formal and abstract way, spatial grammars define
geometric patterns formed by the definition of a shape. Spatial grammars can be
further categorized into string grammars, set grammars, graph grammars, split
grammars and shape grammars (Krishnamurti & Stouffs 1993). String grammars are based on the formal theory of human languages of Chomsky (1957). A
language is constructed from a common vocabulary of existing words and a set of
rules. The rules define the syntactical relation between words, necessary to be able
to form understandable sentences.
A successful spatial implementation of a string grammar is the Lindenmayer system (L-system) approach to model higher plant structures (Prusinkiewicz
& Lindenmayer 1990). It is based on the concept of rewriting, where complex
objects are defined by successfully replacing parts of a simple initial object using
a set of rewriting rules. An L-system uses character strings as representation of the
spatial object and the rewriting rules. In a subsequent phase, geometric interpretation is necessary to generate images of the constructed plant.
Shape grammars, introduced by Stiny and Gips (1972), contain a vocabulary of primitive geometric shapes and rules which specify how the shapes can be
arranged in relation to each other. In contrast to the L-systems, geometric representation is intrinsically present in the objects and rules. Processing of these rules
results in a geometric 2D or 3D construction or pattern.
An illustrative example of a shape grammar (after Stiny & Gips 1972)
illustrates the basic concepts of grammars (see figure 2.1). In essence, a shape
grammar contains a vocabulary with terminal (Vt ) and non-terminal (Vm ) primitive geometric objects and a rule-set (R) with shape rules (u,v). u is called the left
side of the rule; v is called the right side of the rule. I is referred to as the initial
shape and normally contains an u, such that shape rules may apply.
To generate new shapes from this shape grammar, a set of rules are sequentially processed, starting from the initial shape. The result of applying a shape rule
to a given shape is another shape consisting of the given shape with the right side
of the rule substituted in the shape for an occurrence of the left side of the rule.
The language is the set of shapes generated in the steps that contain only
terminals. The nonterminal object is of use to make the rules applicable to only
the most recently added square. In contrast, if the marker is not used, the rule
can be applied over and over to the same square (Stiny & Gips 1972). Note that
with only two objects and two rules, more complex objects in one language are
generated. It is not hard to imagine that complexity of the shapes in a language
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Figure 2.1 Example of a simple shape grammar defined by Gips (1975); SG = Spatial Grammar,
Vt = terminal objects, I = initial shape

increases exponentially, when the number of objects and rules are extended.
Using these simple concepts, spatial grammars have been applied in the
last decades for generating more realistic and much more complex spatial constructs in simulated worlds. The game and graphics industry makes extensively
use of grammars to generate unlimited virtual worlds. The objective is mainly to
accelerate the time consuming process of modeling by hand (see for an overview
Kelly & McCabe 2006). Parish & Muller (2001) were among the first being
able, to model infinite cities based primarily on grammars. As a first step, based
on extensive input data as population density and elevation maps and selection
of frequently observed road pattern templates, several roads can be generated.
Some additional constraint checking is necessary to generate feasible crossings
and intersections at the local level. In subsequent steps, urban buildings with
highly detailed textures are generated from allotments, created by a simple lot
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Figure 2.2 Examples of ‘generating a city in sequence with L-systems’; from generating highways
and streets based on an elevation layer (left, source: Parish & Muller 2001), specifying allotments
based on a street layer (middle) to model complex building geometry in five steps (right) (source:
Kelly & McCabe 2006)

division algorithm and recursive rule application. The authors have been able
to develop commercially exploited software (Cityengine) for modeling large-scale
urban models. This software is mainly used in the game, movie and graphics industry and through its technical user-interface not applicable to actors in multiactor spatial planning.
Several requirements for optimal software are identified. Ideally, modeling
with visually realistic geometry should be highly interactive through the use of
interfaces where users (modelers) can specify parameter values to generate desired content. The strong claim on interactivity, requires runtime environments,
enabling direct feedback on the modeled content.1 Much effort in this research
field is further directed to interactively model realistic highly-detailed buildings
and facades, using split grammars (Wonka et al. 2003, Kelly & McCabe 2007)
and shape grammars (Muller et al. 2006) and improving road pattern generation (Chen et al. 2008a). Some illustrative examples from this research field are
provided in figure 2.2. At the left, highways and streets are generated based on
an elevation layer. In the middle, allotments are generated based on an streets
geometry layer. And at the right, five consecutive steps with simple rules, leads to
complex building geometry.
Generative techniques in spatial planning can certainly learn from some
elements of semiautomatic virtual city generation as applied in the game industry. Optimization techniques in the interactive performance and high definition
rendering need to be adopted to develop true interactive support systems in participatory spatial plan-making. However, the techniques used hardly follow any
geographical theories and focus mainly on the creation of objects at two extreme
levels: city or object. Large infinite road networks and cities are generated with
some simple logic, constrained by elevation and population density maps. Other
important factors (e.g. economic, ecologic, physical) are not considered. Much
attention is also given to the generation of highly detailed buildings and facades
in a high-density environment. Here too, several simplistic factors are included,
but feasibility of the forms (lots, and buildings) is never scientifically assessed.
1
Kelly & McCabe (2007) and Greuter et al. (2003) developed other non-grammar interactive approaches for procedural city generation with several tools for modeling urban environments with roads and building generation
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As in general with shape grammars, the rule extraction process from real environments is difficult and subjective. Parameters to be specified in a interface for
generation are difficult to interpret (certainly for non-experts in modeling) and
specification does not always produce the desired and expected effect.
In the scientific planning and design literature, primary interest is in the
development of shape grammars to reproduce realistic building designs of famous
architects (e.g. Colakoglu 2005, Pinto Duarte 2005, Sass 2007 and Seo 2007).
In addition, a whole range of more fundamental issues of grammars are described
and illustrated with primitive geometric shapes (e.g. Knight 2003b or Knight
2003a).
In the context of this thesis, however, two articles published by Mayall &
Hall (2005, 2007) about their landscape grammar are of particular interest. It
describes a realistically constrained and dimensioned landscape in the context of
spatial planning. In addition, the general advantages and disadvantages of grammars used for construction and patterns become clearly visible.
In their first paper (Mayall & Hall 2005), the definition and development
of a general concept of a landscape grammar is presented. Typical components of
a grammar are introduced in detail, as a landscape vocabulary, landscape objects
and scenes, landscape rules and landscape grammar processing. In their second
paper (Mayall & Hall 2007), grammar concepts and the modeling process are
implemented in a software environment for a case study on the island of Bermuda.
The landscape grammar consists of a vocabulary with landscape objects
found in a landscape of interest. A distinction is made between simple physical
(referred to by the authors as ‘terminal’) landscape object types (e.g. trees, houses,
fences) and abstract non-physical nonterminal object types (e.g. front yard, building axis). The abstract object types describe a spatial concept that influences the
pattern of physical objects. Modern object-based class hierarchies are applied and
objects are defined in terms of its spatial (i.e. shape type: point, line, polygon, surface, solid, group) and non-spatial characteristics (i.e. attribute definitions: e.g.
age, species, or color). An important difference with traditional shape grammars
is the use of these attribute definitions instead of labeled shapes alone. In this way
it allows a much richer description of objects found in a regional landscape.
The rules contained in the landscape grammar are thematically ordered
in rule-sets and express the relationships between the object types described in
the vocabulary. The rules are expressed in the form of ‘if [precondition] then [consequent]’. The precondition can be applicable to one or more predicates, in the
same sense that the consequent can be applicable to one or more actions. In general the consequent consists of the addition, deletion or alteration of objects in
the landscape. In figure 2.3 some illustrative examples are provided. At the left,
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Figure 2.3 Some detailed examples of subsequent steps in the processing of the landscape grammar
(source: Mayall & Hall 2007); first, the site is subdivided in geometric lots, based on elevation
and topology (left), then buildings are allocated at the center of the lots and randomly extended
(middle) and finally, abstract object classes (front-backyard) are identified as a guidance for randomly populating it with different tree points (right)

the site is subdivided in geometric lots, based on elevation data and topology.
In the middle, equally sized and shaped buildings are allocated at the center of
the lots and randomly extended. And at the right, abstract object classes (front,
backyard) are identified as a guidance for randomly populating it with different
tree points.
To generate a landscape, a landscape grammar interpreter starts with a
vocabulary, a rule-set, and an initial scene (e.g. terrain). In the generative process,
the scene is modified and termed the working scene. In three steps the working
scene is modified. First, in pattern matching, a set is compiled of each rule in the
rule-set for which the precondition is true. Then, through a selection strategy,
one or more of the matching rules are selected and finally, the consequent of
each selected rule is fired in the working scene. After applying the selected rules
a new working scene is used for the next step, starting by pattern matching. The
iterative process stops and the scene is complete when no rules can be applied
anymore or a predefined goal is achieved.
The case study presented is about the reproduction of an existing residential neighbourhood on Bermuda. In this way the developed grammar concepts
are implemented and tested for feasibility. In order to generate a landscape following a grammar, the grammar itself (i.e. the vocabulary and rules) need to be
constructed. This step is in the development of a grammar very important, but
represents a complex and subjective activity. It includes the process of scoping the
objects and patterns of the desired landscape. In generating realistic landscapes as
on Bermuda, the process often entails a combination of field observation, document review, interview, and data analysis to deconstruct the landscape according
to grammatical rules.
The major difficulty in this process is to the define scale of modeling abstraction and associated spatial relations. Many objects (terminal and non-termi36
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Figure 2.4 Aerial overview of reproduced area (left) and the landscape grammar-based 3D-scene
(right) (source: Mayall & Hall 2007)

nal) combined with many possible spatial relations, needed to describe a specific
pattern is a difficult, time-consuming and above all subjective task. The authors
themselves describe this process as: ‘a high level of creativity in translating ideas
pertaining to the landscape character into the formal geometric mechanisms of the
grammar, as there are many possible variations in which objects may be classified in a
vocabulary, rules grouped into rule sets, or functions utilized within the rule syntax’
Mayall & Hall (2007). In addition, detailed high-quality data (e.g. relief, soil)
is required for the allocation site to inform the rule generation process. In their
example, this is not a problem, but in allocation of the grammar to a new site, it
is. The processing of a large amount of objects and relations is also notable in the
number of total objects allocated (1440) and the amount of iterations (1962).
Due to the comprehensiveness and nongeneric character of the landscape
under study, the method suggested is able to generate very good results for that
particular situation (see for example figure 2.4). Problems may arise, however,
when it must be applied to a completely different situation, in terms of size, irregular geometry and surroundings. It is difficult to determine which patterns are
created by the shape grammar and which are created as a result of the input data.
Since the analysis process is complex and time consuming, modeling of multiple
different landscapes becomes a more daunting task and a more generally applicable approach to describe objects and its relations (i.e. landscapes) is desirable.
Mayall & Hall (2007) support this notion and suggests to direct further research
to ‘investigate the identification of landscape classes and rules that are more generally
applicable than others in a wider geographic context (whether regional or global)’.
A final important example of procedural generation applied in spatial planning is the Allocator wizard of the CommunityViz software (Placeways 2010),
also mentioned in the introduction. The similarities with shape grammars may
not immediately be visible and should be loosely interpreted, but the wizard provides an interactive and informed procedure of allocating buildings in a sequential process to an allocation site.
The Allocator wizard guides the user to the automatic allocation of a se37
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Figure 2.5 Illustrations of the build-out wizard of CommunityViz Scenario 360TM (source: Placeways 2010)

lected amount of buildings among available building locations. In three interactive steps the user is guided through the so-called build-out analysis process. First,
in numeric build-out analysis, the theoretical maximum amount of buildings to
be developed is calculated, given a certain land-use plan (with several designated land uses) and additional land use information. Second, in spatial build-out
analysis, the numerical results from the first step are used to create and populate a
build-out point or polygon layer. At the same time, it refines the numerical results
by taking into account the actual geometry of land-use areas. Three important
parameters can be set, the minimum separation distance (i.e. minimum distance
between two buildings), the layout pattern per land use (e.g. random, follow linear features and grid) and geometry type of generated buildings (point or polygon
footprints). Third, in visual build-out 3D building models are selected per land
use be able to view these in a 3D scene of the area (see figure 2.5 for examples).
The Allocator wizard is limited to the allocation of a single landscape com-

Figure 2.6 Examples of results of the two general types of spatially-structured combinatorial problems. (sources: Li et al. 2009 (left) and Janssen et al. 2008 (right))
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ponent (building) as geometrical points and the wizard ‘claims’ interactivity from
the user to specify difficult interpretable parameters. Implementation through
wizards restricts the flow of creative design as is so characteristic of sketching.

2.3 Spatial multi-objective optimization modeling
Another set of approaches pursuing automation in creating landscape
scenarios is in the field of spatial multi-objective optimization modeling. The
creation of feasible plan or design alternatives is defined here as an optimization
problem, given a set of multiple objectives and spatial constraints. The spatial
system under study and spatial relations need mathematically be described, where
exact or heuristic methods exist to ‘search’ the solution space for an optimal solution.
Many spatially-structured combinatorial problems are investigated in the
past, but for this research a distinction is made in two types of problems. The first
type of problems is characterized by that the spatial entities (cells or polygons) in
the solution need not comply to specific spatial requirements about how these entities are arranged in space. The second type of problems in contrast is characterized by that the spatial entities must comply with a contiguity or shape constraint
or shape objectives are optimized. Xiao (2008) also differentiates among spatial
constraints, but further differentiates in a more subtle difference between selection and partitioning problems. This distinction is considered of less relevance
here.
The first type of problems includes location-search problems without spatial constraints. Typical examples are p-median and facility-location problems.
In these problems a number of facilities (points) need to be allocated to the best
sites, optimizing objectives as maximizing population coverage and minimizing
total travel distance. Recent examples in planning literature are Li et al. (2009)
and Neema & Ohgai (2010). In figure 2.6 (left) an example output of the identification of 30 optimal facility locations is shown, minimizing total transportation
cost and serving a maximum population.
The second type of problems includes site-search problems with spatial
constraints or specific shape criteria. Examples are multi-site selection problems,
which enforce the constraint that spatial entities must be contiguous or compact
(e.g. Brookes 1997a, Cova & Church 2000 and Janssen et al. 2008) or space
layout planning problems in buildings with topological relations (Jo and Gero
1998). In figure 2.6 (right), an example output of an optimized map of multiple
land uses with shape criteria is presented. In this case, specific spatial metrics
(fragmentation, largest cluster, compactness) are included in the multi-objective
function, in addition to three additive optimization attributes as maximizing the
39

Chapter 2: Overview of generative modeling approaches
natural and recreational values and minimizing the cost of land use change.
The search for optimal plans and designs is not limited to the sole allocation of entities as facilities or land uses. In fact, several researches incorporate
a simultaneous optimization of the transportation network. Lowry and Balling
(2009) provide an example for such an integrated approach without spatial constraints. Feng and Lin (1999) describe an approach with specific (indirect) spatial
constraints for the land uses. It should be stated that most studies consider the
allocation of (economic) functions, as no examples exist in literature about optimization at the level of physical landscape components.
Both types of problems have in common that they pursue multiple, often
conflicting, objectives. As a consequence, trade-offs exist in the solution space
and multiple optima are possible. When the amount of decision variables (i.e.
multiple cell states, large geographic space and resolution) is relatively small and
the objectives are linearly described, optimal solutions can exactly be calculated
(and guaranteed) with traditional linear programming techniques, within reasonable time. Aerts et al. (2003) showed this with an analysis of the performance of
four models (three linear, one non-linear) to optimize a function consisting of
two objectives: development cost and spatial compactness. It is concluded that
linear integer programming (IP) models are able to solve multi-land use allocation problems (including a spatial objective) for geographic areas up to 50 x 50
cells within reasonable time. For larger areas and in cases of non-linear objectives,
time-solving increases exponentially. In reaction, several heuristic methods have
been proposed. Actually, heuristics guarantee no optimal solution, but are often
able to rapidly create a (Pareto-) set of non-dominated solutions.2
Many researches in multi-objective optimization have focused on generating a maximally diverse set of Pareto-optimal solutions, such that decision-makers are informed on the existing trade-offs between objectives and may choose
between less apparent solutions. Users may articulate preferences concerning the
different conflicting objectives a-priori, interactively (progressive) or a-posteriori
(Xiao et al. 2007). In particular, the a-posteriori articulation has directed developments in heuristic methods. Examples are the generation of a rich initial
solution set, application of several weighting schemes for objective functions,
specifically designed operators to increase variety and the development of visual
support tools to present trade-offs in results.
The most popular heuristic methods applied on the type of problems with
specific spatial constraints are genetic algorithms and simulated annealing.
2
In optimization problems with a function containing multiple objectives, one solution
dominates an other solution, when that solution is at least in one of the objective function values
‘better’ than the other solution. Further, none of the other objective function values of that solution is ‘ worse’ than the other solution in the subset.
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2.3.1 Genetic algorithms (GA)
Genetic algorithms (GA), introduced by Holland (1975), are efficient
search algorithms, which generate near-optimal solutions for optimization problems, primarily based on the Darwinian theory of natural selection and genetics
(Goldberg 1989).
In its essential form, the method tries to generate, from a population of individuals (solutions), a satisfying solution in an evolutionary manner. The process
traditionally starts with a random initialized population of solutions. From this
population the ‘fittest’ individuals are stochastically selected and possibly adapted (using crossover and mutation operators) into a new population. Ranking is
based on the fitness each individual solution has with respect to a multi-objective
function. The new population is used in a next generation (iteration), until a
termination condition, e.g. satisfaction of criteria or fixed number of iterations,
is reached.
In its original form, Goldberg (1989) identified four characteristics which
are unique for GA and contributes to its robust and rapid search capabilities.
First, an individual is an encoded solution to the problem being addressed. Traditionally, a solution is encoded as a string of bits (0-1). Also other representation schemes have been used, for example real numbers or integers (Xiao 2008).
Second, the search is directed from a population of solutions, searching in many
directions in parallel. Other heuristic techniques (e.g. simulated annealing) start
with one solution, apply some transition rules and generate one single new solution to be evaluated for fitness. Third, as GAs are blind in search for better
solutions, they solely use objective function information. GAs do not use auxiliary data or knowledge to direct the search. After initialization, individuals are
evaluated and the ones that exhibit high fitness values are likely to be selected as
parent solutions. Fourth, probability is used in each operation (reproduction,
crossover and mutation) to guide the search. First, individuals are selected, based
on their fitness and a related probability function, to enter a tentative breeding
population. Then in crossover, members of this population are mated at random
and each pair undergoes crossing over by swapping parts of their genetic code.
Two new individuals are created and a new generation is born. And with mutation, useful genetic material potentially lost with reproduction and crossover can
be preserved. It is the occasional (with small probability) random alteration of
a specific value in the genetic code. It represents a random walk in the solution
space (Goldberg 1989).
A decade ago, Brookes (1997a) identified the need that in the process of
locating optimal land use sites in a geographical area, based on thematic suitability rasters, also the contiguity and compactness of the site is of importance.
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Therefore, he developed a method to incorporate spatial shape criteria in the optimization problem. A parametrized region-growing algorithm program (PRG)
was developed in which the trade-off between maximizing suitability and maximizing shape was effectively analyzed and determined at the moment a cell was
added in the region-growing process (Brookes 1997b).
This PRG program showed to successfully tackle the problem of generating feasible alternative regions of correct size, near-optimal summed cell suitability and spatial characteristics, as contiguity and compactness. However, problems in choosing appropriate parameter settings (location of region, ideal shape,
trade-off between spatial and a-spatial criteria) demanded the development of
a genetic algorithm to optimize parameters of the PRG programme. Brookes
(2001) proposed the Genetic Algorithm for Patch Design (GAPD), which combines a genetic algorithm, a region-growing algorithm (PRG), raster GIS functions and multi-criteria decision-making (MCDM) techniques into a single system. A genetic algorithm produces strings with parameters to be used by the
PRG. The PRG program is able to map sites or regions on maps. An optimal
PRG parameter set corresponds to an optimal region for any given suitability
raster (Brookes 1997b). The regions are evaluated with GIS on compositional
and configurational properties (e.g. total patch size, patch core size, patch composition, patch core composition, inter-patch distance, heterogeneity of physical
attributes, connectivity between patches). The results of the GIS analysis and
MCDM routines produces an utility value which is passed back as fitness value to
the genetic algorithm. The genetic algorithm is used here to optimize the average
fitness, consisting of a weighted combination of suitability of two distinct landuse site regions and its spatial characteristics (i.e. compactness). In figure 2.7 (left)
an output map illustrates where compact agricultural patches are located based
on underlying suitability maps.
Loonen et al. (2007) used a simplified genetic algorithm to improve the
spatial coherence of newly allocated nature areas. They explicitly stated an uni-

(a)

(b)

Figure 2.7 Examples of resulting patterns in maps from GA in (a) Brookes (2001) and (b) Loonen
(2007); in both cases, black pixels are new allocated land use
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dimensional spatial objective function: minimize the boundary length of all nature areas (single land use) while increasing the total surface area. The simplified
genetic algorithm was presented in Loonen et al. (2006), and basically consisted
of three steps: first, a population of 1 individual is initialized with a random
allocation of new nature cells over the available area, then a new generation is
created after a mutation operation, by reallocating cells one by one, and consequently evaluated on terms of boundary length: in case of a reduction of boundary length, the ‘new population’ is reproduced in the next generation, in case
of a similar length, the ‘new population’ is reproduced in the next generation
with a certain probability, in case of an increase of length, the ‘new population’
is discarded. This process continues until no shorter boundary length can be
obtained. Loonen et al. (2006) do not consider this a typical GA, and noted that
the algorithm behaves more like a stochastic search algorithm or an evolutionary
strategy. Most importantly, the approach works well due to a large area available
for potential new nature areas, but more difficulties can be expected when more
criteria are incorporated, when a distinction is made in multiple nature types or
when fixed amounts of other land-use types need to be included in optimization.
In figure 2.7(right), an output map shows where a single land use (new nature) is
located and optimized for minimum boundary length.
Surely, also studies exist which includes the allocation of more than one
land uses. Xiao et al. (2002) states that although Brookes uses an effective approach, some shapes may not be captured by the set of parameters used. Further,
they mention that incorporation of both the shape as well as the compactness
objective in a single overall utility value, could preclude the consideration of certain solutions. Xiao et al. (2002) in their study therefore suggest to include shape
and compactness as constraints; they are not necessarily the goal to be optimized,
but are conditions used to bound the search. They searched for a representation
scheme that ensures that generated candidate solutions implicitly satisfy the shape
and compactness constraints. Related to these requirements for the representation scheme, the genetic operators should not violate the spatial contiguity of solutions. The authors propose an undirected graph as encoding mechanism. From
initialization, contiguity of the sites in the solutions is ensured. The crossover and
special mutation operators (morph-mutate and location-mutate) are adapted to
fulfill the role of robust and rapid diversification operators. In Xiao (2008) a more
generic conceptual framework for geographical optimization problems (extended
from this undirected graph) is presented.
Stewart et al. (2004) also designed a genetic algorithm approach and make
an explicit distinction between additive attributes and spatial attributes of land
uses when defining the multi-objective function. The additive attributes refer to
benefits or cost with the allocation of any particular land use to a specific cell, and
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which are then cumulated additively across all cells. The spatial attributes indicate
the extent to which the different land uses are connected, contiguous or fragmented across the region. In their case study, three desirable attributes, which are
directly expressed in terms of clusters, are identified: (1) number of clusters for
each land use, (2) relative magnitude of the largest cluster for each land use and
(3) compactness of land uses. The problem-specific genetic algorithm developed
in this context does not use the classic encoding in string format of GAs. First,
a population of land-use maps (M0) is initialized. Next, the algorithm randomly
selects pairs of ‘parent’ solutions (reproduction) for breeding, where a ‘crossover’
procedure generates M1 ‘child’ solutions. These child solutions are mutated,
where after the best solutions (out of M0 + M1) are retained to form the next parent population. Several convergence criteria are adopted to terminate the process.
Contiguity and cluster formation is encouraged in a sophisticated initialization
procedure and initial cluster number is guaranteed during specific crossover and
mutation operations. For additional tuning of the algorithm, several parameter
values can be adjusted by the user in advance. In this way, tuning parameters
for encouraging aggregation of land uses in randomly generated populations are
available. Initial and final values of the selection probabilities for parents in the
parent population, the probability of mutation and the dimensions of the block
to be mutated can be adapted, as well.

2.3.2 Simulated annealing (SA)
Simulated annealing (SA), introduced by Kirkpatrick (1983) is in a certain way comparable with genetic algorithms, since it is useful in combinatorial
optimization, as well.
In contrast with GAs, SA imitates the physical process of crystallisation
(Duh & Brown 2005). In its basic form, it starts with an initial random solution.
This initial solution, often represented in spatial problems as a grid of cells, has to
be optimized for multiple objectives, and holds an ‘energy level’, comparable with
a fitness value in GA. After a random swap of cells, the new solution is tested for
any change in its energy level. The state change is not only accepted if the energy
level is smaller (i.e. fitness is higher) than the previous situation, but also if the
energy level is higher (fitness is lower), the state change is accepted with a certain
probability. This acceptance of a worse solution by a certain probability is implemented to escape local minimum solutions and to fully exploit the most promising region in the solution space. This iterative swapping of cells is repeated until
a termination condition is reached. Examples of this condition are a maximum
number of iterations or until change occurrences have become very rare (Aerts &
Heuvelink 2002).
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The probability of acceptance is calculated by the Metropolis criterion3
(Aerts & Heuvelink 2002), including the freezing parameter s0, which is gradually decreased (with a multiplication factor r) for each pre-defined number of
iterations (L). This means that jumping to a solution with a lower fitness becomes less and less likely towards the end of the iteration procedure. The ‘cooling
schedule’ with values for these three parameters gives important control over the
performance of the simulated annealing process. The ‘cooling schedule’ needs to
be defined for each problem instance, but several template schedules (Duh &
Brown 2005), rules of thumb and initial tuning procedures to derive values have
been devised earlier.
A couple of studies have applied SA to the multi-objective site allocation
problem, such as described in the previous section. In each of the studies, spatial
shape objectives (e.g. compactness and contiguity) for one or more land uses have
been included. Aerts and Heuvelink (2002) investigated the performance of SA
in developing a restoration plan for an abandoned mine area. Two objectives,
minimizing restoration costs (linear) and maximizing compactness (non-linear)
for three land uses are optimized. Weights could be assigned by a decision maker
to investigate trade-offs between the objectives in the solution area. SA was able
to find solutions for a realistic large total area grid size (300 x 300 cells) within a
few hours.
Aerts et al. (2005) used SA in a comparison with the GA of Stewart et
al. (2004) described above. Both approaches are applied to a realistic case study,
where by varying input, a set of development plans was generated. Simultaneously, five objectives were optimized: minimize land use allocation costs, land use
transition costs, land use fragmentation and maximize largest cluster and overall compactness. Figure 2.8 compares output maps produced in this study and
clearly indicates the location and shape of multiple land uses. The GA was slightly
better in reaching compactness goals and was faster than the SA.
Santé-Riveira et al. (2008) compared SA with traditional approaches as
hierarchical optimization, ideal point analysis and with the IDRISI software
multi-objective land allocation facility (MOLA). The objective function contains
the suitability of each land unit for each use, the compactness of the total area
assigned to each use (13), and the compactness of the total area assigned to each
group of similar uses (5). Although, SA is outperformed in time and fragmentation in the solutions by the other three approaches, it is the only approach which
can deal explicitly with the inclusion of compactness in the objective function.
SA is then able to produce compact solutions, with only a small reduction in
 f ( 0 )− f (1) 



3
The metropolis criterion is defined: P ( accept change ) = e  s  , where f (0) is the energy level
of the former solution, f (1) the energy level of the new solution, and s0 is the freezing parameter.
0
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Figure 2.8 Examples of resulting patterns in maps in Aerts et al. (2005): (left) initial situation,
(middle) optimization with SA and (right) optimization with GA

suitability. The best results in compactness are achieved when the compactness
weight is shared between both compactness subobjectives.
Principally, heuristic methods as GA and SA search the solution space
without auxiliary knowledge. Including knowledge, however could drastically reduce the data structure size and computation time required to solve multi-objective allocation problems in two ways (Duh & Brown 2005). Auxiliary knowledge
can reduce the search space, preventing unproductive search, or can alter the
structure of the solution space, making it easier to navigate to areas where global
optima are located. In contrast, introducing inappropriate auxiliary knowledge
can also generate significant errors and can result in sub-optimal solutions from
different initial conditions.
Duh and Brown (2005) compared two versions of SA in solving a single-objective land-use allocation problem. The first version, traditional SA (SA),
solves the problem without auxiliary knowledge, and the second version, referred
to as ‘knowledge-informed SA’ (KISA), solves the problem with auxiliary knowledge. The objective is to identify the landscape with the most compact landscape
patterns by maximizing a landscape pattern metric, called PFF. PFF is defined as
the average proportion of cells among the eight neighboring cells of any cell of
the same type.
Two knowledge rules were implemented, the compactness rule and the
contiguity rule. These rules govern the generation of neighboring solutions in
the annealing process so that the perturbed cells tend to relocate at locations
that promote the specified cell arrangement. Whereas SA swaps the cover type
on two randomly selected locations, KISA-cmp (compactness) and KISA-cnt
(contiguity) preferentially move a randomly selected patch cell to a location that
promotes patch compactness, that is, one with a higher number of neighbouring
patch cells. Such an allocation not only increases the individual PFF for the patch
cells being moved, but also increases the individual PFF of the neighboring cells.
Analysis shows that introducing auxiliary knowledge in the search procedure,
provided that it is correctly designed and specified, can reduce solving time by a
factor 15 (applied for maps with 324 cells).
46

Chapter 2: Overview of generative modeling approaches
Duh and Brown (2007) extended this approach to a multi-objective spatial allocation problem. They used a modified SA algorithm, referred to as Pareto
simulated annealing (PSA), developed by Czyzak and Jaszkiewicz (1998). Besides
inclusion of the knowledge-informed rules, also Extended Initial Generating Sets
(EIGS) is included, which extends the spread of initial solutions, and is expected
to encourage diversity of Pareto solutions generated by PSA. It is concluded that,
EIGS and pattern rules greatly improved the quality of the approximated Pareto
front, but that the experiment design give no information to derive a predictable relation between the number of solutions generated and the CPU-time consumed. Some authors (e.g. Xiao 2008) suggests hybridization possibilities between heuristics as SA and GA, for further enhancing speed and diversity in the
development of optimal solutions.
In summary, heuristic approaches in spatial multi-objective optimization
as GA and SA have illustrated to generate plans and designs with multiple land
uses at a minimum resolution of 100 m with some rudimentary spatial objectives
and constraints. In each of the before mentioned studies, suitability optimization plays a significant role. However, in the implementation of more advanced
spatial shape criteria at a higher resolution (i.e. landscape component level) and
without suitability information, several crucial aspects need to be considered.
The computational load with larger grids and with many more spatial objective
functions at different levels of abstraction should be avoided as much as possible.
The control parameters, such as population size, generation size and the extent of
probalism in the operators in GA, and the cooling schedule in SA, are not easily
fine-tuned and should be calibrated with care. Becoming trapped in local optima
should be avoided with specific diversification methods. Lastly, decisions should
be made about a strategy for flexible constraint handling (enforce or encourage),
effective representation scheme and genetic operators, weighting schemes and
objective formulation and constraint definition. It is unclear, which objectives
and constraints and which weighting scheme do effectively result in plausible
landscape configurations.

2.4 Cellular automata
Probably, as the most popular approach in the field of urban modeling
in the last decades, cellular automata (CA) models are able to generate complex
spatial global structures based on a relatively simple set of local rules.
The original concepts are introduced by von Neumann and Ulam in the
1940s in order to investigate and model underlying processes of life. In its fundamental form it consists of five main components (Wolfram 1984, Itami 1994):
1. Lattice: an abstract grid-cell representation of the space to be mod47
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elled;
2. Cell state: the state of the environment as a binary cell value (‘live’ or
‘die’);
3. Neighbourhood: the state of the focal cell is influenced by cell states
of its neighbours, which is defined by the neighbourhood. In general,
a distinction is made between the von Neumann neighbourhood (4
adjacent cells) or the Moore neighbourhood (4 adjacent + 4 diagonal
cells);
4. Transition rules: this is the heart of CA; it determines when and to
what degree the focal cell will change state in the next time iteration as
a function of its current cell state and its neighbourhood. In the Game
of Life, three rules are identified Batty & Xie 1994: (1) if an inactive
cell is surrounded by exactly 3 neighbors, it becomes active, (2) if an
active cell is surrounded by 2 or 3 neighbors, it remains alive, (3) if it
is surrounded by fewer than 2 or more than 3 neighbors, it dies; and
5. Time: discrete time steps representing time in the model.
CA-models have proven to produce complex global patterns with comparable self-organizing properties as real urban growth. Due to its simplicity, it
is a popular approach in modeling of urban dynamics in time and space. The
neighborhood concept and transition rules are effective modes to incorporate
geographical theories in the model. CA-models are primarily suited for descriptive and predictive purposes. Therefore, policy and (functional zoning) plans are
often treated as exogenous factors or constraints influencing the system, which
make the CA-models effective for analysis or evaluation of the consequences of
policy scenarios or plan alternatives.
Although, the basic concepts exhibit the ability to generate complex patterns from simple rules and neighborhood definitions, realism in modeling urban
dynamics is achieved by relaxing its components. Batty & Xie (1994) were one
of the first to show that with some relaxations of the components of CA, more
realistic patterns of urban development could be produced. They exogenously
determined the overall ‘death rate’ of cells per time step, introduced a stochastic
term into the transition rules and extended the single neighborhood into a threefold hierarchy to gain some more control on the direction and location of new
urban growth. By visual comparison, it became clear that the patterns generated
were close to the reference data, but that the pattern was strongly dependant on
the initial ‘seed’ situation. In the year before, White and Engelen (1993) already
showed that CA with some relaxation of the components was able to generate
urban land-use patterns with the self-similarity as real cities. Their output was
systematically analyzed using abstract quantitative metrics as fractal dimensions.
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The fractal dimensions in a pattern (if not perfect) are not really visible by the
human eye, but is expressed over different scale levels. Certainly, several models,
based on formal geographic theories are introduced, but the model of White and
Engelen (1993) is still a popular approach for describing urban growth and landuse change.
Their model supports four cell states, the growth rate per time iteration
is exogenously constrained and the neighborhood is extended to a radius of 6
cells. Very important in their approach is the use of the transition potential of
the central cell. This potential is calculated as a function consisting of a weighted
sum of all neighborhood cells with a certain state and at a certain distance from
the central cell and the central cell’s own state. A stochastic disturbance factor is
introduced to reflect the uncertainty associated with realistic urban processes. In
this way, cells are only converted to the state with the highest potential in a time
step, if it exceeds the disturbance factor and if it is not exogenously constrained.
The definition of transition rules is of main importance in CA-models and is the
topic of current research. More complex empirically based and non-linear transition rules and models have been devised in the last decade, with varying results
(Hagoort et al. 2008, Wickramasuriya et al. 2009).
Focus in CA-research is mainly directed to comprehensive calibration procedures, as the amount of parameters is usually high and interaction between
the variables give non-deterministic results. Calibration, basically, follow two approaches: based on trial-and-error, as visual comparison to actual data (Ward et
al. 2000) or on statistical techniques, as logistic regression from historic data.
Recently, several authors have suggested to use artificial intelligence methods in
order to define and calibrate the transition rules in CA-based models. In this
way, as input data is available, parameter values may be determined dynamically
for variability in time and space. For example, Li et al. (2008a) uses a genetic
algorithm to determine dynamic transition rules, while Almeida et al. (2008)
used neural networks to assess land use transition probabilities as an alternative
to parametric approaches.
Santé et al. (2010) provides a recent and extensive overview of CA-models
simulating urban processes and the models are categorized in terms of relaxations
of the CA components. Besides relaxations on the transition rules and neighborhoods, several examples exist with relaxations on the environment representation
and cell state.
Most CA-models are focused on modeling a part of or an entire city system. The resolution of the grid (cell size) ranges therefore from some tens of metres to hundreds of metres. This is mainly dependent on available input data and
the model objects of interest. The domain of cell state values is often restricted
to two land use classes (urban or non-urban). Only some models extend this to
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multiple land-use functions, although this substantially increases the complexity.
It is important to note here, that most CA-based models focus on the growth of
a city through land-use (functions) which at that scale level produces emergent
forms. However, no CA-based model exist, where focus is on the allocation and
generation of landscape configurations with multiple physical landscape components (e.g. buildings and vegetation).
Finally, some other recent research effort in urban CA-modeling is directed
to represent space not in the regular form of equally sized and shaped cells, but
to more irregular forms, that more realistically represent real-world entities. For
example, Stevens & Dragicevic (2007) modeled land-use change using a parcelbased spatial structure with high spatial and temporal resolutions. New land-use
(residential, parks or commercial) is allocated to an already existing set of parcels.
The parcels can change state from undeveloped to developed, based on population growth and proximities to existing parks, commercial and industrial lands
but does not allow for change of the shape and size of the land parcels. Moreno et
al. (2008) introduces a vector-based CA which allows geometric transformation
(via rasterization) of objects. In his model, the state of a portion of a geometric
object can change. The change area is defined by a transition function and the
location is determined by the proximity of influencing neighbors (through buffering). In a newer version a dynamic neighborhood is proposed (Moreno et al.
2009).
CA modeling seems not the most suitable technique for generating plausible landscape configurations. With its simple components it is powerful to incorporate geographical theories and generate complex global patterns with selfsimilarity in time. However, modeling at the level of urban growth and land-use
change as current CA-models do, is different in many aspects as modeling at the
level of plausible landscape configurations. For example, the shapes of the individual components in a pattern are hardly geometric, recognizable and plausible.
Transition rules in combination with the neighborhood concepts developed in
current CA- research are not applicable for this research. It’s non-deterministic
behavior and outputs need extensive calibration procedures to represent local
conditions and many methods rely on extensive input data sets to generate realistic patterns.

2.5 Multi-Agent Systems (MAS)
The frequently used CA-based approaches for bottom-up modeling of
land-use change are recently accompanied with Multi-Agent Systems (MAS).
MAS are better able to incorporate human behavior and decision-making of different actors in land use systems. Where CA-based approaches are popular to
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model land use change at the local level, MAS directly mimic human reasoning
and decision-making behaviour driving land use dynamics. MAS are often combined with other modeling techniques (e.g. CA, heuristic methods as GA, logit
models) resulting in more realistic global patterns.
The crucial component of these systems are agents, representing a heterogeneous set of human decision makers, which share an environment in which
they interact with each other and in which they make decisions about that environment (Greuter et al. 2003). Agents have several characteristics to operate in
their environment; they can be goal-directed, show autonomous behavior, have
social abilities, perceive their environment and respond to it, can show pro-active
behavior and need to be situated in some environment (Ligtenberg et al. 2004).
The bottom-up approach and implicit anthropomorphic nature brings in understandability to users of MAS.
Two major distinct functions of MAS in spatial planning can be identified
in literature. First, much research has been applied to simulate land use dynamics
with multiple agents, representing users of a landscape (e.g. households, developers) which are submerged in a virtual environment, interacting with each other
and the environment. These simulations are particularly useful for evaluating and
predicting the effects of different spatial policy scenarios and plan alternatives
on a future spatial organization. Typical examples where already developed plan
alternatives and policies are an important part of the input of the simulations
are PADI-simul in the context of park design (Moulin et al. 2004), CityDev for
modeling city development (Semboloni et al. 2004), micro simulation of student
populations (Wu et al. 2008), regional rural development modeling (Valbuena et
al. 2010) and local urban growth-management planning (Ligmann-Zielinska &
Jankowski 2007).
The second function and more directly related to the objectives of this
research, are simulations of the process of multi-actor spatial plan-making and
decision making itself. In particular, the phase of drawing up plan alternatives
with multiple actors have been modeled. Agents in these studies represent decision makers or domain experts, involved in the process of generating different
plan alternatives for an area of interest. The objectives of these studies are often not predicting the results of the process, but are rather descriptive and yet
more related to obtain insight into the relations and interaction between actors
(Ligtenberg et al. 2009). Typically, in contrast to the first type of simulations, the
agents are not situated inside the environment and act within it, they are situated
outside the environment and act upon it (Saarloos et al. 2005).
Ferrand (1996) was one of the first, who proposed to develop a simulator
of what he called ‘spatial negotiation’, which could be used as a kind of virtual
laboratory. Spatial negotiation in multi-actor planning is considered very com51
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plex as multiple actors with complex behavior, roles and hierarchical positions
exist and who discuss about multiple solutions. Ligtenberg et al. (2001) describes
one of the first truly implemented examples of ‘decision makers’ simulations with
MAS. In their model, a number of actors negotiate about the annual allocation of
urban functions in a study area. Each time step, each individual agent, constructs
an agent-specific image of the spatial organization, which consists of a lattice of
cell objects. A CA function in this study is used by each agent to define a ranking indicator for each cell in the area, based on a distance-based weighted sum
approach and spatial preference functions. Subsequently, agents assign housing
functions based upon an a-priori defined land use claim and ranking indicators.
After construction of agent-specific images of the spatial organization, a decision
making process with a simple hierarchical voting procedure in case of conflicting
allocations is executed by a special planner agent to allocate urban functions in
the study area.
Later, the same authors (Ligtenberg et al. 2004) extended this first approach with a stronger conceptual framework of the modeled process. As such,
they identify organizations and interest groups as the decision-makers at the level
of multi-actor regional planning. Visions of actors are constructed through the
modeling of individual beliefs and preferences of actors, in the context of its desires. Beliefs are constructed by observation and perception of the environment.
Preferences are based on the analysis of the differences between the believed and
the desired state of the environment. Beliefs and preferences are further based
on a set of internal (social, cultural, economical, and political background) and
external values (preferences of other actors). Values define the relevance, importance, and acceptability of the differences in states. In a hypothetical case study
the model is demonstrated, where most attention in implementation is given to
generation of beliefs from desires, using binary decision tables and construction
of rules. The allocation task is to allocate new areas for housing. Further, three
spatial styles of spatial planning are simulated: co-deciding, co-deciding with a
power player and consultation with three different agents: regional authorities,
farmers organization and environmentalists. Although, a flexible conceptual
framework provides to experiment with various concepts (e.g. group dynamics,
spatial reasoning, agent interactions) in multi-actor processes, the prototype produces no practically relevant plans. This is mainly due to the simplified plan
objectives, the basic rule-based reasoning about beliefs and preferences and the
static nature of environment states and sets of desires. In Ligtenberg et al. (2009),
another case study is implemented, that rather focuses on the implementation
and testing of effects of applying different cultures of joint decision making.
Saarloos et al. (2005, 2008) also developed an extensive model on the
negotiation process in multi-actor spatial planning. In comparison to the work of
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Ligtenberg and his colleagues, this model is more focused on and more advanced
in the incorporation of handling individual uncertainty in the dynamic process
of decision making about allocating multiple new land use functions in an area.
Actors do have uncertainty about pursued requirements and desires of the other
agents, about persistence in time of these agents in claiming particular cells and
about what trade-offs the other agents are willing to make for joint solutions.
Naturally, the uncertainty decreases as the plan proposal develops in time. Furthermore, as actors need to balance their own interests with general interests, they
need to act strategically. The model is set up to with several adjustment parameters available to the agents in order to incorporate simple elements of learning
for reasoning in negotiation and cooperation processes. For example, agents can
learn through the simulation about the effectiveness of their claiming strategies
and adjust this strategy to more opportunistic or more compliant with general
interests.
Despite advanced reasoning implementations, in both the research of
Ligtenberg et al. (2004) and Saarloos et al. (2005), case studies are too simplified (i.e. in their plan objectives, plan size and resolution and land use types) in
order to produce practically relevant output maps. Both authors, also stress, that
at this stage, this type of research and prototypes are most suited as laboratories
for analysis of concepts and techniques in interactive negotiation processes. Their
suggestions for first improvements are therefore more related to more realistically
incorporate styles of negotiation and decision-making and improve the reasoning
of the agents (e.g. learning behavior).
Lastly, in addition and in the context to the optimization approaches described in section 2.4, two additional approaches using multi-agent technology
for land-use allocation problems are mentioned here. These include the research
of Chen et al. (2010) and Arentze et al. (2006, 2010) and actually fall outside
both categories of agent models.
Chen et al. (2010) suggest to use multiple cooperating agents, representing
single units of land use to be allocated, in search for a suitable and compact overall
allocation of a single land use. The heuristic starts with a random allocation of the
‘land use’ agents to possible locations on a site. In each time step an agent searches
for a better location based on a fitness assessment and with two strategies. First,
with the local strategy, the most suitable location (in terms of suitability and compactness of a cluster) is defined by the agent in its direct neighbourhood. Then,
with the global strategy, an agent compares the fitness of this personal suitable
location to the fitness of a suitable location of another agents’ neighbourhood.
The other agent is randomly selected throughout the study area. The agent only
moves to the distant suitable location, when a derived migration probability is
higher than a random pointer value. The iteration stops when the situation has
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converged to an optimal solution, that is, when in the simulated global pattern,
the most suitable positions are conserved while dispersion is minimized. Weighting of the variables is defined in the fitness function of each individual agent
and controls the balance between highest suitability (but no compactness) and
highest compactness (but random location) in the resulting overall output map.
Comparison with linear programming (LP) for small subset of a case study area
and with SA for a large area, shows that the approach is valid to approximately
generate optimal solutions as LP and in less time than SA.
Arentze et al. (2006, 2010) use an agent-based procedure to iteratively execute two types of allocation heuristics for generating a multi-objective land-use
plan for a given realistically sized study area. In this research, a distinction is made
between the allocation of ‘area-type’ land use (e.g. housing, agriculture) and the
allocation of ‘facility-type’ land use (e.g. shopping area, park, school) at a local
scale. Area-type land uses are allocated based on suitability scores, while facilitytype land uses are allocated following a network-based analysis, to serve spatially
distributed demands. Each facility-type land use is represented by agents and in
addition one ‘area’ agent deals with the problem of determining future ‘area-type’
land uses. The agents are put in a certain user-defined sequence. The first agent
generates his plan considering all eligible cells. Next, the second agent also generates his plan, considering the same cells minus the cells claimed by an earlier
(i.e. first) agent. This process is continued until each agent has generated a plan
for its land use(s). One iteration of agent allocations does not provide an optimal
solution for each agent, since the order of agents is decisive. In order to allow revisions, the same sequential procedure is repeated, providing earlier agents to adapt
or respond to claims of agents later in the sequence. The procedure is repeated
until none of the agents makes revisions. The sequence in which the agents operate, which can be varied by the user, influence the possible outcomes. The heuristics for both types of land uses are different, but both assume an initial condition
on which incrementally the solution is improved. The area-type heuristic is most
interest for this research. The proposed heuristic consists of a suitability function
and an allocation mechanism. The suitability function is based on a function proposed by White & Engelen (1993). They suggest that the suitability or potential
of a cell for a particular land-use at that location depends on land characteristics
of the cell, on distances, and on adjacencies to each type of land-use. Land characteristics are not included in this research, but distance and adjacency scores are
calculated using distance class parameter tables and adjacency tables. The allocation mechanism initializes the land-use plan by allocating prioritized land-uses to
cells with high suitability (based solely on distance) in sequence. An optimization
phase incorporates also the adjacency scores by randomly swapping any pair of
different land uses across the study area in order to improve the utility of the
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whole system. Only improvements of the utility are accepted, otherwise the swap
is reset. The system continues swapping until no more swaps can be made to increase the utility of the current solution.
The last two examples illustrate how agents can guide the sequential (human informed) allocation of conflicting land uses. In contrast to the ‘decisionmakers’ simulation, these approaches focus on developing an optimal or satisfying plan. It is dependant, however, on the complexity objective function to be
optimized whether agents are useful representations for solving the problem.

2.6 Summary of existing approaches to generate plausible
landscape configurations
In table 2.1, the most prominent approaches to generate landscape scenarios are summarized. For each approach, the most important components, the
most frequently modeled entities and the key references are identified. In addition, the advantages and disadvantages of the approaches in the context of this
research’ objectives are listed.
In conclusion, the existing approaches to generate landscape configurations provide several points of departure for a method to generate plausible landscape configurations. Unfortunately, none of the approaches are directly applicable for the addressed objective in this research. Procedural modeling techniques
as shape or landscape grammars are able to produce, or support the creation of
detailed, appealing and realistic landscape visualizations (Mayall & Hall 2007).
Due to this level of detail of modeling, the process of inference to identify relevant objects and mutual relations in reality, is complex due to the large number
of objects and relations to be modeled. Moreover, the ambiguous character of the
relations between objects provide large difficulties in identifying objective and generic rules. Multi-objective optimization modeling in spatial planning problems,
as linear integer programming, genetic algorithms and simulated annealing, have
a strong theoretical base and are applied frequently in spatial planning literature
to provide ‘the most favourable’ landscape and plan layout in terms of minimal
development costs. More recently, also general spatial shape criteria are included
in the multi-objective functions devised (Aerts et al. 2003, Stewart et al. 2004,
Xiao 2002, Duh & Brown 2007). The research objectives in these studies however, are often restricted to a level of layout planning which is less detailed (e.g.
allocation of land-use with a resolution of 25x25m or larger) than the objective
stated in this research. A direct consequence is that shape criteria are in general
terms of compactness and solely defined at the land-use class level. Furthermore,
the number of land-uses to be allocated and the site to be modelled is kept relatively small. These features are enough to provide a proof of principle, but not to
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deal with realistic planning challenges. Cellular automata and multi-agent systems (e.g. Ligtenberg et al. 2009, Saarloos et al. 2005, Sante et al. 2010) provide
robust frameworks to realistically model subject and object interactions in space
and time. However, the non-deterministic behavior and outcomes of the model
runs make them less suitable to generate plausible landscape configurations as
defined in this research.
In the next chapter, the conceptual model of the method to generate plausible landscape configurations is presented.
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Table 2.1 Overview of most of the established existing generative approaches
generative
approaches

procedural modeling (2.2)

multi-objective optimization modeling (2.3)

types

shape / landscape grammars (2.2)

linear integer
programming (2.3)

genetic algorithm (2.3.1)

essential components (input
parameters (IP),
procedure (P),
output results
(OR))

IP1. spatial object vocabulary
IP2. rule set
IP3. initial scene (shape)

IP1. cost function with
objectives
IP2. constraints
IP3. geographic area
IP4. initial conditions

IP1. initial population of
non-optimal solutions
IP2. weighted fitness
function
IP3. representation
scheme
IP4. probabilistic genetic
operators: reproduction,
crossover and mutation
IP5. termination condition

P1. rule processing
sequence
OR1. new scene generation
OR2. language of scenes

P1. calculation of optimal
solution
OR1. optimal solution in
solution space

P1. optimization loop
controlled by genetic
operators
OR1. intermediate solutions
OR2. non-dominated set
of solutions

modeling entities building form(s) and lay-

land use(s); economic
function(s)

building form(s) and
layout; land use(s);
economic function(s);
infra-network(s)

key reference(s)

Mayall & Hall (2005,
2007)

Aerts et al. (2003)

Stewart et al. (2004); Xiao
(2002)

advantages

- potentially very detailed, - guaranteed optimal solurendered results
tion to specified objective
- relatively rapid results for function
large areas

- provides a non-dominated set of solutions
- handles nonlinearity in
objectives and constraints
- easy modify to optimize
in only spatial objectives

disadvantages

- subjective and time-consuming analysis process to
identify relevant objects
and inference of rules
- amount of objects in
vocabulary and grammar rules exponentially
increase in realistic situations
- non-generic method

- difficult to calibrate
control parameters
- difficult to define effective objective function
(timing and location
of convergence to find
optimum)
- difficult to define intuitive representation scheme
and effective genetic
operators

out; site/lot form(s) and
layout; infra-network(s)

- requires linear described
objectives
- very time-consuming, especially for large (realistic)
geographic areas
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Table 2.1(continued) Overview of most of the established existing generative approaches
generative
approaches

multi-objective optimization modeling (2.3)

types

simulated annealing
(2.3.2)

essential
components
(input parameters (IP),
procedure
(P), output
results (OR))

IP1. one initial random
solution
IP2. weighted fitness
function
IP3. random cell swap
IP4. cooling schedule
IP5. termination condition
P1. optimization loop
with random swaps,
controlled with cooling
schedule

cellular automata (2.4)

multi-agent systems (2.5)

IP1. lattice of geographic
space
IP2. cell state
IP3. neighborhood
IP4. transition rules
IP5. discrete time steps

IP1. individual decision makers / interest groups as agents
IP2. representation of environment
IP3. agents perceive and
respond to environment
IP4. beliefs and preferences

P1. model iteration for t
time steps, controlled with
transition rules
OR1. situation at time
t+n

OR1. intermediate solutions
OR2. one ‘optimal’
solution

P1. model iteration for t
time steps, controlled with
interacting agents
OR1. spatial organization at
time t + n

modeling
entities

land use(s); economic
function(s)

land use(s); economic
function(s); infranetwork(s)

actors who allocate: land
use(s); economic function(s);
infra-network(s)

key
reference(s)

Aerts et al. (2005); Duh
& Brown (2007)

White & Engelen (1993);
Santé et al. (2010)

Ligtenberg et al. (2009);
Saarloos et al. (2005)

advantages

- provides more rapidly a
solution than GA
- handles non-linearity in
objectives and constraints
- direct representation of
problem
- easy modification to
optimize only in spatial
objectives

- intrinsic ability to model
space in time with local
transition rules and neighborhood concepts
- similarities in global
patterns at a deeper level
(quantified by spatial patterns)
- based on formal theories
about complex city
dynamics

- bottom-up approach
- anthropomorphic nature
- learning capacity

disadvantages

- only one solution per
iteration
- need for extensive
calibration of ‘cooling
schedule’

- non-deterministic behavior and outcomes due to
interaction neighborhood
and transition rules

- objective is not yet to produce realistic land use plans
- output map is not a goal,
but a means to describe
system behavior
- results of modeling about
negotiation are hard to
validate
- interaction between agents
lead to non-deterministic
output
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Chapter 3
Landscape Generator: method to generate plausible landscape configurations
3.1 Introduction
The previous chapter provides a state-of-the-art overview of the current
approaches used for generative landscape modeling. In this chapter the landscape
generator is introduced, representing a methodology in order to generate plausible landscape configurations at an allocation site. The plausibility of the generated configurations is extensively validated in the following chapters.
In section 3.2 the system to be modeled is described, illustrated with an
UML class diagram. Next, in section 3.3 a first basic heuristic approach is introduced. This approach is developed in this research and based on research of
Arentze et al. (2006, 2010) and White & Engelen (1993). Then, in section 3.4
a modified heuristic approach is discussed. The modified approach improves the
basic approach and is extended with the optimization of a multi-objective function. The modified heuristic approach represents the final version of the landscape
generator. In the final section 3.5, more insight in the behavior of the landscape
generator is given with an example case study.

3.2 Model of the system
Basically, the main objective of the landscape generator is to generate future landscape configurations at an allocation site (lot geometry), based on layout
information stored in a landscape lot typology. The UML class diagram in figure
3.1 provides the essential components of the system to be modeled.
A landscape is defined in Simlandscape as a patchwork of one or more
ownership lots, from which the functional and physical (layout) properties are
described by a landscape lot typology. Historical, present and future situations
of a landscape are coherently described by landscape lot typologies and as a re59
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Landscape
1
1..*
Lot
1..*
1
1..*

Landscape lot typology
-name
-description
-spatial extent

1..*

1

1..*

1

Image

Layout
1..*
1..*

Landscape properties

Function

-metric name
-metric function
-metric value
-metric unit

1..*
Landscape component

Agriculture plot

Waterbody

Grass plot

Tree plot

Building

Infrastructure

Figure 3.1 UML class diagram about the system to be implemented by the landscape generator

sult, effective qualitative and quantitative evaluation can be performed. Historical
and current states of the lot can be defined based on acquired or measured data
(e.g. land-use/function records and high-resolution topographic maps). Possible
or preferable future states of the lots (scenarios) are ideally defined by actors in a
collaborative plan-making process. As a starting point, the landscape generator
assumes that a landscape lot typology is allocated to a lot geometry and should
generate a plausible landscape configuration.
A landscape lot typology contains a name, a description and a spatial extent (see figure 1.2 for an example). The spatial extent defines the range of lot
sizes the lot typology information is applicable to. A landscape lot typology contains at least three additional important classes of information:
1. one or multiple associative images;
2. one or multiple economic functions; and
3. a proposed lot layout.
The lot layout is most important for the functioning of the landscape
generator and is described by quantitative landscape properties. These landscape
properties describe compositional and configurational metrics, which are calculated from a (sub)set of landscape components (e.g. agriculture plot, water body,

60

Chapter 3: Landscape Generator: method to generate plausible landscape configurations

grass plot, tree plot, building, infrastructure). Compositional metrics are easily
quantified and refer to features associated with the variety and abundance of landscape component instances within the landscape, while configurational metrics
are more difficult to quantify and refer to the spatial character and arrangement,
position, or orientation of landscape components within the landscape (McGarigal et al. 2002). The landscape generator uses a variety of metric information
from the landscape typology to generate landscapes at certain allocation sites.
It should be mentioned that the UML class diagram in figure 3.1 closely
describes theory and related vocabulary about the functioning of the system (De
Waard 2005). In the actual implementation of the landscape generator, however,
the 1-to-1 relation between the classes “Landscape lot typology” and “Layout” is
considered not meaningful and is there excluded.
In the following sections, two versions of the developed landscape generator are successively described in order to give some insight in the development
path of the prototype. First, the initial version is described and further referred
to as basic heuristic approach. For a main part, this basic heuristic approach forms
the fundaments of the final prototype version of the landscape generator, which
is developed in this research and is further referred to as the modified heuristic
approach.

3.3 Basic heuristic approach based on a suitability function
In order to generate a plausible landscape configuration at an allocation
site, several aspects are of importance. From the literature study in the previous
chapter, it is concluded that multi-objective optimization modeling provides a
proper framework to develop a method to generate landscape configurations in a
generic and plausible way. In this respect it should be stressed that the main objective of the landscape generator is not to generate exact and optimal landscape
configurations. In contrast, the objective is to generate any (suboptimal) configuration which is representative for the proposed landscape lot typology and as such
is accepted as a possible landscape layout in plan scenario construction. The challenge in generating plausible landscape configurations from landscape typologies
is to infer substantial pattern information from the typology in a generic and unambiguous way and translate these into transparent and applicable rules. Further,
the high model resolution, the amount of landscape components (and relations
between them) to be modeled and the realistic dimensions of the allocation site
determines the choice for successful heuristic optimization approaches as a good
starting point for the development of the landscape generator.
A first attempt in the development of the landscape generator is the implementation of a heuristic approach suggested by Arentze et al. (2006). The heuris61
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tic approach is the main component of a larger method to allocate area-type landuses in a multi-agent framework. The approach is based on a suitability function,
which in turn is part of the CA-model described in White & Engelen (1993)
and developed for descriptive purposes. Although, both researches have different
objectives, they are based on the notion of potential suitability of a location for
a particular land-use as a function of the physical characteristics of that location
and the adjacency and distance to the same and other land-uses. In their research,
Arentze et al. (2006) showed that the “push and pull” behavior of the adjacency
and distance parameters for each land-use can result in highly deterministic and
plausible landscape patterns. This behavior, in combination with the generic way
of parametrization of the adjacency and distance variables for each land use (tables), is a good starting point for development of the landscape generator.
It is assumed that the resulting patterns observed at the level of land-use
allocation modeling also will apply at the level of landscape components and
landscape configurations. Therefore, the basic heuristic approach developed in
this research, implements the elementary components of the approach of Arentze
et al. (2006) at the level of landscape components. The basic heuristic approach
of the landscape generator is first introduced in Slager et al. (2008) and explained
in the sub-sections below. First, the suitability function and the heuristic optimization procedure are briefly described. Then an example case study provides as a
proof of principle, insight into the behavior and outcomes of the basis heuristic
approach.

3.3.1 Suitability function
A central concept in the approach is the use of a suitability function to
determine the allocation of particular land-use cells to a certain location at an
allocation site. The suitability of a cell for a particular land-use at a location is
defined (White & Engelen 1993) as a function of:
(1) land characteristics of the cell;
(2) distances to each other type of land-use; and
(3) adjacencies to each other type of land-use.
In the landscape generator, the same suitability function that is defined at
the level of land-uses, is utilized for the concept of landscape components present
in the applied lot typology. A cell with a component value is part of a landscape
component. In other words, a landscape component is a cluster of one or more
adjacent cells with similar component values.
As such, the suitability score SCi , of cell C with landscape component value
i can be calculated as:
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SCi =

∑X
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(equation 3.1)

i

where X Ck represents the (weighted) score of land characteristic k of cell C rei
garding landscape component i, DCi ' is the score of the distance class, representing the shortest distance from cell C with landscape component i to the nearest
i
cell with landscape component i’ and ACi ' , which is the score of the adjacency to
landscape component i’, for cell C with landscape component i. At this phase of
i
the development of the landscape generator, land characteristics ( X Ck ) of a cell
are excluded from the suitability function. It is this suitability function, that is
used in a heuristic optimization procedure, that finally determines the resulting
patterns at the allocation site.

3.3.2 Heuristic optimization procedure
A landscape configuration is generated through a heuristic optimization
procedure. The basic heuristic procedure is illustrated in figure 3.2. First, an allocation site is initialized through a complete random allocation of landscape
component values to the cells, distributed according compositional properties
as indicated in the landscape lot typology. Then, a multi-objective (utility) function is initialized, based on adjacency and distance tables, present for each of the
landscape components of the landscape lot typology.
To optimize suitability for all the cells of the allocation site, a global utility
value is introduced. The global utility function (Os) is simply the sum of suitability scores over all cells (C) of the allocation site for solution s (Arentze et al.
2006):
f (Os ) :

∑S
C

Ci

					

(equation 3.2)

The global utility value is first calculated for the initial solution. It is not
likely that the initial random allocation of landscape components to the allocation site gives an optimal utility value and therefore an optimization loop is applied. The system starts sequential swapping of all possible pairs of different cells,
in order to improve the utility value. After one swap of cells, the utility value of
the adapted solution (sx) is compared with the utility value of the current solution
(s0). When the utility value of the adapted solution is worse than of the current
solution, the swap of cells is reset. Otherwise, the adapted solution is maintained
and set as new current solution. The next pair of cells is swapped and the proce63
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Figure 3.2 Flow diagram of the heuristic optimization approach; in the basic approach the multiobjective function is interchangeable with global utility function (dashed are the steps that are reused in the modified approach - see figure 3.9)
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dure continues until no more swaps can improve the utility value. The allocation
of the landscape components at the allocation site is then completed and the
landscape configuration is saved. The exact procedure and implementation of the
suitability function is best illustrated with a hypothetical example case study.

3.3.3 Example case study
The objective of the landscape generator is to generate a plausible landscape configuration at an allocation site, based on a proposed landscape lot typology. In this example case study, a dairy farm is allocated to a hypothetical square
allocation site. The landscape lot typology is a small dairy farm and contains four
landscape components in the following proportions: (0) grass – 68,5%, (1) forest
- 28,7%, (2) barn - 0,2% and (3) a farmhouse - 0,1%.
The allocation site is represented as a rectangular area in which the different landscape components as defined in the lot typology need to be allocated.
First, the site is divided into a grid of X rows and Y columns. In the example an
allocation site of 20x20 cells is used. Each cell in the grid is represented as a vector Cxy = {i, f}; where x and y correspond to the spatial location index of the cell
in the grid, i corresponds to the landscape component value (for i = 0,...,I) and
the binary variable f indicates that a cell is fixed (0) or enabled (1) to change. The
latter variable, enables the identification of influencing neighbourhood cells in
the procedure, without being transformed themselves.
The allocation site is further initialized by a complete random allocation
of landscape component values to the enabled cells, distributed according compositional properties as indicated in the landscape lot typology.
For calculation of the suitability scores, adjacency and distance variable
value tables are used. The value tables are constructed for each landscape component present in the landscape lot typology. The adjacency score represents the
weighted sum of effects across neighbouring cells, while the distance score covers
possible interaction between landscape components. In table 3.1, adjacency and
distance variable value tables for the four landscape components in the landscape
lot typology are provided. The values in the tables should be used as relative
and not as absolute values. A value larger than 0, of landscape component a for
landscape component b, describes a positive effect on the adjacency or distance
between both landscape component cells. A value smaller than 0 describes a negative effect and a value of exactly 0 describes no effect, at all. With the input variables defined, the heuristic optimization procedure can be started.
In figure 3.3 the analysis step (step 1.2 in figure 3.2) of the procedure is
showed in more detail, where a current situation and an adapted situation are
compared. The character ‘C’ in the figure corresponds to the focal cell for which
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Table 3.1 Adjacency and distance variable value tables for four landscape components; for each
possible landscape component value of the focal cell (table), interaction effects to other cells with
landscape component values (row) are defined. Each of the neighboring cells within a search window has an effect on the suitability of the focal cell. The effects (columns) that contribute to the
suitability score are adjacency (direct neighbors (01) or indirect neighbors (02) of focal cell) and
distance (squared x and y distance from focal cell)
grass (0)
grass (0)
forest (1)
barn (2)
farmhouse (3)

adjacency distance (x2 + y2)
01 02 04 05 08 09 10 13 18
0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

forest (1)
grass (0)
forest (1)
barn (2)
farmhouse (3)

adjacency distance (x2 + y2)
01 02 04 05 08 09 10 13 18
0
1
0
0

0
1
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

barn (2)

adjacency distance (x2 + y2)
01 02 04 05 08 09 10 13 18

farmhouse (3) adjacency distance (x2 + y2)
01 02 04 05 08 09 10 13 18

grass (0)
forest (1)
barn (2)
farmhouse (3)

0
0
1
-1

grass (0)
forest (1)
barn (2)
farmhouse (3)

0
0
1
-1

0
0
0
-1

0
0
0
-1

0
0
0
-1

0
0
0
-1

0
0
0
-1

0
0
0
-1

0
0
0
-1

0
-2
-1
1

0
-2
-1
1

0
0
-1
0

0
0
-1
0

0
0
-1
0

0
0
-1
0

0
0
-1
0

0
0
-1
0

0
0
-1
0

the suitability value is calculated. The numbers around the focal cell indicate the
distances from the cell and are related to the adjacency and distance table columns provided in table 3.1.
The suitability value of cell C00 (figure 3.3a1) is calculated by taking the
forest landscape component value (i = 1) and sum over the distance and adjacency values in table 3.1. In this table, only positive adjacency values are specified
for the forest landscape component itself (+1). As all adjacent cells have a different landscape component value than the focal cell, the suitability score is zero.
There are no distance values defined for the forest landscape component and has
therefore no effect on the suitability score.
The suitability value of the other cell of the pair C01 (figure 3.3a2) is calculated by taking the farmhouse landscape component value (i = 3) and sum over
the distance and adjacency values in the table. In the table, negative values are
provided for adjacent forest (-2) and barn cells (-1) and distant barn cells (-1),
while positive values are provided for adjacent farmhouse cells (+1). These numbers indicate that farmhouse cells are suggested to be located adjacent to each
other, but not directly adjacent to forest cells and at least at some distance from
any barn cells. The suitability score for this cell is -5.
In the adapted situation (figure 3.3b), the forest cell is swapped with the
farmhouse cell and the method of suitability calculations is performed again. The
global utility value of the adapted situation (f(Osx)= -2) is higher than the value of
the current situation (f(Os0)= -5). As a consequence, the swap is maintained and
the next pair of cells in the list (C00 and C02) is swapped and analyzed for the new
situation. After all pairs of cells are swapped once, the procedure starts over again
with C00 and C01 and continues until no more swaps improve the global utility
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SC001 = ( 0 + 0 ) = 0
SC013 = ( -1 + -2 + -2 ) = -5
(a1)

(a2)

f(Os0) = SC001+ SC013 = -5

SC003 = ( -1 + -2 ) = -3
SC011 = ( 0 + 1 ) = 1
(b1)

(b2)

f(Osx) = SC001+ SC013 = -2

Figure 3.3 (a) Calculation of the overall utility value for the current solution and (b) for the
adapted solution.

(a)

(b)

(c)

grass
forest
barn
farmhouse
(d)

(e)

(f )

Figure 3.4 (a) Initial, (b-e) intermediate and (f ) final solutions from a run with the basic approach,
for a fairy farm landscape lot typology
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value. The allocation of the landscape components is then completed and the
landscape configuration is saved.
Figure 3.4 shows the result of the case study applied with the values as
specified in table 3.1. The initial solution, four intermediate solutions and the
final solution are provided. After one optimization step (= all pairs of cells are
swapped once), several features of the final solution are already visible. The basic
approach is for a large part deterministic as it generates identical output with the
same initial solution and table values.
This basic approach, however is not suitable to generate more complex and
plausible landscape configurations (Slager et al. 2008), for the following important reasons:
1. the adjacency and distance table values cannot be straightforwardly
and intuitively determined in order to produce expected results, due
to non-linear relations between the variables;
2. the minimum distances between landscape components cannot be
achieved, since each cell is treated individually;
3. the non-random sequential swapping procedure has a deterministic
and undesired influence on the final solution;
4. the method is not time-efficient (even not for this small area size),
mainly due to the heavy computation load of the already comprehensive distance calculations;
Based on these observations about the behavior of the basic approach, a
modified heuristic approach is proposed. The simple suitability and global utility
functions used of the basic approach needs adaptation to a sophisticated multiobjective function in which spatial properties of the configurations are more intuitively and directly specified and heuristically optimized. As an example, the
amount, size, shape and relative location of each landscape component instance
should be more directly related to the landscape lot typology properties and
should be more directly specified as input of the approach. In the following section the modified heuristic approach is described.

3.4 Modified heuristic approach based on spatial metrics
It is difficult to develop a method, which directly simulates the highly
complex, subjective and creative character of professional landscape design processes. This certainly applies for designs at the (lot) layout level and for various
contexts. As a consequence, the developed landscape generator is based on objective pattern deduction of already existing (designed) landscape configurations.
The pattern is stored in the landscape lot typology and the proposed development
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is in essence visualized in a reference image. Objective methods to describe landscape configurations are mainly developed in landscape ecological studies and are
commonly referred to as spatial or landscape metrics.
Spatial metrics exist at different scale and abstraction levels and are often used in urban modeling, predominantly in the validation of output of land
use simulation models (Herold et al. 2005). Also in the automatic generation of
landscapes, spatial metrics are already utilized. For example in spatial multi-objective optimization techniques, several abstract and global metrics (e.g. contiguity, compactness) have been discerned as a separate objective in the optimization
function (see section 2.3). However, a much larger library of spatial metrics exist,
which objectively describe landscape configurations at different levels of detail;
more specifically they describe patterns at a specific spatial scale, for the extent
of a spatial domain and for a thematic definition of map categories (Herold et al.
2003). FRAGSTATS (McGarigal et al. 2002) is a software package that provides
an extensive library of spatial metrics applicable to describe spatial configurations
in objective quantitative terms. In this research the proposed landscape patterns,
depicted in the reference images of the landscape lot typology, are quantitatively
described using a variety of metrics from FRAGSTATS. This information is input for a flexible optimization method, which is developed to generate plausible
landscape configurations at the selected allocation site.
The modified heuristic approach, which is introduced in this section,
makes use of a typology-specific multi-objective function. This multi-objective
function consists of multiple spatial attributes. An individual spatial attribute describes an objective function that is based on a spatial metric with a target value,
describing a quantitative landscape property of a landscape component (instance)
to be allocated. The typology-specific multi-objective function to be optimized is
compiled from a library with generically defined spatial attributes.
In the following subsections, first, the library with spatial attributes is described, including illustrations related to distinctive target values. Second, a special aspect concerning flexibility of the approach, at the level of spatial attribute
optimization is described, followed by a discussion on the specification of the
multi-objective function for realistic site dimensions. Fourth, the updated process flow of the developed modified heuristic approach is provided and finally,
probability modifications to the swapping procedure from the basic approach are
introduced.

3.4.1 Objective functions based on spatial metrics
Seven relevant spatial attributes are implemented to be used in the multiobjective function of the landscape generator. In table 3.2, the spatial attributes
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are listed which are available.
The minimization of the proportion of landscape is the only compulsory
attribute to be included in the multi-objective function in every landscape generation process. It is used for the initialization of the allocation site, before any
optimization procedure takes place. The other functions can be included in the
multi-objective function as required.
The metrics - number of instances (NI), instance size distribution (AREA)
and the instance perimeter (PERIM) - are identified in FRAGSTATS as base for
the definition of many other more complex landscape metrics (McGarigal et al
2002). These metrics are implemented, since they provide straightforward and
unambiguous attribute values of landscape component density and shape compactness and complexity. The metrics related to the bounding box of landscape
components - instance bounding box aspect-ratio (ARBB) and proportion of
bounding box area (PBB) - are less straightforward then the metrics described
above. However, the attributes are implemented, since they provide additional
control on the rectangularity of single landscape component instances. Control
on rectangularity and linearity is of main concern in the description and modeling of man-made structures as buildings and straight lines (e.g. hedgerows). The
instance edge contrast index metric (ECON) is a straightforward metric, that
provides basic control in the relative locations of landscape components to each
other. Finally, the total edge metric (TE) is mainly provided for performance
reasons, as global optimization of the maximum perimeter, followed by local optimization (per instance - PERIM) proved to be an effective means in increasing
the performance of the landscape generator to generate a solution.
Table 3.2 Spatial attributes available in the library to be used in the landscape generator
spatial attribute

abbreviation

variable name

metric unit

proportion of landscape*

PLAND

Pi

0.000 - 1.000

number of instances

NI

ni

instances

instance size distribution

AREA

aij

rel: 0.000 - 1.000
abs: cells

instance perimeter

PERIM

pij

cell sides

instance bounding box aspect-ratio
and proportion of bounding box area

ARBB
PBB

ARBBij
PBBij

0.00 - 1.00

instance edge contrast index

ECON

ECONijk

0.00 - 1.00

total edge

TE

TEi

cell sides

variable name: i = landscape component, j = instance, k = different landscape component
* compulsory attribute of any multi-objective function used by the landscape generator
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Except for the bounding box metrics, the other implemented metrics
available in the library belong to core sets identified in ecological studies (e.g.
Botequilha Leitão et al. 2002) and urban analysis research (e.g. Alberti & Waddell 2000, Herold et al. 2005, Yoshida & Omae 2005) to describe landscapes and
plans in a quantitative fashion. Important to note, however, is that these analyses
are often performed on a lower scale level; e.g. city block or regional.
The typology-specific multi-objective function is compiled from the library with spatial attributes. The individual spatial attributes that make up the
multi-objective function are further specified according the landscape lot typology properties and stored in an objective task list (see further section 3.4.4.). In
general, a spatial attribute is of the form fo (s) =|spatial metric - λo|.
When a spatial attribute is included in the multi-objective function, it
is assigned an index o (where o = 1,...,n). This index represents the position of
that particular spatial attribute in the multi-objective function (objective task
list). The index determines in which order the individual spatial attributes will
be optimized. In addition, each included attribute contains a function-specific
target value λo , where index o matches the index of the attribute the target value
is related to.
Next, each of the spatial attributes available in the library is described in
detail.

Proportion of landscape (PLAND)
The relative distribution of landscape component cells over the site is described by the proportion of landscape for each landscape component i :
 J

 a ij 
 j =0 
PLAND = Pi = 
A 



 				



∑

(equation 3.3)

where Pi is the proportion of landscape occupied by landscape component i, aij
is the size of landscape component ij and A is the total landscape area. Further,
I

∑ P = 1 for a consistent landscape configuration.
i

i

The related spatial attribute (objective function) is generally described as:
minimize:

fo (s) =|Pi - λo|
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where Pi is the actual proportion of landscape component i and λo is the functionspecific target value.

Number of instances (NI)
In the modified approach it is essential to optimize spatial attributes at the
level of individual landscape component instances. An extra variable is therefore
added to the vector describing the cells of the site: Cxy = { i , j , f }. The variable j corresponds to the identified instance (cluster) number for that landscape
component (for j = 0,...,J ). This variable is frequently updated throughout the
optimization procedure by an instance identification algorithm.
The component instance numbers are identified through an object-counting procedure, that is well established in computer vision science (Shapiro &
Stockman 2001, p.69-70) which is called “connected component labeling”. In
this case, an operation checks the four direct neighbouring cells of a focal cell in a
recursive process to identify clusters of cells with identical landscape component
values. The algorithm starts at the first cell C00 and recursively checks first in the
x and then in the y direction for adjacent cells with common component values.
Finally, a landscape component instance can consist of a single cell or of multiple
adjacent cells. With the identification of a single component instance, one can
optimize other spatial attributes related to this instance.
One of the most important spatial attributes to be minimized, is the total
number of instances ni for each landscape component:
ni =

J

∑C
j =0

xy

{i , j , f }				

(equation 3.4)

where ni is the total number of instances of landscape component i and
Cxy = { i , j , f } is a cell at position xy with properties i, j and f.
The related spatial attribute (objective function) is generally described as:
minimize:

fo (s) =|ni - λo|

where ni is the actual number of instance of landscape component i and the function-specific target value λo .
Figure 3.5 depicts several example configurations (intermediate solutions)
of a simple run of the landscape generator where the target value of the number
of instances attained to is λo = 1 . Figure 3.5(a) shows the random allocation
with forest component values at initialization of the site with P0 = 0.16 (for72
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est - dark green) and P1 = 0.84 (grass - light green). Thirty-one forest instances
are identified, whereas forest instance #20 (left circle) is formed by two adjacent
cells. For the identification of instances, using the connected component labeling
algorithm, the Moore neighborhood (four direct cells) is used. In this way, two
diagonally adjacent cells are identified as two separate instances (e.g. instances
#25 and #27 – right circle).
After many successful random swaps, only 3 forest instances remain, which
is illustrated in figure 3.5(b). To illustrate the dynamics in the identification of the
total number of instances optimization, figure 3.5(c) shows a hypothetical situation that only four sequential successful swaps later, again three almost identical
forest instances can be identified. Four cells of the first instance (j=0) in image (b)
are swapped with grass cells north of the second instance (j=1) and subsequently
connected to the second instance (j=1). Note that with the last swap of cells, the
former second instance, has become the first instance in order in image (3.5c).
In figure 3.5(d) the end result with one forest instance is shown. Identification
of instances is required to be updated in each analysis step of the multi-objective
function performed. In the update process, the values of many more other spatial
attributes are updated, as well. It should be noted here, that with a change in
order of identified instances, the spatial properties (as described below) for the
instances change, as well.

0
1

(b)

(a)

2

0
1
(c)

0

(d)

2
grass
forest
Figure 3.5 Example configurations generated by the landscape generator, with the objective to
generate one forest instance
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Instance size distribution (AREA)
With the identification of one or more component instances, more (local)
spatial attributes can be defined and optimized. In the case of two or more instances of the same landscape component, the (relative) size of instances is important (see figure 3.6). The size of a landscape component instance aij is an attribute
which is continuously updated within the operation for instance identification.
Relative sizes are calculated by dividing the size of the instance aij through the
total area Ai of landscape component i.
The related spatial attribute (objective function) is generally described as:
fo (s) =|aij - λo|

minimize:

where aij is the actual size of landscape component instance ij and the functionspecific target value λo.
In figure 3.6(a), two forest instances are identified which are completely
non-equal in size: the first forest instance occupy 30 cells (ai0 = 0.94) and the second forest instance occupy only 2 cells (ai1 = 0.06). For example, when both forest
instances should have an equal share of total forest area, the target value should be
λo = 0.50 for ai0 (or ai1). In figure 3.6(b), an example of a solution with two equally
sized forest instances is provided. In case of four equally sized forest instances
0

0
(a)

1

(b)

1

0
(c)

2
3

0

1

1

(d)

2
3

grass
forest

Figure 3.6 Example configurations generated by the landscape generator, with varying size distribution objectives
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(figure 3.6(c)) the multi-objective function is updated with three attributes: fo (s)
=|ai0 - λo|, with λo = 0.25 ; fo (s) =|ai1 - λo|, with λo = 0.25 ; and
fo (s) =|ai2 - λo|, with λo = 0.25. Of course, also non-equally sized instances are easily specified in this manner (figure 3.6(d)).
Being able to specify the amount of instances and the (relative) size distribution of landscape component instances, other spatial attributes are implemented to describe more specific shape characteristics.

Instance perimeter (PERIM)
The instance perimeter is important in the definition and calculation of
many other shape metrics. As an example, when used in combination with instance size (perimeter-area ratio), it is an (indirect) useful objective to specify
the compactness or shape complexity of a landscape component instance. The
perimeter-area ratio (PARA) is however sensitive to variation in size and should
be used accordingly. In section 3.4.3, a function is introduced which corrects for
this size variability and defines a correct perimeter value for real-sized problems.
The instance perimeter is calculated with an algorithm in the analysis step
of the optimization procedure. The algorithm starts with a cursor at the first cell
(C00) of a specific landscape component cluster, and checks row-wise the amount
of cells, which are adjacent in the x-direction to a cell with a different component
value. Then, the cursor returns to the first cell and repeats checking but now
column-wise and for adjacency in the y-direction. The total of counted cells is the
actual perimeter of landscape component ij and is stored as an attribute value of
the related instance.
The related spatial attribute (objective function) is generally described as:
minimize:

fo (s) =|pij - λo|

where pij is the actual perimeter of landscape component instance ij and the function-specific target value λo.
In figure 3.7(a), three forest instances of equal size have a perimeter of
18 and one instance (#1) has a perimeter of 16. In visual comparison, the forest
instances are distinguishable in shape, but are not very compact and geometric.
Compactness and shape complexity becomes more important for larger component instances and for less natural and more geometric landscape components as
buildings.
An example solution with four building instances of 8 cells with progressively lower perimeter target values and more compactness is provided in figure
3.7(b): pi0 =18, pi1 = 16, pi2 = 14 and the minimum perimeter for pi3 = 12. In
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Figure 3.7 Example configurations generated by the landscape generator, with varying instance
perimeter objectives

figure 3.7(c), an example solution with four building instances of 8 cells and a
maximum perimeter (λo = 18) and in figure 3.7(d), with a minimum perimeter (λo
= 12) are depicted. With the specification of instance perimeter and area, a whole
variety of shapes can be generated. Moreover, the variety of shapes of instances
with an identical perimeter, increases with the size of the instance.

Instance bounding box aspect-ratio (ARBB) and proportion of bounding box
area (PBB)
To gain further control about the rectangularity of landscape component
instances (in particular for building instances), two additional spatial metrics are
suggested here. Both are related to the bounding box of an instance.
The bounding box aspect-ratio is a measure for rectangularity of an landscape component instance. The bounding box of an instance is updated during
the connected component labeling operation performed in each objective analysis step after a swap. The instance bounding box aspect-ratio is calculated by:
  BB
ARBBij = min   w
 BB
 h

  BBh
,
  BBw


  			


(equation 3.5)

where the aspect-ratio of the bounding box of landscape component instance ij
is the minimum of two values: the bounding box width BBw divided through its
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height BBh or the bounding box height BBh divided through its width BBw.
The related spatial attribute (objective function) is generally described as:
fo (s) =|ARBBij - λo|

minimize:

where ARBBij is the actual aspect-ratio of the bounding box of landscape component instance ij and the function-specific target value λo.
It is important to note that rotation of a landscape component instance
has a profound influence on the bounding box (and thus on the ARBB metric)
value. Therefore, the aspect-ratio of the bounding box and the aspect-ratio of the
rotated version of the bounding box are compared and the minimum aspect-ratio
value is utilized in the function.
In figure 3.8(a), a solution is shown with 6 building instances of equal size
(8 cells), equal perimeter values (12) and their bounding boxes. The six instances
represent the complete range of shapes, that exist with these specific characteristics. The first four instances are less rectangular and geometric as the latter two. In
figure 3.8(a), the first four building instances have an aspect-ratio of
2
3
= 0.50 .
= 1.00 ,the latter two of
3
4

Using the aspect-ratio metric in combination with a certain perimeter, instances with a variety of shapes can be generated. For a more intuitive and flexible
metric, however, a second metric is suggested, which in combination with the
aspect-ratio of the bounding box, generates the same variety with feasible shapes.
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Figure 3.8 Example configurations generated by the landscape generator, with (a) varying bounding box aspect-ratio objectives and (b-c) varying instance edge contrast indices
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In this way, perimeter optimization is avoided. This metric is the proportion of
instance bounding box area and is calculated by:
PBBij =

a ij

(BBh × BBw ) 				

(equation 3.6)

where PBBij is the proportion of the bounding box area of landscape component
instance ij occupied by the total amount of cells (aij) of landscape component
instance ij.
The related spatial attribute (objective function) is generally described as:
minimize:

fo (s) =|PBBij - λo|

where PBBij is the actual proportion of the bounding box of landscape component instance ij and the function-specific target value λo.
In the example of figure 3.8(a), the first four building instances occupy a
8

proportion of bounding box area of (3 × 3) = 0.89 and the latter two instances of
8
= 1.00 .
(4 × 2 )

Instance edge contrast index (ECON)
With the above described spatial attributes, the amount, size and most
important shapes of landscape component instances can be controlled. The (relative) location of the instances, however, are so far excluded from optimization.
Although, fundamental for generating configurations with geometric structure,
it poses several strong restrictions on optimization. The locations are particularly
dependant on the properties of the unique local allocation site and its surroundings.
However, one internal topological relation between different landscape
component instances can be easily defined. With the instance edge contrast index, one can describe the proportion of adjacent cells with different landscape
component values. The edge contrast index of landscape component instance ij
adjacent to landscape component k is calculated by:
ECON ijk =

∑p
pij

ijk

				

(equation 3.7)

where pijk is the edge length of instance ij adjacent to landscape component k and
pij is the length of the perimeter of instance ij.
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The related spatial attribute (objective function) is generally described as:
fo (s) =|ECONijk - λo|

minimize:

where ECONijk is the edge contrast index of landscape component instance ij
adjacent to landscape component k, and the function-specific target value λo.
Two extreme examples of this objective are shown in figure 3.8(b) for
ECON102 = 1.00 and ECON112 = 0.00 . In the top left example, building instance
#0 is completely enclosed by grass. In the bottom right example, building instance #1 is forced to avoid adjacency with instances of grass. Intermediate target
values of λo can ensure direct contact and closeness between different landscape
components. See for an example figure 3.8(c) for ECON102 = 0.10 and ECON112
= 0.50.

Total edge (TE)
Finally, for computation speed, a global optimization of the perimeters
of all instances of a landscape component is applied. This metric is referred to as
total edge of landscape component i and is calculated by:
TEi =

J

∑p

ij

					
(equation 3.8)
									
where pij is the length of the perimeter of instance ij.
j =0

The related spatial attribute (objective function) is generally described as:
minimize:

fo (s) =|TEi - λo|

where TEi is the actual total edge of landscape component i and the functionspecific target value λo.

3.4.2 Maximum deviation from target value
In many situations it is not essential or not possible to optimize each spatial attribute to a full extent and therefore a function-specific maximum deviation
variable Δo is introduced to provide some additional flexibility. This deviation
variable defines the maximum allowed deviation from a target value still to be accepted as a satisfied attribute value. The variable can be defined proportionally or
exactly with respect to the target value λo . Theoretically, the maximum deviation
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variable is applicable to all spatial attributes in the library. For the proportion of
landscape (Pi), number of instances (ni) and the instance bounding box aspectarea (ARBBij) function, use of the maximum deviation variable is not advised, as
it can produce unexpected and undesired results.
In figure 3.6(d) an example was already provided with Δo = 0.05 for all
three spatial attributes (size of forest instances) of the example in figure 3.6(c) .
This results in a configuration, in which the two northern forest instances occupy
9 cells and the other two occupy only 7 cells, respectively.

3.4.3 Realistic site dimensions
The landscape lot typology contains a special variable that specifies the
minimum and maximum spatial extent to which the typology can be applied. For
example, the lot typology shown in figure 1.2 is validly allocated to sites with an
area between 1 and 10 ha. Many of the physical layout properties of a lot typology are defined in a relative way and related spatial attributes are thus proportionally scalable for different site sizes.
Caution is however necessary when the lot typology particularly contains
one or multiple building component instances. Simple re-scaling of a building
component instance is not feasible, since unrealistically sized buildings (up to 10
ha) then become possible. The following choices are made in this research.
In case, solely one building instance exists in the typology, the building
component instance is generated with similar dimensions as in the typology. The
other landscape components are re-scaled according a multiplication factor. In
case, multiple building instances exist in the typology, the dimensions of the
building component instances are maintained as well. The number of building
component instances, in this case, however, are increased proportionally.
The sizes of individual landscape component instances are relatively defined and are simply applied in the same proportions at the allocation site. One of
the most important spatial attributes, described above, is the perimeter of a landscape component instance (section 3.4.1). Unfortunately, the perimeter value is
not linearly related to a difference in size and therefore less feasible for generating
comparable compact shapes over different sizes. Furthermore, the square tesselation of the grid cells implies a correction factor. The suggested fractal dimension
index (McGarigal et al. 2002) can be used to calculate the most plausible perimeter value for a given sized landscape component instance in order to produce
a comparable compact shape for a different size. The fractal dimension index
(FRAC) is defined as:

80

Chapter 3: Landscape Generator: method to generate plausible landscape configurations

FRAC =

2 ⋅ ln(.25 pij )
				

ln a ij

(equation 3.9)

where pij is the perimeter of landscape component instance ij and aij is the size of
landscape component instance ij. To calculate the correct perimeter value pij for
comparable compactness, the equation 3.7 is rewritten as:

( )

pij = 4 e

 FRAC ⋅ln a ij


2





				

(equation 3.10)

3.4.4 Update process of multi-objective function
The multi-objective function in the modified approach is compiled from
the single spatial attributes described in table 3.2. Other well-known heuristic
approaches optimize the attributes of a multi-objective function simultaneously
and use several advanced techniques to avoid local optimum solutions (see section 2.3). In the modified approach of the landscape generator, however, the
multi-objective function is continuously adapted during the optimization procedure and the attributes are optimized in a sequential way. In combination with
maximum allowed deviations to the related target value, local optimum solutions
are in this way successfully avoided.
Figure 3.9 shows the flow diagram of the modified approach of the landscape generator. It is partly based on the basic approach, as the primary optimization heuristic and output procedure are comparable (as presented in figure
3.2). In figure 3.9, the shared features between both approaches are marked by
black boxes. An important new concept of the modified approach is the use of
an objective task list. The objective task list is the translation of the configuration
interpreted from the lot typology reference image. The list stores and maintains
information on the spatial attributes (including max. deviations) to be optimized,
the sequence and the mode of processing of these attributes. The list feeds the
(iterative) multi-objective function update process.
As figure 3.9 indicates, the update process of the multi-objective function
in the modified approach is initially applied outside the optimization loop. First,
the objective task list is initialized and populated with information based on the
properties of the landscape lot typology (step 0.1). Second, the proportion of
landscape (PLAND) attributes (for each landscape component present) are selected from the objective task list (step 0.2). After removing the spatial attributes
from the task list, the task list status is updated (binary variable: 0 = empty, 1 =
non-empty), by checking if more spatial attributes remain at the list. Third, the
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Figure 3.9 Flow diagram of the modified approach of the landscape generator (the steps in the
black boxes are identical to the (dashed) steps identified in the basic approach (see figure 3.2))
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multi-objective function is initialized (step 0.3) and consequently updated with
the selected attributes from the task list (step 0.4). Finally, the allocation site is
initialized. Cells of the allocation site are randomly assigned a landscape component value, according to the proportion of landscape values (PLAND) defined in
the multi-objective function. After initialization of the site, it is likely that the
objective task list contains more attributes to be optimized and that the initial
solution is not optimal for all these attributes (task list status = 1). In a double
iterative loop, all remaining attributes in the objective task list are sequentially included in the multi-objective function (step 1.1 and 1.2) and consequently optimized (step 1.3) following the same procedure as described in the basic approach
(see figure 3.2). Each time the multi-objective function is updated, the spatial
attributes of the function optimized in the previous loop, require to maintain
optimized in future loops. It is important to recognize that in the current setup
of the multi-objective function the attributes are not directly weighted.
The update process of the multi-objective function within the outer loop
is very similar to the procedure described above for the initialization step. However, in the selection step (1.1), one or more attributes are selected according to
their position (high) on the task list and to their processing modes. Two modes
exist: single and multiple processing. When an spatial attribute in the task list
is in single mode, only that one attribute is newly added to the current multiobjective function. In case an attribute in the task list is in multiple mode, the
next attribute in the task list is checked for its mode status and also added if it is
in multiple mode. The difference in modes represents a sequential and a parallel
optimization procedure, which is flexible at the level of (groups of ) spatial attributes throughout the procedure.
The landscape generator exits the double loop and produces a landscape
configuration, when the multi-objective function is optimized and the task list
does not contain any more spatial attributes to be optimized (task list status value
= 0).

3.4.5 Random swapping procedure
The sequential and deterministic swapping procedure known from the basic approach (step 1.3) is changed in the modified approach. Most importantly
the selection process of the pair of cells is randomized, with two specific constraints. The pair of cells requires:
1. that the pair of cells have different landscape component values; and
2. that within n iterations a cell is not selected twice to form a pair of
cells.
This introduced probability in the cell swapping procedure avoids dupli83
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cate and unnecessary cell swaps (and analysis) and almost always generates unique
landscape configurations.

3.5 Example case study
In the final section of this chapter, a realistic case study is described, that
further illustrates the functioning of the landscape generator. The general objective in the case study is to generate a landscape configuration at an hypothetical
allocation site of 20x20 cells based on a rural forest estate lot typology. A reference image of this rural forest estate is shown in figure 3.10, as well as all relevant
spatial objective function values calculated using FRAGSTATS software.
Theoretically, all quantitative information present in the reference image
can be used in the compilation of the objective task list. However, describing and
generating the exact landscape at the allocation site is impossible and the goal is
therefore to produce a plausible landscape configuration with less parameters.
The information marked with an asterisk in figure 3.10 is excluded from
the objective task list used in the case study. Basically, the compilation process is a
subjective task performed in this prototype version by the modeler. However, several general guidelines regarding selection and specification of functions and its
values are identified in this research (see boxes 4.1 and 4.2 in chapter 4). As mentioned before, the proportion of landscape for each landscape component is the
only spatial attribute required for each generation process. In order to optimize
instance-related spatial attributes the number of instances are almost defined in
each process, as well. To create some flexibility the so-called background land-
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Figure 3.10 Example reference image of lot typology with rural forest estate and table with relevant
spatial metric information (* = not included in objective task list used for case study; see for explanation, body text below)
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scape component (most often grass or hard space) is not optimized for the total
number of instances. Total edge information of each landscape component is of
most importance, when multiple instances (>5) of the same landscape component
are to be optimized for its shape, as it will improve the speed of optimization. In
other cases it is often excluded from the objective task list. The size and perimeter
for each instance (except again for the ‘background’ landscape component) are
important and are generally specified in close correspondence to the lot typology
properties as analyzed by FRAGSTATS. The other shape related spatial attributes
(ARBB and PBB) are of most relevance for the building landscape component,
especially for larger and typically geometric instances. Finally, the edge contrast
index is very restrictive on the solution space and should be avoided as much as
possible. Main uses are for the definition of important landscape component
instances (e.g. buildings, hard space, water) which are completely surrounded by
other landscape components (λo = 1) or when a line of trees (hedgerows) should
be located at the edge of agricultural landscape components or along hard space.
For the compilation of the multi-objective function, not only the selection
and specification of spatial attributes is important, but also the order (index o) of
optimization. As with the selection of spatial attributes, the order of the attributes
to be optimized, is yet also a subjective process and needs extensive testing for
Table 3.3 Objective task list used in case study and model run statistics
objective
index (o)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

function (fo)

dev. var.
(∆o)
|P0 - 0.52|
0
|P1 - 0.02|
0
|P2 - 0.035|
0
|P3 - 0.425|
0
|n3 - 3|
0
|n0 - 1|
0
|a30 - 0.189|
0.02
|a31 - 0.035|
0.02
|a32 - 0.776|
0.02
|p30 - 26|
0
|p31 - 12|
0
|p32 - 90|
0
|ECON100 - 1.00| 0
|n1 - 1|
0
|p10 - 12|
0
|ARBB10 - 0.50|
0
|n2 - 1|
0
|p20 - 22|
0

mode
multi
multi
multi
multi(end)
single
single
multi
multi
multi(end)
multi
multi
multi(end)
single
single
single
single
single
single
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definition. So far, this compilation is informed by personal observations of the
modeler. A final note on the compilation of the objective task list is, that a spatial attribute can be present more than once in the list, but with different (more
strict) reference values. This feature brings additional flexibility in avoiding local
optimum solutions.
The final compiled objective task list for the case study is provided in table
3.3. First, the initial solution is generated based on the information about the
proportion of landscape for each single landscape component (o = 1-4). Then,
before optimizing spatial attributes for instances, the total amount of instances
is specified. For computation purposes, it is advisable to define the number of
instances for those landscape components which are treated soon afterwards in
the list. In this case, first the total number of instances of the forest component
is specified (o = 5) and the amount of instances of the ‘background’ landscape
component (grass) is set (o = 6). Consequently, spatial attributes of landscape
component instances are specified. In general, first the size distribution (o = 7-9)
and then the shape-related attributes are specified (o = 10-12). The definition of
the instance edge contrast index is best before any further instance optimization
(o = 13), however should only be used in direct combination with the specification of the related landscape component instance (o = 14-16 for i = 1 and o =
17-18 for i = 2).
In figure 3.11 one realization of the landscape generator used in this case
study is illustrated. Each image shows an intermediate optimal solution to the
current multi-objective function and just before the function is updated. In addition, the total number of swaps (successful and unsuccessful) and time needed
to reach that solution is indicated as well. Remind that these statistics are specific
for this realization.
A simple benchmark test for five realizations is executed on a system with
Intel Core 2,00GHz processor including 2,00 Gb of RAM. Benchmark statistics
are summarized in table 3.4 and the five resulting landscape configurations are
shown in figure 3.12. The landscape generator is capable of generating different
landscape configurations within on average 1,75 minutes and needed on average 170.684 swaps for this case study. In visual comparison, the five resulting
realizations contain similar layout property values, but are clearly distinct from
each other. The relative locations of the landscape components and the overall
structure of the landscape configurations is visibly different.
The benchmark statistics provide some first directions where to put effort
in optimizing the algorithm with additional heuristics. An extensive Monte Carlo-based benchmark test, however would provide more robust arguments. These
arguments, nevertheless need always be considered in light of the performance of
the algorithm to avoid local optima trapping and generating implausible results.
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(f )

Figure 3.11 Illustration of a landscape generator run, with intermediate solutions and the end
solution after updating the multi-objective function according the objective task list (solutions are
related to statistics of table 3.3)
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Table 3.4 Benchmark test statistics: cumulative time and number of swaps per update of the multiobjective function for each realization; the final row provides average statistics
realization

f1-4 f1-5

f1-6

f1-9

f1-12

f1-13

f1-14

f1-15

f1-16

f1-17

f1-18

average

1 (a)

1s
0
1s
0
1s
0
1s
0
1s
0
1s
0

32s
39668
9s
6682
12s
10359
6s
3396
8s
5144
10s
11741

54s
60407
31s
31685
20s
18992
28s
25243
25s
21062
18s
18428

83s
100309
89s
111087
37s
39442
49s
52421
90s
98333
38s
48841

83s
100309
96s
130170
37s
39442
49s
52421
90s
98333
2s
3817

99s
138598
105s
152771
65s
109102
59s
76558
94s
105736
14s
32418

99s
138598
105s
152771
70s
121793
80s
131710
94s
105880
5s
13597

99s
138598
105s
152771
70s
121793
80s
131710
94s
105880
0s
0

120s
207867
107s
159532
92s
201751
82s
139210
103s
140384
12s
39598

120s
207867
107s
160172
92s
201751
83s
141031
103s
142598
1s
935

6.7s/o
1725/s
6.0s/o
1495/s
5.1s/o
2205/s
4.6s/o
1699.2/s
6.7/o
1384.4/s
5.6s/o
851.0/s

time
swaps
2 (b)
time
swaps
3 (c)
time
swaps
4 (d)
time
swaps
5 (e)
time
swaps
average / update time
swaps

4s
1396
4s
1429
4s
940
4s
1524
4s
1253
3s
1308

With this example case study is shown that the landscape generator is able
to produce a variety of landscape configurations after the intuitive procedure
of selecting and specifying a multi-objective function. In essence, the modeler
should find a balance between some deviation of the ideal configuration in order
to produce configurations at all and the generation of plausible landscape configurations. The question if the variety of landscape configurations is plausible, is
answered and discussed through an extensive validation experiment with professional actors as the target group. The design, implementation and the results of
the experiment are described in the following chapters.

(a)

(b)
0 = grass

(c)
1 = building

(d)
2 = water

(e)

3 = forest

Figure 3.12 Five realizations of the landscape generator with the objective task list as specified in
table 3.2
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Chapter 4
Validation approach on the landscape
generator output
4.1 Introduction
In preceding chapters, the development and the implementation of the
landscape generator is described in detail. A logical subsequent phase is its systematic evaluation. It should be evaluated, what is the value of the landscape
generator to be used in collaborative spatial plan-making processes. The main research objective, as stated in the first chapter, emphasizes on evaluation, as well.
In this chapter, a validation experiment of the landscape generator is proposed. First, in section 4.2, the purpose of model validation is described. Second,
in section 4.3, several concepts and challenges in simulation model validation in
spatial planning are investigated. Third, in section 4.4, the validation experiment
design is discussed, followed in section 4.5 with the presentation of the internet
survey, as an important part of the experiment. Finally, in section 4.6, data conversion procedures and statistical methods to analyze the experiment results are
provided.

4.2 Model validation purpose
Model validation in this research is defined following Rykiel Jr (1996):
“[…] should demonstrate that a model, within its domain of applicability, possesses a
satisfactory range of accuracy consistent with the intended application of the model”.
As is stressed by this definition, validation should always be performed in light of
the model’s purpose (Sargent 2007). Models may be assessed following many relevant performance criteria. However, the challenge is to choose the right criteria,
that are likely to yield information that is useful to improve the model (Pontius
Jr et al. 2004).
Model validation is an important but often time-costly step in model de89
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velopment. It increases the likelihood of models and their results being used by
decision makers (McCarl 1984). It is only about a decade now, that rigorous
validation of simulation models in spatial planning has become of interest by
researchers.
Sargent (2007) identifies four major phases for validation of simulation
models in a model development process (see figure 4.1):
▪▪ conceptual model validation; here is tested that the theories and assumptions about the problem entity, underlying the conceptual model
are correct and thus that the model representation is “reasonable” for
the intended purpose of the model;
▪▪ computerized model verification; here is tested that the computer programming and implementation of the conceptual model is correct;
▪▪ data validity; here is tested that the data necessary for model building,
model evaluation and testing, and conducting the model experiments
to solve the problem, are adequate and correct; and
▪▪ operational validation; here is tested that the model’s output behavior
has sufficient accuracy considering its intended purpose over the domain of the model’s intended applicability.
More or less, each of the four phases can be identified throughout this
dissertation. Emphasis in this chapter is primarily on operational validation and
conceptual model validation. Of most interest is to investigate, to what extent the
landscape generator is able to produce plausible landscape configurations.
Problem Entity
(System)
Conceptual
Model
Validation

Operational
Validation

Experimentation
Data
Validity

Computerized
Model

Analysis
And
Modeling

Computer Programming
and Implementation

Conceptual
Model

Computerized
Model
Verification

Figure 4.1 Different types of validation in a simulation model development process (after Sargent
2007)
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As stated earlier, the landscape generator aims to approach the analogue
process of scenario-building in spatial plan-making, particularly the parts where
professionals design or plan intended landscape developments on a scaled map.
The designs hold a certain level of detail and include some aesthetic quality. In
addition, the designs need to be representative for the intended development,
displaying realistically scaled dimensions and logic in the organization of the
components. Ideally, the proposed design of the landscape development is only
accepted to be included in a scenario, when all actors involved in the scenariobuilding, support it.
An ultimate test on plausibility of landscape configurations produced by
the landscape generator to be accepted for this purpose, is thus to compare the acceptance of professional configurations with computer-generated configurations.
Validation of the landscape generator output is performed under experimental
conditions by a group of potential professional actors. The landscape configurations produced by professionals as by the landscape generator are presented
in comparable fashion. Evaluation criteria for plausibility of landscape configurations produced by the landscape generator are both related to design quality
and representativeness of the intended development. The latter is made further
explicit, because of the typical functionality of the landscape generator to use
landscape typologies and its quantitative properties for allocating landscape components within a proposed site. A landscape configuration can have high design
quality, but at the same time be not representative for the intended development.
Likewise, a landscape configuration may be representative for the intended development, but lack design quality. Of course the aim of the landscape generator
is to produce a landscape configuration that has both design quality and is representative for the intended development.
In this research, the two aspects on plausibility are separately assessed and
further referred to as subjective and objective plausibility, respectively. The terms
“subjective” and “objective” should be considered in a relative sense, as validation
is impossible without any subjectivity. Nevertheless, it is assumed that evaluation criteria related to design quality are less obvious among the practitioners as
criteria related to representativeness. In the objective plausibility test (representativeness), several important design considerations are already dictated by the
landscape typology reference image, while in the subjective plausibility test (quality), more freedom is allowed.
In addition, in light of recommendations for improving the model, it is investigated on what representativeness criteria (further referred to as dimensions),
configurations are generally evaluated by professionals. This understanding may
be useful to identify both absent or incorrect spatial attributes and incorrect target values associated with the multi-objective function of the landscape generator.
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Hence, indirectly in this way conceptual model validation is assessed. In particular the question, whether the landscape generator is properly equipped and
parametrized to produce representative landscape configurations.
Insofar, this research does not consider other potential interesting validity
questions like whether the landscape generator is used for its intended purpose,
whether its visualization format is useful or whether the model contributes to
making ‘better’ decisions.
In context of the validation of the landscape generator, three particular
questions are assessed:
1. To what extent does the subjective plausibility of computer-generated
landscape configurations differ from the subjective plausibility of professional configurations?
2. To what extent does the objective plausibility of computer-generated
landscape configurations differ from the objective plausibility of professional configurations?
3. Along which dimensions do respondents evaluate landscape configurations?
In the next section, approaches and techniques in model validation, as applied in spatial planning are discussed. This is thereafter followed by the setup of
the validation experiment.

4.3 Model validation approaches and techniques used for
models in spatial planning
There are several techniques available to be used in simulation model validation (see Sargent (2007) and Rykiel Jr. (1996) for extensive overviews). As
stated before, validation assessments should be developed in relation to the main
objective(s) of the probed model. With respect to the validation of the landscape
generator, two related fields of modeling in spatial planning are distinguished
here: dynamic (space-time) simulation modelling and visual quality or impact
(design) modelling. Although, very distinct in objectives and scale, both fields
aim to support spatial planning actors in their professional activities.
In general, the objective of dynamic simulation modeling, more specifically of land use and land cover simulation modeling, is to predict future land
use (or cover) patterns in space, often for a longer time period, at a lower spatial
resolution (grid size of 25m and more) and infused with micro-scale empirical
data and theories on interacting underlying processes. Validation of these models
as such is often aimed at measuring the predictive accuracy of the land-use allocations by the model and analyzing which underlying modelled process parts
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positively and negatively influence this accuracy.
The objective of visual quality or impact modelling is to manually visualize a proposed future intervention in the current landscape and to communicate
design ideas. Validation of these static models is aimed at assessing the quality or
visual impact of and the preference for the designed intervention and is founded
in visual landscape quality assessment.
Hereafter, a concise overview of the most dominant approaches and techniques in both fields of landscape modeling is provided.

4.3.1 Validation approaches and techniques in dynamic
simulation modeling
In dynamic simulation modelling, several approaches to validation are
employed and categorized here, without intentions to be exhaustive or mutually
exclusive, following Rykiel Jr (1996):
▪▪ face validity; asking experts whether the model and its behavior are
reasonable; a nice example is presented in Castella & Verburg (2007),
which is a good example of using a combination of validation techniques, as well;
▪▪ comparison to other valid models; in order to identify additional predictive performance, output of the model is compared to output of
other models. A distinction is made between random and neutral (or
null) models, the latter are subject to comparable boundary conditions; examples are presented in Lau & Kam (2005), Pontius Jr et al.
(2004), Hagen-Zanker & Lajoie (2008), Van Vliet et al. (2009), Hu
& Lo (2007), Conway (2009), Hagoort et al. (2008) and Pontius Jr
et al. (2008);
▪▪ historical data validation; part of historical data is used to build the
model (including calibration), while remaining data are used to determine whether the model behaves as the system does; examples are Kok
et al. (2001), Pontius Jr & Spencer (2005), Platt (2006) and Poelmans
& Van Rompaey (2009);
▪▪ parameter variability / sensitivity analysis; changing the values of the
input parameters of a model to determine the effect upon the model’s
behavior or output. Those parameters that are sensitive, i.e. cause significant changes in the model’s behavior or output, should be made
sufficiently accurate prior to using the model; examples are Li et al.
(2008b), Kocabas & Dragicevic (2006) and Samat (2006); and
▪▪ predictive validation; the model is used to predict (forecast) the system’s behavior, then comparisons are made between the system’s be93
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havior and the model’s forecast to determine if they are the same. The
system data may come from an operational system or be obtained by
conducting experiments on the system, e.g. field tests; examples are
presented in Parker et al. (2003) and Zhou & Kockelman (2008).
Typically, when the model objective is to predict future land use, only
historical data or data generated through other neutral or random models is available to measure the model’s predictive performance. In this way, it is only possible
to make inferences on similarities of a models’ output versus reality at known
historical points in time, or quantify the predictive power to output of other
models. Unfortunately, in contrast with for example physical models, land use
predictions are subject to many stochastic processes and measurements on predictive accuracy of the model for points in the past are not reliable. Several authors
(Batty & Torrens 2005 and Parker et al. 2003) warn that the complexity of for
example agent-based models, with large numbers of parameters and with nonlinear responses, currently under development, can make validation intractable.
Anyway, the main process present in each of the approaches is the comparison of
two or more maps.
The most accurate and efficient method to recognize differences and similarities between the model’s output and a reference map is by visual inspection
through humans. Human perception works very well in choosing the most appropriate scale for the comparison, while it distinguishes minor deviations and
fluctuations within similar areas from major ones (Kuhnert et al. 2005). However, main shortcomings of this approach are the lack of unified quantitative
ranking by multiple persons over multiple realizations. Further, the evaluation
of output in abstract grid-based visualization format at a low resolution require
a knowledge and experience level which is not widely available. Finally, if many
maps or situations have to be compared (e.g. in case of optimization for model
calibration), visual inspection becomes a cumbersome task. Therefore, research
has directed to the use of computers and statistics as a surrogate approach. The
two most popular grid-based analyses are cell-by-cell comparison and landscape
(pattern) metrics.
Cell-by-cell comparison is substantiated in the field of remote sensing, for
accuracy assessment of classified images (Foody 2002). To measure the degree of
accuracy of a classified image, it is cell-by-cell compared with available (historical)
reference data such as ground control points, images or maps (Pontius Jr et al.
2004). A comparison map is produced, presenting the locations where categories
differ between the maps and where not. In addition, by evaluating the categories
separately, visually and by tabulating it in a contingency table, the direction and
nature of the changes are analyzed. This contingency table is the starting point for
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extensive statistical analysis, like the fraction of (dis)agreement, Kappa statistic
and the Relative operation characteristic among the most used. Since model validation’s primary aim is to identify where to improve the model, Pontius Jr et al.
(2004) argues it is very useful to budget the sources of disagreement between the
two maps. Pontius Jr. (2002) identifies three components of agreement; agreement due to chance, due to location and due to quantity, and two components
of disagreement; disagreement due to location and due to quantity. An example
of a current case study that implements these recommendations is Poelmans &
Van Rompaey (2009).
A main shortcoming of the cell-by-cell methods (the contingency table
and its statistics) is that they are not capable of distinguishing between nearperfect predictions of quantity and location and predictions that are totally imperfect; that is the contingency table does not exhibit any locational information
Pontius Jr et al. 2004). Modeled processes are defined at different spatial scales,
interact through time and space and produces in the end a landscape pattern. It
is not realistic to expect these predictions to be exact and therefore their validity
needs to be assessed for spatial structure and a tolerance for some spatial disagreements (Hagen 2003). Also White & Engelen (2000) acknowledges the fact that
in spatial modeling resulting patterns should be validated against real patterns,
instead of exact cell location predictions.
The fact that there is no “proper” resolution to compare maps to adequately describe the agreement of models with reality has already been identified before
by Costanza (1989), but in a slightly different context. He proposes a method
that involves a sampling window that slides over scenes one cell at a time for
which agreement is calculated. By gradually increasing the size of the sampling
window, the resolution of the comparisons is decreased, in order to make the
pattern apparent. Consequently, the level of agreement can be plotted against
window size and a overall degree of agreement can be calculated. For an example
of an implementation of this multi-resolution goodness of fit, see Castella &
Verburg (2007). Also, Kok et al. (2001) addressed multi-scale validation and
validated model results for five different resolutions. Contrastly, to the arbitrary
chosen dimensions by Costanza, besides the modelled resolution of 15x15 km2,
existing administrative divisions were taken as basis for resolution.
In contrast to the cell-by-cell approach, landscape metrics are able to express aspects of spatial structure such as the size and orientation of the clusters
or patches present in the map. There exist a rich set of metrics (mainly developed
for purposes in landscape ecology, see also (McGarigal et al. 2002) which do
reflect multiple facets of model’s performance and help assess the goodness of
fit in terms of spatial structure. For examples see Dungan (2006) or White et al.
(2000). Further, they are suitable to highlight specific problems, uncertainties or
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limitations of the model results (Herold et al. 2005). Landscapes can typically be
analyzed for its compositional or configurational characteristics. Landscape metric values are often calculated as a summary statistic for the entire study area and
consequently are limited to measure locational accuracy in spatial structure.
Hagen-Zanker & Lajoie (2008) find a way to combine the positive characteristics of the fuzzy set approach to cell-by-cell analysis with characteristics
of the summary statistics of landscape metrics. In this way, spatial relations and
geographical structure become part of the comparison, while it is recognized that
structure is not a homogeneous landscape characteristic but varies in space.

4.3.2 Validation techniques and approaches in static design
simulation modeling
In addition to objective predictive performance testing described in the
previous section, another field of research on landscape (model) evaluation is of
interest in relation to the validation of the output of the landscape generator. In
this section, visual landscape quality assessment is discussed. Visual landscape
quality assessment is described by Unwin (in Vining & Stevens 1986) as: “an assessment of the quality of the objective visual landscape in terms of individual or
societal preferences for different landscape types”.
Several approaches and variants exist, but the psycho-physical variant of
the public-perception based approach is among the most popular in landscape
assessment research (Daniel 2001). It is the approach followed here. Basically,
it departs from the idea that biophysical features of a landscape and human perception are interacting components. Public preferences are obtained, by treating
the biophysical features as stimuli, that evoke aesthetically relevant psychological responses through direct sensory-perceptual processes and related intervening
cognitive constructs (e.g. coherence, naturalness and mystery) (Daniel 2001).
The perceptual response on landscape quality is measured on a rating scale and
the ratings of the total population is consequently mathematically related with
variation in biophysical features of the landscape (Daniel 1990). This basic process is illustrated in figure 4.2.
Subject

Medium

Object

Visual landscape
quality or
preference

Field visit

Landscape
(biophysical
features)

relation between perceptual response and
biophysical features mathematically described

Figure 4.2 Basic process of public-perception based approach: psycho-physical variant
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For centuries, an important debate about visual landscape quality is centered on the question whether landscape quality is to be found in the properties
of the object or is in the mind of the subject (‘in the eye of the beholder’). Many
researchers now propose that it is a joint product of particular (visible) features of
the landscape interacting with relevant psychological (perceptual, cognitive and
emotional) processes in the human subject (Daniel 2001). In most researches on
landscape quality assessment, only just the perceptual response is obtained, making no distinction between the emotional or cognitive and perceptual dimension
of the response. Few researches focus is on what determines the subject’s evaluation, with some recent exceptions as Wergles & Muhar (2009) and Tilt et al.
(2007). They used qualitative approaches to assess these psychological processes.
Others have tried to mathematically relate socioeconomic characteristics of the
subjects to landscape quality perceptual responses (Tips & Savasdisara 1986 and
Van den Berg & Koole 2006) or investigated differences in perceptions among
various cultural groups (Yu 1995 and Rogge et al. 2007).
Ideally, subjects are requested to rate the quality of a landscape or its constituent parts at field visits. Nevertheless, it is impractical and costly to transport
a sufficient amount of subjects to a site. Moreover, for assessing planned or designed (non-yet-existing) landscapes it is impossible. Panoramic photographs or
computer simulations of environments have in some studies proven to be reliable
substitutions (Rohrmann & Bishop 2002, Bishop & Rohrmann 2003). However, with the introduction of these media, several issues on validity of representing reality were introduced as well. A static photograph or a computer simulation
have their own restrictions in representing a real world experience. For example,
the selection of positions of taking photos and field-of-view remains a subjective
activity (Meitner 2004). For 3D computer simulations the degree of realism and
accuracy of the model may restrict the validity of what is intended to be represented (Langendorf 2001). Moreover, auditory, tactile and olfactory factors influencing perceptual responses are often absent in surrogates (Chen et al. 2008b).
From the subjects often only perceptual responses are obtained in generic
terms as visual landscape quality or preference. In the psycho-physical approach,
biophysical features of the landscape are systematically related to perceived visual
landscape quality. For a correct mathematical model the biophysical features need
to be numerically characterized. Two methods are in common. Knowledgeable
experts can be requested to value the landscape attributes of the respective photos of the survey. For example they should value the degree of wilderness, the
proportion of vegetation cover, color contrast or depth of view as landscape attributes on an interval scale. Three interesting examples for varying landscapes
are described in Arriaza et al. (2004), Clay & Daniel (2000) and Bernasconi et al.
(2009). A second approach is to use objective landscape metrics to describe the
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biophysical features present in the photos. Sometimes the photos themselves, using color-coding (Garre et al. 2009), but often in combination with planimetric
maps the locations are analyzed with different metrics; examples are De la Fuente
de Val et al. (2006) or Dramstad et al. (2006). Germino et al. (2001) found
that metrics from planimetric maps are most reliable for expressing dimensions
(e.g. areal extent, relief, depth) perceived at the ground level, while metrics from
panoramic images are most reliable for expressing composition (e.g. land cover,
diversity, edge). Palmer (2004) found in his study by comparing predictive landscape metrics for preference for two time periods, that approximately half of the
variation in scenic perceptions can be explained by spatial landscape metrics and
that this model retains its predictive efficacy after 20 years.
Vining and Stevens (1986) described the basic psycho-physical approach
in assessment of landscape quality consisting of a three-phase process with included activities:
1. design and planning of the assessment;
a.
identify characteristics of interest to be researched;
b.
prepare or assemble relevant stimuli;
c.
collect a representative sample of subjects;
d.
define response format;
2. systematic investigation of characteristics of interest;
a.
collect landscape quality ratings / preferences;
b.
assemble observer background information;
c.
obtain objective information on properties of stimuli (e.g.
		
expert or metrics);
3. draw statistical inferences about measurement data;
a.
make statistical inferences on measurement data; and
b.
relate the quality ratings to stimuli properties using
		
mathematical models.
Surely, adaptations to this basic process occur in literature and often correspond to its specific research objective(s).
First, in the design and planning of the assessment, specific characteristics
of interest are identified. For example, which attribute of the landscape or which
part of the (urban or rural) landscape is of interest. Is it necessary to compare
alternative landscapes, different media modes or reactions of different groups of
relevant subjects. The stimuli (often images) to be rated by the observers, are assembled in the field or prepared from a landscape or urban model. This step is
fraught with subjective choices by the researcher, hence should be performed as
objective and unambiguous as possible.
The type of subjects and their knowledge level used in the assessment is
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dependent on the research question. Importantly, the researcher needs to decide
whether the purpose is to collect and analyze differences in individual reactions
on stimuli (subject-centered) or whether the purpose is to collect and analyze differences in the stimuli with respect to a designated attribute (stimulus-centered).
In fact, in this latter approach, subjects are simply treated as replication, whereas
in the subject-centred approach the stimuli are treated as replication. The researcher can also follow the most realistic approach, but more complex to analyze,
where differences of individual reactions to stimuli are ascribed to both variation
in the subjects and in the stimuli. Finally, the response format defines an indirect
scale of measurement, since the property to be measured has no direct definable
physical scale. Among the most applied, besides rating, are the method of paired
comparisons, categorical rating scales (e.g. Likert-scale), sorting and rank ordering methods and the method of magnitude estimation Vining & Stevens 1986).
In the second phase, where the characteristics of interest are systematically
investigated, the collection of perceptual responses is best conducted with a counterbalancing sampling approach to minimize bias effects as fatigue or practice effects. At the same time, it is of importance to collect enough data to perform reliable statistical inferences. Some examples are to random select stimuli, in random
order presented to each subject. It may also be necessary to consider the sampling
of other units such as environments, times of measurement, orientations of landscape views, and so forth. It may be of interest, particularly for a subject-centred
approach, to assemble socioeconomic information of the subjects. The information requested should be directed to identify each subject and relevant underlying
factors which may help explain observed differences in reactions of subjects.
In the third phase the measurement data is described and analyzed. First,
descriptive statistics on responses by the subjects and evaluation results on properties of the stimuli are calculated and construed. Second, it is investigated, often
through regression techniques, to what extent the biophysical features, as explanatory variables, explain the differences in responses to the stimuli.
So far, the main part of public preference studies applied, are executed
in the form of field-visits or performed through representing hard-copy photographs or desktop graphical simulations. Wherett (1999) and Roth (2007)
found sufficient confidence to use Internet-based survey techniques. Internetbased techniques have advantages over former analog techniques, implying less
practical effort, being less costly and being available for a potentially larger and
more diverse public. Both authors give practical recommendations for valid and
reliable methodologies with Internet as medium. Nowadays, the technical equipment available to respondents at their workplace is of less significance then it
was a decade ago. Screen resolution may be the most influential variable in webinterface design, since it influences the general layout of the survey to the respon99
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dent. Color depth, operating system and web browser choice are of less influence,
if the right coding is applied. A second consideration is about the dropout rate,
for which several measures can be taken to reduce the rate and further negative
impacts (e.g. high-hurdle technique, warm-up techniques etc.) (see also Reips
2002). Response time analysis, which is relatively easily included in the survey, is
a possible measure to get more insight in time, practice and fatigue effects of doing each individual assessment. Finally, the tasks to be performed by respondents
should be clear and time-efficient.
From the validation approaches, presented above, several lessons for experiment design to validate the landscape generator can be learned. First of all,
validation of simulation models in spatial planning should be performed in the
light of the model’s purpose. The most abundant models in spatial planning literature are validated on their power to accurately predict the future location, extent
and the time of several land-use developments in an area. Prediction maps are
compared to reference maps, is attempting to explain the (mis-)matches in terms
of underlying modelled micro-processes and parameters. Recently, researchers acknowledge that exact prediction is unrealistic and that the model output should
be evaluated on it’s ability to produce comparable patterns of land use developments as the reference data. Advanced techniques and frameworks are developing
to objectively compare patterns at different scale levels.
However, the developments in this field of research are only of partial value
for validation of the landscape generator, since the objective of the landscape
generator is not to predict future landscape patterns, but to generate plausible
configurations at a more detailed and comprehensible level. The extensive field
of research in landscape quality assessment appear to be a more suitable base for
validation design. In particular, the psycho-physical perception-based approach is
of interest, in which the preference ratings of a large group of subjects is systematically related to biophysical features present in the landscape. The typical input
for the landscape generator, spatial attributes based on metric values, as properties
of the landscape, may indirectly be related to the preference ratings. This in order
to identify the strengths and weaknesses of its constituent parts. The last half decade, the internet has proven to be an effective medium for conducting landscape
quality assessments, but several aspects should be taken in its consideration, e.g.
a clear user-interface and minimization of dropout rate.

4.4 Experiment design
For the experiment in this research a comprehensive expert judgment survey is designed. The objective is to obtain detailed information on the plausibility
of landscape generator output with respect to professional (hand-drawn) configu100
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rations. In addition, the survey should be concise and easy distributable.
The description on the experiment design is divided in two main sections.
In the current section, the design and preparation of the experiment is discussed.
First, the group of respondents and study area are defined, followed by the preparation of professional and computer-generated configurations for the design quality test and representativeness test, respectively. In section 4.5, the presentation of
the survey to the respondents is presented.

4.4.1 Respondents and study area
The target population of the survey consists of professional planning practitioners. They are participants of collaborative plan-making processes, potential
users of the system and in fact assumed to be the most knowledgeable regarding
evaluation of designed configurations. Unlike the traditional approach on landscape quality assessment, as described in section 4.3.2., the subjects are not from
the general public. The survey is made accessible through a user-friendly website.
Familiar professionals are invited through e-mail and phone to participate in the
survey. The professionals are assumed to be a representative sample of the target
population and are referred to as the group of respondents.
The study area for this experiment is characterized as a polder landscape
that is located at the fringe of the highly urbanized “Randstad”-area in the Netherlands. As shown in figure 4.3(a) it is situated in the centre of the country,
between the towns Muiden (in the south) and Weesp (in the north). Currently,
the landscape is described as mainly pastures on top of peat soil. It is a half-open
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Figure 4.3 (a) location of the study area ‘bloemendaler polder’ in the centre of the Netherlands, (b)
topographic map with the four delineated allocation sites (site 3 partially overlaps site 2)
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rural landscape with as main central feature the small river “Vecht” and a national
highway (A1) in the northern part.
The area is on high pressure of urbanization and consequently claims of
project developers increased land prices tremendously. Since the area is land below sea level, sustainable water management, as well as ecological and (agri-)
cultural considerations are constant important factors for future policy.
In the study area, four relatively independent locations (further referred to
as sites) are selected with varying characteristics in for example its surroundings,
size and shape. The sites are used in the survey as potential development locations
to test configurations of proposed project developments. As further illustrated
in figure 4.3(b), the sites consist of one or more adjacent cadastral lots. Site 3
partially overlaps site 2.

4.4.2 Design quality test
The survey starts with the design quality test. The ability of the landscape
generator to produce subjective plausible configurations is evaluated. The respondent receives for this test three assignments. For each assignment, the following
question is relevant: “to what extent are computer-generated landscape configurations of comparable design quality as professionally designed configurations?”
In each of the three assignments, the respondent is requested to evaluate
five different configurations (i.e. models) of a proposed landscape development
at a certain site (i.e. location). In fact, the question reads: “which model matches
the description at most, and at the same time fits best at this location?” By simply
ranking the configurations, respondents judge about their subjective plausibility.
Subjective plausibility of computer-generated configurations is expressed relative
to professional configurations. The entire set of professional configurations is assumed to be plausible.
The five configurations in the assignment are drawn from two larger sets
of computer-generated and professional configurations. First, the preparation of
both of these configuration sets is described, followed by the preparation of the
survey, including a randomized sampling scheme.

Preparation of the set professional configurations
The set of professional configurations is prepared by three independent
professional designers. Three designers are assigned to design two plausible landscape configurations each, for three independent assignments. The designers are
selected on having considerable experience in supporting professional collaborative plan-making processes and in subsequent design for feedback sessions and
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reporting. Due to time restrictions, one of the three designers was only capable
to design one plausible landscape configuration for each assignment. The total
amount of professional configurations available for the survey is therefore not six,
but at most five configurations.
The designers receive a guide with research context information. This
guide includes a general introduction, concise study area information, the assignments and a set of printed maps. These maps are color-printed at A4 paper.
The set contains two maps of the entire study area (1:10000 and 1:25000), and
for each assignment three identical sketch maps centred on the ‘blank’ site. The
dimensions of the corresponding site, directly determine the scale of the sketch
maps (1:2000 – 1:5000).
Each of the assignments contains a concise description of the intended
project development (i.e. brief design program). This description includes:
▪▪ information on the location and size of the site;
▪▪ a name (as a combination of function and form) of the intended development;
▪▪ qualitative information about main features of the development; and
▪▪ quantitative information about the minimum proportions of landscape components to be allocated.
The designers are requested to design a plausible configuration, based on
this information. The assignment descriptions are kept concise by purpose. It
reflects the rudimentary descriptions about introduced ideas in initial phases
of plan-making processes. Consequently, the short descriptions leave room for
multiple interpretation by the designers (and later on by the respondents). It is
chosen to use varying site conditions in the experiment and landscape developTable 4.1 Information about the assignments of the design quality test: allocation site, name of
the intended development and characteristic features, and hard requirements about compositional
properties
Assignment

Site

Name of intended
development

Main features

Landscape components
percentage requirements

1

1 (9 ha)
east

Small business park

> 80 % built and hard space
< 20 % green space

2

2 (38 ha)
centre

Four park estates

Industrial buildings for
small to medium-sized
enterprises
Four separate villas (excl.
annexes)

3

3 (6 ha)
centre

Greenhouses

Large surface allocated to
greenhouses
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Figure 4.4 Perception, cognition and design in the process of ‘creating’ professional configurations

ments ranging from highly urban or industrial type to semi-rural type, reflecting
realistically possible development proposals.
In table 4.1 information for each assignment is presented. The requirements set are verified by an independent designer. The requirements are drawn
up, only to give some coarse boundary conditions for design and evaluation.
Figure 4.4 illustrates a simplified version of the process of designing a
professional configuration. The information on the assignment is perceived and
cognitively processed individually. Experience and familiarity are the main, less
tangible factors that are related to this process. It is assumed that each designer
uses a set of self-defined criteria to produce their plausible configurations, given
the boundary conditions. These design considerations range from functional or
practical considerations as for example cost, livability, service potential and sustainable management to aesthetic considerations as for example visual beauty,
organization and a harmonious fit in the environment. In this way, five different
configurations are designed. It should be noted that the designers made quick,
sometimes sketchy, drawings showing the basic elements and organization of
their ideas. The designers are further encouraged to shortly write down their design considerations.

Preparations of the set computer-generated configurations
The professional designers implicitly translated the concise information
into landscape configurations with constituent components. The resulting pattern of landscape components is quantitatively measurable and can be expressed
in compositional and configurational properties. They are the base for the compilation of the multi-objective function of the landscape generator. The computergenerated configurations are produced to be highly comparable with the professional configurations and therefore exhibit similar characteristics. As a result, for
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each assignment, five different multi-objective functions are compiled, each one
based on a different professional configuration.
As seen in the previous chapter, in compilation of the multi-objective
function in the landscape generator, three aspects are important:
1. the individual spatial attribute(s) to use;
2. the target value(s) to set; and
3. the order the spatial attribute(s) are to be optimized.
Seven spatial attributes are available for use. The values are set reflecting
the properties of the professional configurations. With FRAGSTATS software
each professional configuration is analyzed. The procedure to convert the hardcopy professional designs into FRAGSTATS compatible input files is described
in appendix 1. The order of the attributes in the multi-objective function is important, because of the sequential optimization procedure of the landscape generator. Since the solution space of possible realizations decreases with each spatial
attribute satisfied, a balance should be found between avoiding to set the target
value of the spatial attribute too strict, unable to produce a result at all, and
avoiding to relax the target value of the spatial attribute too much, to produce an
implausible result (see section 3.5 for an example).
The exact functioning of the landscape generator is already exhaustively
described in chapter 3. Besides the compilation of the multi-objective function,
the landscape generator requires input information to define a regular grid of
cells, representing the site. In the example in chapter 3, a fictional simplified site
is used. In this experiment, a realistic case study area and four different sites are
applied (see also figure 4.3). The landscape generator requires a comma separated
value text file (ASCII-format), including a table with landscape component values for the entire site extent, x and y coordinates of the extent corners and cell
size information. The table values are used to initialize the site in the landscape
generator.
A procedure (python script) is developed in ArcGIS software to extract
realistically dimensioned cadastral boundaries of a site and its adjacent current
topographic features and convert these into a comma separated value text file.
The landscape generator is sensitive for current layout of adjacent lots (figure
4.5a). The current layout of a border strip (within 10 m) is adopted from the
topographic map (1:10000) and classified as such (figure 4.5b). A vector file,
as a combination of cadastral geometry and topographic geometry, is converted
into an internal ESRI (Environmental Systems Research Institute) raster format
(figure 4.5c-d), attribute values subsequently reclassified to landscape component
values (figure 4.5e) and finally exported as comma separated value text file (figure
4.5f ). The cell size is defined 6 x 6 meter for the first and third assignment and 12
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(a)

(b)
+100

(d)

(c)

-9999
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Figure 4.5 Procedure to generate input site file for landscape generator (see body text for description of the consecutive steps)

(a)

(b)

(c)

(d)

Figure 4.6 Procedure to generate input site file for landscape generator, in case the site is rotated
(see body text for description of the consecutive steps)

x 12 meter for the larger area in second assignment. For several assignments the
lot and surrounding topography need to be rotated in ArcGIS prior to rasterization. This to ensure that generated landscape components are aligned orthogonal
to the site main axes (see figure 4.6 for an illustrative example).
Each assignment introduces its specific compilation considerations, but
some general rules are principally followed. These are listed in box 4.1.
The landscape generator produces an output file with identical format as
its csv input file. In total, five different computer-generated configurations are
produced.

106

Chapter 4: Validation on landscape generator output
Box 4.1 General compilation rules landscape generator in design quality test
▪▪
▪▪
▪▪
▪▪
▪▪
▪▪
▪▪
▪▪

the percentage of landscape and number of instances of the landscape components
in the computer-generated configuration is adopted from a professional configuration;
when the professional configuration does not meet the requirements of the assignment, the computer-generated configurations is parametrized alike;
the generation of local infrastructure is not included, except the generation of
(building block) hard space;
the area per landscape component instance is defined within limits of an instance in
the professional equivalent;
total edge of a landscape component is defined according the professional equivalent
and adjusted for site size;
the landscape components grass and or hard space are mainly regarded as background filling, as a result the only spatial attribute used is the “percentage of
landscape”;
the order of landscape component instances (incl. properties) in the professional
configurations is maintained in the computer-generated configurations;
the relative position of building instances (ECON) is only regarded to the location
of hard space instances.

4.4.3 Representativeness test
After the design quality test, the ability of the landscape generator to produce objective plausible configurations, is evaluated in the representativeness test.
The respondent receives five additional assignments. For each assignment, the
following question is relevant: “to what extent are computer-generated landscape
configurations equally representative as professionally designed configurations?”
As in the design quality test, the respondent is requested in each of the five
assignments, to evaluate five different configurations (i.e. models) of a proposed
landscape at a certain site (i.e. location). The question is slightly different than
in the design quality test, namely: “which model is most representative for the
reference image?” By simply ranking the models, respondents judge about their
relative objective plausibility. Objective plausibility of computer-generated configurations is expressed relatively to professional configurations. All the professional configurations are assumed to be plausible.
First, the preparation of the set of professional configurations for the representativeness test is discussed. Secondly, based on the properties of the reference
image, the parameters of the landscape generator are determined and further
preparation of the computer-generated configurations is mentioned.
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Figure 4.7 Five reference images of proposed project developments (or typologies) applied in the
representativeness test (see appendix B for more information and the legends)

Preparation of the set of professional configurations
Similarly to the assignments of the design quality test, assignments in this
test, contain a concise description of realistically possible project developments
ranging from urban to rural type. The description, however, is slightly different
with respect to the qualitative and quantitative information about the landscape
components provided in the design quality test assignments. The information
is substituted by a reference image (see for examples figure 4.7). The reference
image, as part of a landscape typology, reflects the possible use of the landscape
generator in practice. The image remains multi-interpretable, however the designers are more restricted in their assignment to produce a representative site
configuration. As a matter of fact, the reference image exhibits in itself several
pre-defined design criteria. The designers provide in total, five configurations for
each assignment.

Preparation of the set computer-generated configurations
The computer-generated configurations are generated independently from
the professional configurations. Instead, they are completely based on the objective properties present in the reference image. Nevertheless, the landscape generator is not yet able to reproduce the reference images perfectly into a site, when
solely informed by a reference image. The modeler sometimes needs interaction
during the process. Each single assignment introduces its specific compilation
considerations, although some general guidelines are noticed in box 4.2. These
guidelines are slightly different from the guidelines provided for the design quality test.
The landscape generator produces an output file with identical format as
its csv input file. Again, five different realizations of the landscape generator are
included for each assignment. In contrast with the design quality test, the five
realizations are produced with only one identical multi-objective function. The
multi-objective function is based on one reference image. The example presented
in the previous chapter, already showed that the probabilistic elements of the
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Box 4.2 General compilation rules landscape generator in representativeness test
▪▪
▪▪
▪▪
▪▪
▪▪
▪▪
▪▪

the percentage of landscape and number of instances of the landscape components
in the computer-generated configuration are adopted from the reference image;
the generation of local infrastructure is not included, except for assignment 7;
the area per landscape component instance is defined exactly for buildings or within
limits (and adjusted for site size) for other landscape components as calculated from
the reference image; buildings are not adjusted in size but in number;
total edge of a landscape component is defined according the reference image and
adjusted for site area;
the landscape component grass is mainly regarded as background filling, as a result
the only spatial attribute used is the “percentage of landscape”;
the order of landscape component instances (incl. properties) in the reference image
is maintained in the computer-generated configurations;
the relative positions of main landscape component instances (ECON) to other
landscape components are often used.

landscape generator provides only unique solutions.

Generation of site infrastructure
In general, the generation of site infrastructure, except building block
space, is excluded from the assignments. The landscape generator in its basic form
is hardly equipped to generate network features as roads, paths or water infrastructure as canals and ditches. It is, however expected that in several typologies,
network features are of major importance for perceiving organization at a site.
Therefore, assignment 7 includes local infrastructure in the typology, to obtain
first insights in the relative value of network features in landscape for evaluation.
A simple, but deviant function to generate network features is added to
the landscape generator and is executed after the landscape generator produces
a realization. Local infrastructure is generated following the heuristic procedure
(as illustrated in figure 4.8 and described in box 4.3) aiming for maximal connectedness of the buildings, minimal percentage of landscape for infrastructure
and linear shapes.
In the experiment, the professional designers receive two sketch maps.
Both maps differ in presence of pre-defined site infrastructure. The designers are
requested to design for both initial conditions a plausible configuration. Finally,
the designers provide three configurations with pre-defined site infrastructure
and two configurations with invented infrastructure.
The identical site infrastructure is provided to the landscape generator.
Again, five different realizations of the landscape generator are included for each
assignment. Three with pre-defined site infrastructure as initial condition and
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new nodes

(g) select lower node with
most connected buildings

(h) iteration cycle with new
nodes provides no solution

(i) return to previous infra
and select next node

Blad2

Legend
on-site

off-site

2

grass

100

outside site

search node

4

building

102

grass

search cursor / added cell

5

infrastructure

105

infrastructure

connected building

7

forest

106

water

(j) final realization with all
buildings connected

Figure 4.8 Illustration of the simple procedure to generate site infrastructure (see box 4.3 for more
detailed descriptions of the consecutive steps)
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Box 4.3 Heuristic procedure to generate roads (see figure 4.8 for illustrations of the consecutive steps)
1.

define ‘background’ landscape component at the site; the infrastructure component
is restricted to only replace cells of this background landscape component (4.8a);
2. from each existing infrastructure edge cell (node), a search cursor is initiated (4.8b);
3. the cursor inspects the site by moving from one cell to its direct neighbor (no diagonal moves) in one direction (4.8c);
4. when the node has more than one neighbor with the background landscape component value; each neighbor is subsequently added to the search;
5. the cursor selects the potential infrastructure cells which are associated with the
starting cell (node);
6. the cursor stops when the direct neighbor is not the defined background landscape
component;
7. the number of unconnected buildings (including grass gardens) connected to a
potential infrastructure cell is counted for each node;
8. after a search procedure, the node is selected with most buildings connected to its
potential infra cells (4.8d); in case of more than one node with highest amount,
a node is randomly selected; in case no node has any amount, return to previous
permanent infra;
9. the potential infrastructure cells associated to the selected node are converted into
permanent site infrastructure (code 5) (4.8e);
10. the newly allocated infrastructure edge cells are input for the next iteration cycle
(4.8f-i);
11. the procedure ends when all buildings are connected, or no more buildings can be
connected (4.8j);

two with infrastructure generated following the procedure described before and
illustrated in figure 4.8. Both subsets have an identical multi-objective function.

4.4.4 Preparation of survey
The subsequent procedure in preparation of both sets of configurations is
identical for both tests. This conversion procedure is necessary to make the configurations applicable for the internet survey.
As summarized in table 4.2, for each of the assignments, ten different configurations are prepared, five professional and five computer-generated configurations. These ten configurations are prepared for presentation in the survey.
Starting with a set of 5 professional configurations, the hard-copy sketch
maps are scanned into a portable network graphic (.png). In ArcGIS software,
each image is added as a layer and geo-referenced to the original site geometry. If
applicable it is referenced to the orientated site and consequently re-rotated to the
initial orientation. The image is converted by means of an internal raster format
into a polygon feature class. The color values of the features are reclassified into
landscape component id numbers and subsequently presented in correct color
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Chapter 4: Validation on landscape generator output

Table 4.2 Number and identification of professional and computer-generated configurations prepared for each assignment
Assignment (a) Professional configuration (pk)
1
p1
p2
p3
p4
2
p1
p2
p3
p4
3
p1
p2
p3
p4
4
p1
p2
p3
p4
5
p1
p2
p3
p4
6
p1
p2
p3
p4
7
p1
p2*
p3*
p4*
8
p1
p2
p3
p4
* site with predefined infrastructure

p5
p5
p5
p5
p5
p5
p5
p5

Computer-generated (ck)
c1
c2
c3
c1
c2
c3
c1
c2
c3
c1
c2
c3
c1
c2
c3
c1
c2
c3
c1
c2
c3*
c1
c2
c3

c4
c4
c4
c4
c4
c4
c4*
c4

c5
c5
c5
c5
c5
c5
c5*
c5

values. Relevant background layers are turned on and the view of the map is exported in two ways for different purposes: a screen-shot (96 dpi) of the site for a
fixed extent and an image (600 dpi) of the study area for a larger fixed extent. The
screen-shot is suitable for the ordering slide bar, while the larger image is used for
a detailed map with navigation functionality. With the ZoomifyTM function in
Adobe Photoshop CS3, the large image is exported into lots of tiles for interaction (6 zoom levels) in the web survey.
For the set of 5 computer-generated configurations a near-identical conversion process applies. The header of each output file of the landscape generator
consists of the same information as the input file. It ensures that when the output
text file is added as layer in ArcGIS it is positioned exactly at the initial location.
The output file is imported into internal raster format, converted into a polygon
feature class and when necessary re-rotated. The remaining steps on layouting are
similar as for the professional configurations. Both sets of configurations (images)
are put in the right folder on the web-server.
Finally, it is intended that all ten configurations (five professional and five
computer-generated) are equally involved in the survey. Due to computer display
space restrictions and the notion that an uneven amount of stimuli is a recommended number for use in ranking exercises, this survey consists of ranking five
configurations in each assignment. To ensure that the number of times configurations of a different type are involved and the offered starting order do not bias
the ranking results, a randomization procedure for sampling is applied for each
assignment and for each respondent. As a consequence, the chance that two respondents carry out the assignment(s) with the same five configurations, while
at the same time these five configurations all have identical starting positions is
therefore almost zero. In advance of the description the procedure, first some
definitions are introduced.
For each single assignment in the survey, there exists two equally-sized and
totally sorted sets of configurations (see also table 4.2):
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Pa = (p1, p2, p3, p4, p5)				

(equation 4.1)

where pk represents professional configuration number k; and
Ca = (c1,c2,c3,c4,c5)				

(equation 4.2)

where ck represents computer-generated configuration number k. Each assignment a is performed by an individual respondent i, where i ∈ R and R is the total
group of respondents.
In essence, the randomization procedure produces for each individual respondent a totally ordered set of configurations with initial rank positions. As
input, this procedure uses a totally ordered set with vacant rank positions.
Thus, for each assignment a and for each respondent i, there exists a totally
ordered set with vacant rank positions:
Sai = (s1,s2,s3,s4,s5)				

(equation 4.3)

where sn represents initial rank position n and where s1>s2>s3>s4>s5. Notice
the binary relation ‘>’ in the definition: only precedence exists between the elements in the sets.
As part of the loading process of an assignment for respondent i, for each
initial ranking position in Sai, a configuration is selected from one of the sets Pa
or Ca. This results in a set with loaded configurations in rank positions Sai’. The
randomization procedure for sampling the configurations is described in box 4.4
Box 4.4 Randomization procedure for balanced sampling of configurations in the survey
a = rand (2,3)			
b = 5 - a 			
				

# number of professionals to select
# number of computer-generated configurations
to select

P’ = shuffle (P)			
C’ = shuffle (C)			
Psub = select first a elements of P’
Csub = select first b elements of C’

# shuffled set of professional configurations
# shuffled set of computer-generated configs
# set of a randomly selected pro configs
# set of b randomly selected com configs

PCs = Psub ∪ Csub			
				
Sai’ = shuffle (PCs)			
				

# combination of randomly selected pro and
com configs
# random set of selected professional and
computer-generated configurations
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and includes three random probabilities to ensure equal chance of involvement
in the survey. First, the number (2 or 3) of included configurations of a certain
type is randomly defined, second, the defined number of configurations of both
types are randomly selected and third, the selected configurations of both types
are randomly assigned a initial rank position in Sai’.
Sai’ is then defined as a totally ordered set:
Sai’ = (s1jk, s2jk, s3jk, s4jk, s5jk) 			

(equation 4.4)

where snjk represents initial rank position n for configuration of type j (computergenerated (c) or professional (p)) number k, where jk is an element of PCs (as defined in figure 4.11) and s1jk>s2jk>s3jk>s4jk>s5jk. Eai’ represents a totally ordered
set of final rank positions of configurations, obtained after the respondent ranked
the configurations.
Eai’ is defined as a totally ordered set:
Eai’ = (e1jk, e2jk, e3jk, e4jk, e5jk) 			

(equation 4.5)

where enjk represents final rank position n for configuration of type j number k,
where jk is an element of PCs and e1jk>e2jk>e3jk>e4jk>e5jk. The infix ‘>’ can be
substituted here with “being more plausible than”. After the respondent ranked
the configurations and hits the “Ready” button to continue to the next screen, the
internet survey saves the final positions of the configurations in Eai’.

4.4.5 Dimensions of evaluation
To obtain further insight in the motivations of the respondents to evaluate
this type of configurations for these particular assignments, two final questions are
formulated. After assignment eight, the ordered results from assignment six (E6i’)
and subsequently of assignment seven (E7i’), are provided to each respondent i.
The respondents are requested to select from a pre-defined list (see table 4.3), five
different dimensions the respondent used to evaluate the set of configurations.
The list is constructed from the full list of used spatial attributes in the
multi-objective function compilation for the related assignment. It indirectly reflects the objective properties present in the reference image. It is not certain if
this list is complete, and thus that other dimensions are used by the respondents.
However, by forcing the respondents to choose from pre-defined dimensions, the
most used and quantitatively measurable dimensions are identified. No information is obtained about varying weights respondents assign to the dimensions. The
cost and complexity of the task for the respondents of using a more extensive
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Table 4.3 Pre-defined lists of possible measurable dimensions of evaluation for assignment 6 and
7
Assignment 6: transformation to a forest estate

Assignment 7: transformation to a green villa district

fitsur - The fit of the configuration into its
current surroundings*
forloc - The location of the forest(s)
fornum - The number of forest(s)
forare - The total forest area
forshp -The shape of the forest(s)
bldloc - The location of the building(s)
bldnum - The number of building(s)
bldare - The total building area
bldshp - The shape of the building(s)
grsloc - The location of grass fields
grsnum - The number of grass fields
grsare - The total grass area
grsshp - The shape of grass fields
locareshp - The size and shape of the site*
watloc - The location of waterbodies
watnum - The number of waterbodies
watare - The total water area

fitsur - The fit of the configuration into its current
surroundings*
forloc - The location of the tree groups
fornum - The number of tree groups
forare - The total forest area
forshp - The shape of the tree groups
bldloc - The location of the buildings
bldnum - The number of building(s)
bldare - The total building area
bldshp - The shape of the buildings
grsloc - The location of grass fields
grsnum - The number of grass fields
grsare - The total grass area
grsshp - The shape of the grass fields
locareashp - The area and shape of the site*
infloc - The location of local infrastructure
infnum - The number of local infrastructure connections
infcon - The number of building blocks connected by
infrastructure
watshp - The shape of waterbodies
infare - The total local infrastructure area
infshp - The shape of the local infrastructure
* actually, these dimensions are not directly related to the objective properties of the reference image, but are
appended to test if the respondents indicate these dimensions important when considering
representativeness

procedure is considered too high.
In addition to the results of these assignments, multiple linear regression
analysis is performed on the data to obtain explanations of possible observed
variability in plausibility between configurations. In contrast to the information
requested from the respondents, referred to as “explicit” dimensions of evaluation, this statistical analysis only provides “implicit” dimensions of evaluation
explaining the variability in plausibility as a result of the ordering assessments.
These latter dimensions, however, may not be perceived by the respondents as
such, at all.
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4.5 Presentation of the survey
The survey as presented to the respondents, consists of six parts. The parts
are designed to provide answers for the earlier research questions:
1.
2.
3.
4.
5.
6.

request for socioeconomic information (1 screen);
design quality test (3 screens);
representativeness test (5 screens);
dimensions of evaluation (2 screens);
space for comments (1 screen);
final screen with acknowledgements (1 screen);

Except for the last two parts, each part is subsequently discussed below.

4.5.1 Socioeconomic information
As figure 4.9 illustrates, the welcome screen of the survey contains the
overall assignment for the respondents and some concise information about the
context. To avoid the chance for biased results, the location and further context
information about the study area are minimally provided to the respondents.
Moreover, the respondents are not informed about differences in production
method (professional versus computer-generated) between configurations. The
third sentence “these models are created with a computer…” is carefully constructed
to avoid mentioning the differences in production method between configurations, whereas in the same time to support the somewhat unfamiliar presentation
format of the configurations.
To obtain more insight in the background of the respondents, they are first
requested to give personal information as their name, their organization, their
current function, their relevant education (and level), their level of experience
(little, average, much) and their practical focus (rural or urban) (see figure 4.9).

4.5.2 Design quality test
The first assignment is loaded, after the respondent completes the personal
information form at the welcome screen and presses “Start Survey”. Several design
considerations of the survey are demonstrated in figure 4.10. First, it is important
to inform the respondent about his overall progress relative to the total number
of tasks in the survey. Second, the title and accompanying text at the right side
is as concise and unambiguous as possible. The structure followed here is: a site
specific context and project development description, followed by the exact as116
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Figure 4.9 Welcome screen of the survey consisting of a concise research description and a form
for personal information

Figure 4.10 Screen of first of three rank order assignments in the design quality test
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signment and instructions about website possibilities. When the assignment is
identical to the previous, redundant words are excluded from display. When the
assignment is different than the previous, but not easy to recognize, important
words are highlighted. Third, it is possible to evaluate the configuration in its surroundings at a user-defined scale. In this survey, a larger window, including up to
6 zoom levels and common navigation controls is available at the top left corner.
Fourth, a user-friendly ordering slide bar for five configurations is designed to
increase the ease and satisfaction of executing the assignment. When a configuration is selected, it is displayed in the larger window. Finally, a clear legend and
measurement scale bar are included at the bottom.

4.5.3 Representativeness test
As illustrated in figure 4.11 the screen for assignments of the representativeness test is very similar to the screens for assignments of the design quality
test. The reference image positioned in the top right corner replaces the descriptive requirements present in the design quality test. Redundant sentences about
functionality, as present in figure 4.10 are excluded here.

4.5.4 Dimensions of evaluation
Figure 4.12 shows an example of the two last assignments about dimensions used in evaluation of configurations. The user-specific rank order of configurations (E7i’) of assignment 7 is recalled and provided. Below the configurations,
several dimensions are listed and selectable. When “Ready” is pressed, without
having selected exactly five dimensions, an error message reminds the respondent
to select the exact number of dimensions.

4.6 Statistical methods to analyze survey results
In this section, data conversion procedures and statistical methods suitable
to analyze the survey results are provided. The statistical methods are structured
for each specific research question, stated earlier in this chapter. In this way, first,
conversion of measurement data and tests for differences in plausibility are discussed, followed by conversions and statistical tests related to the dimensions
of evaluation. Finally, statistical reliability tests about the entire survey are provided.
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Figure 4.11 Screen of the last of five rank order assignments in the representativeness test

Figure 4.12 Screen of the second assignment about dimensions of evaluation used for a green villa
district
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4.6.1 Differences in plausibility
In this section, statistical methods to support answers on the following
research questions are discussed:
1. To what extent does the subjective plausibility of computer-generated
configurations differ from the subjective plausibility of professional
configurations?
2. To what extent does the objective plausibility of computer-generated
configurations differ from the objective plausibility of professional
configurations?
Both research questions are answered using the same statistical methods
and therefore discussed in one section.
First, for each assignment, it is of interest, if computer-generated configurations at all, differ in plausibility from professional configurations. The plausibility of each element of the set of computer-generated configurations, earlier
defined as C, is compared to the plausibility of each element of the set of professional configurations, earlier defined as P. Per respondent, the relative direction
(more / less) of differences in plausibility between the set of computer-generated
and the set of professional configurations is determined. Consequently, the data
is summarized up to the respondent group level.
Second, it is of interest, to what degree computer-generated configurations
in general, differ in plausibility from professional configurations. Per respondent,
the degree of differences in plausibility between the set of computer-generated
and the set of professional configurations is determined. Consequently, the data
is summarized up to respondent group level, as well.
These two analyses are further referred to as set analysis, since the performance of the sets of both computer-generated as professional configurations are
compared. Where these analyses provide answers for a set of configurations, it
does not give any information about the performance of a single configuration.
One single configuration may significantly influence the results of the set analyses. Moreover, to obtain insight in the performance of specific functionality of the
landscape generator, configurations are analyzed at a more elementary level.
Analysis is extended to the level of single configurations (referred to as element analysis). Of relevance here, is only the direction (more / less) of differences
in plausibility. The analysis proposed is strongly based on a mathematical model
introduced by Thurstone in 1927. With this mathematical model, he related scale
values of a set of stimuli (e.g. images) to observable proportions. This model is
broadly known as the “law of comparative judgment”. For a full description and
derivation of the law, readers are directed to Torgerson (1967, p.155-204).
120

Chapter 4: Validation on landscape generator output

model discriminal process (in scale value)

When interested in the degree of plausibility of single configurations, the
aim is to locate the configurations on a “psychological continuum” in such a way
that is accounted for the evaluations of the respondents. This process is also referred to as scaling. A psychological continuum contains subjective magnitudes.
A configuration, when presented to a respondent, excites a so-called discriminal
process, whereby the respondent identifies, distinguishes or reacts to a configuration.
This discriminal process associated to a configuration, is likely to vary between individual respondents. When the configuration is presented to a large
number of respondents, a discriminal process can be thought of as a frequency
distribution on the psychological continuum. Moreover, it is postulated that the
distribution takes the form of a normal distribution. Likewise, each of the configurations projects normal distributions of associated discriminal processes on
the psychological continuum.
The discriminal process most often associated with a configuration is defined as the modal discriminal process and as such is taken as scale value. The standard deviation of the distribution describes the so-called discriminal dispersion.
Both values may be different for various configurations.
Figure 4.13 illustrates a psychological continuum with two distributions
of discriminal processes associated with configuration x and y, where sx and sy correspond to the scale values and σx and σy to their discriminal dispersions.
Scaling the configurations should always be done indirectly. Equations can
be deduced relating evaluations of relations among stimuli to the scale values and
dispersions of the stimuli on the psychological continuum. These equations can
then be used to estimate the scale values and dispersions of the stimuli.
So far, separate evaluation of configurations is discussed. When two con-

sx

sy

psychological continuum

Figure 4.13 Example (normal) distributions of discriminal processes (y-axis) associated with configuration x and y on the psychological continuum (x-axis) (derived from Torgerson 1967)
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0

xxy

+

psychological continuum

Figure 4.14 Example (normal) distribution of discriminal differences (y-axis) on the psychological
continuum (x-axis) (derived from Torgerson 1967)

figurations are compared by a respondent, each excites a discriminal process: dx
and dy. The difference in discriminal processes (dy – dx) for any single pair-wise
comparison is called a discriminal difference. In analogy with the discriminal processes, the discriminal differences themselves form a normal distribution on the
psychological continuum, as well.
The discriminal difference can be positive and negative. It is positive, when
“configuration x is more plausible than configuration y”, and negative, when “configuration y is more plausible than configuration x”. When the distributions of the
discriminal processes overlap, as in the example in figure 4.13, it is possible for
the discriminal difference to be negative for any particular pair-wise comparison
even though the scale value of sx is larger than sy.
An example distribution of the discriminal differences on the psychological continuum is illustrated in figure 4.14. The shaded portion to the right of the
zero point corresponds to the proportion of times configuration x is evaluated
more plausible than configuration y. The unshaded part to the left of the zero
point corresponds to the proportion of times configuration y is evaluated more
plausible than configuration x. The mean of the distribution of discriminal differences is equal to the difference in scale values of the two configurations. From the
theoretical proportion of times configuration x is evaluated more plausible than
configuration y (50%), the difference is determined from a table of areas under
the unit normal curve. This difference is called xxy and is measured in standard
deviations.
For each configuration, a scale plausibility value sx is estimated. This scale
value is a relative value in standard deviations and may be difficult to interpret.
Therefore a more appealing absolute summary statistic is provided for each configuration: μx. μx is the mean plausibility score for a configuration; it equals the
average number of times a configuration is evaluated as being more plausible than
any of the other configurations. A mean plausibility score of under 50%, means
that the configuration, in less than half of the number of times it is evaluated, is
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found more plausible than any other configuration.
Below, first, measurement data conversion into information for statistical
analyses applied at the set level are discussed. Then measurement data conversion
and statistical analyses used at the element level are provided.

Plausibility of a set of configurations (direction)
For each assignment is analyzed, how many respondents evaluated their
set of computer-generated configurations as being more plausible, being equally
plausible or being less plausible, than their set of professional configurations.
The survey provides for each assignment and from each individual respondent, the ending rank positions of the configurations Eai’ (see equation 4.5).
For each individual set Eai’ an individual plausibility score Xai is determined. Xai
equals the number of times in pair-wise evaluation, any computer-generated configuration is evaluated being more plausible than any professional configuration.
The calculation of Xai require some intermediate definitions.
Earlier, in the description about the applied randomization procedure (box
sub
sub
4.4), two subsets of configurations are defined: C ai and Pai . The elements in
these sets are the selected configurations to be ranked in assignment a for responsub
dent i. Let Gai be the product of these two subsets:
Gaisub = C aisub × Paisub 					

(equation 4.6)

representing all pair-wise evaluations (performed by respondent a for assignment
i) between a subset of computer-generated configurations and a subset of professub
sional configurations, that is stored in Eai’. In analogy, H ai is defined as:
H aisub = Paisub × C aisub 					

(equation 4.7)

sub
Consequently, when g ∈ Gai , for a pair-wise evaluation g is defined the
number of times any computer-generated configuration is evaluated being more
plausible than (= having a higher rank position than) any professional configuration:
0 if en g 1 ∉ Eai '∨ en g 2 ∉ Eai '

f ( g , Eai ') := 1
if en g1 > en g 2
0
otherwise

		
(equation 4.8)
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sub

And, when h ∈ H ai , for a pair-wise evaluation h is defined the number of
times any professional configuration is evaluated being more plausible than any
computer-generated configuration:
0 if enh 1 ∉ Eai '∨ enh 2 ∉ Eai '

f ( h , Eai ') := 1
if enh1 > enh2
0
otherwise


		

(equation 4.9)

With these equations, the individual plausibility score Xai is then computed
as the difference between the sums over all elements of products of the subsets:
f (X ai ) :=

∑

g ∈Gaisub

f ( g , Eai ') −

∑

h∈H aisub

f ( h , Eai ')

		

(equation 4.10)

The domain for this function is: X ai → {−6, −4, −2, 0, 2, 4,6}.
The individual plausibility score Xai is used as the basis in analysis of difference in plausibility in direction (and degree) between configurations. For plausibildir
ity in direction the new variable X ai is introduced.
dir
The values of Xai are used to compute X ai :

f

− (X ai )/ X ai

:=  X ai / X ai

0


( )
X aidir

if X ai < 0
if X ai > 0
otherwise 		

(equation 4.11)

dir
The domain for this function is: X ai → {−1, 0,1} .

This domain can be interpreted, as follows:
dir
▪▪ when X ai = -1; respondent i evaluated his set of computer-generated
configurations as being less plausible than his set of professional configurations;
dir
▪▪ when X ai = 0; respondent i evaluated his set of computer-generated
configurations as being equally plausible as his set of professional configurations;
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dir

▪▪ when X ai = 1; respondent i evaluated his set of computer-generated
configurations as being more plausible than his set of professional configurations.
dir
The distribution of X ai is statistically tested for the respondent group R
with an independent one-sample t-test, The test compares the mean x of varidir
able X i to a specified value μ0. To test if this sample gives reason to believe that
plausibility of the set of computer-generated configurations does not differ from
the plausibility of the set of professional configurations, μ0 should be zero.

The test-statistic is:
x - m0
(equation 4.12)		
s / n 					
						
where s is the sample standard deviation, and n is the sample size. The degrees of
freedom used in this test is n - 1.
The tested hypotheses are:
H0 : μ0 = 0; there exist no significant difference between the plausibility of the set
of computer-generated configurations and the plausibility of the set of professional configurations; against
H0 : μ0 ≠ 0; there exist a significant difference between the plausibility of the set
of computer-generated configurations and plausibility of the set of professional
configurations.
The p-value is considered for a two-tailed test and compared to significance
α ≤ 0.05.
t=

Plausibility of a set of configurations (degree)
For each assignment is analyzed, how many and to what degree respondents
evaluated their set of computer-generated configurations as being more plausible,
to what degree being equally plausible or to what degree being less plausible, than
their set of professional configurations.
The individual plausibility score Xai is also used as the basis in analysis of
difference in plausibility in degree between configurations. For plausibility in degree the new variable X aideg is introduced.
In advance of introducing the statistical approaches on X aideg , the inequality of the a-priori probabilities of the values of Xai should be discussed. As noted
before, the domain for this function is X ai → {−6, −4, −2, 0, 2, 4,6}.
125

Chapter 4: Validation on landscape generator output
Xai = 6
Xai = 4
Xai = 2
Xai = 2

Xai = 0
Xai = 0
Xai = -2
Xai = -2
Xai = -4

computergenerated

Xai = -6

professional

Figure 4.15 Ten possible values of Eai’ and corresponding Xai values. Situation with 3 computergenerated configurations (left) and situation with 2 computer-generated configurations (right)

Figure 4.15 demonstrates the possible total number of combinations (10)
of the 5 rank positions in Eai’. 1 It becomes clear from this figure, that a-priori,
the probability that Xai = {-2, 0, 2} is twice the probability that Xai = {-6, -4, 4,
6}. For statistical analysis on plausibility in degree, the number of values of Xai
are therefore normalized by multiplying the number of values of Xai : Xai ∈ {-6,
-4, 4, 6} by 2.
The distribution of X aideg is also statistically tested for the respondent group
R with an independent one-sample t-test. The hypotheses are modified into:
H0 : μ0 = 0; there exist no significant difference in degree between the plausibility of the set of computer-generated configurations and the plausibility of the
set of professional configurations; against
H0 : μ0 ≠ 0; there exist a significant difference in degree between the plausibility of the set of computer-generated configurations and the plausibility of the
set of professional configurations.
The p-value is considered for a two-tailed test and compared to significance
α ≤ 0.05.
1

From combinatorial statistics, the number of combinations from Eai’ with m elements
m

m!

can be calculated with: C ( m , k ) =  k  = k !( m − k )! where m is the size of Eai’ and k is the number of
configurations of a certain type included in Eai’.
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Plausibility of a single configuration
To obtain insight in the relative plausibility of the single configurations,
analysis is extended to another aggregated level (referred to as element level). In
detail, the analysis in this research follows Thurstone’s case V, where replication
is over individuals and the standard deviation of the distribution of discriminal
differences is constant for all pairs of configurations. In this section, only calculation of the content of two (F and P) of the three basic matrices, F, P and X is
described.
In advance, configuration x and y are defined as elements of the tuples
present in:
S = (P ∪ C )× (P ∪ C ) 				

(equation 4.13)

As shown in table 4.4 the raw frequency matrix F, consists of elements fxy,
that appears at the intersection of the xth row and yth column, and denotes the
observed number of times configuration x was evaluated being more plausible
than configuration y. The diagonal cells are left vacant, and since the symmetric
cells sum to the total number of pair-wise evaluations, the matrix contains n(n - 1)
/ 2 independent cells (adapted from Torgerson 1967, p.169).
To calculate fxy, first a function is needed, where for a pair-wise evaluation
of configurations x and y by respondent i is defined if x is being evaluated more
plausible than y:
0 if en x ∉ Eai '∨ en y ∉ Eai '

f ( x , y , Eai ') := 1
if en x > en y
0
otherwise


(equation 4.14)

Consequently, fxy is calculated for the entire respondent group R:
f xy =

∑ f (x , y , E ' )
i ∈R

ai

				

(equation 4.15)

Matrix P is then constructed from matrix F. The element pxy is the observed proportion of times configuration x was evaluated being more plausible
than configuration y. The observed number of pair-wise evaluations for population R is not equal for each pair of configurations. Diagonal cells remain vacant
and symmetric cells now sum to unity. Matrix X is consequently constructed
from matrix P. The element xxy is the unit normal deviate corresponding to the
element pxy.
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Table 4.4 The raw frequency matrix F (adapted from Torgerson 1967)
Configurations (y = p1, p2, …, pk, c1, …, ck)
p1
p2
…
pk
c1
…
ck
p1

-

p2

f p 2 p1
…

f pk p1

f pk p 2

f c 1 p1
…

f ck p 1

Configurations
…
(x = p1, p2, …, pk, pk
c1, …, ck)
c1
…
ck

f p1 p 2

…

f p1 pk

f p 1c 1

-

…

f p 2 pk

f p2c1

…

f p 1ck

…

f p 2 ck

…

-

…

…

…

-

f pk c 1

…
…

…
f pkck

fc1 p2

…

f c 1 pk

…

…

…

-

…

f c 1 ck

…

-

f ck p 2

…

f ck pk

…

…

…

-

From matrix X, the scale plausibility value sx, is the relative scale value of
configuration x and is then calculated as:
sx =

1
n

n

∑x
x

xy

					

(equation 4.16)

The traditional procedure for incomplete matrices (Torgerson 1967, p.173176) is used to obtain estimates of the scale values, when matrix X has unfilled
cells. This applies when configuration x is in 0 % or 100 % of the pairwise evaluations, evaluated being more plausible than configuration y. A test of applicability
of the scale model used to the data is in how well fitted proportions correspond to
observed proportions. The average absolute deviation, as described in Torgerson
(1967, p.186) gives a descriptive value of goodness of fit.
At last, the mean plausibility score ux, is the average proportion of times
that configuration x, is evaluated being more plausible than all other configurations:
ux =

1
n

n

∑p
x

xy
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4.6.2 Dimensions of evaluation
In this section, statistical methods to support answers on the following
research question are discussed:
1. Along which dimensions do respondents evaluate landscape configurations?
The computer-generated configurations used in the representativeness test
are restricted to quantitative properties of the landscape components identified
in the reference images. With the analysis below, it is identified which of these
objective properties, as explanatory variables, do explain the observed variability
in scaled plausibility values of the configurations. The analysis can be performed
on different (sub)sets of configurations.
For each assignment of the representativeness test, a correlation and linear
regression analysis is performed, following this procedure:
1. identify objective explanatory variables that may explain the observed
variability in the discriminal processes associated with configuration
x (sx);
a.
include the variables used for compilation of the multi-objective function of the landscape generator; use FRAGSTATS software
to compute quantitative properties of the landscape components in
the configurations;
b.
perform face validity on the configurations, identify and include
other possible quantitative variables;
2. calculate for each of the variables identified in step 1 an additional
variable, to include the relative deviation to the value in the reference
image (referred to as <variable>-ref ); these additional variables are adjusted for total landscape size to make fair comparisons between the
site configuration and the reference image possible;
3. identify as dependent variable the scaled plausibility value sx;
4. normalize for the explanatory variables mentioned in step 1a, the values for the computer-generated configurations into one mean value,
since the landscape generator is parametrized with identical values for
the five computer-generated configurations; as a result the number of
values for the variables decrease from n = 10 to n = 6.
5. normalize the scaled plausibility value sx according the previous step,
as well;
6. perform a bivariate correlation analysis with the dependent variable
and the explanatory variables; compute linear association with Pearson product-moment correlation coefficient ρ and test the hypotheses:
129

Chapter 4: Validation on landscape generator output
H0: ρ = 0 against Ha: ρ ≠ 0 for significance.
7. identify from the bivariate correlation matrix, which of the explanatory variables are individually significantly (for α = 0.05) correlated
with sx;
8. indicate which explanatory variables are significantly correlated to
other explanatory variables;
9. perform a simple (Ordinary Least Squares) linear regression analysis
on each of the significant variables (identified in step 7) with sx as dependent variable; the linear equation is of the form: s x = b0 + b1x 1
, where x1 is one of the significant explanatory variables (identified in
step 7). b1 is tested for significance with the hypotheses: H 0 : b1 = 0
against H a : b1 ¹ 0 .
10. perform a stepwise backward (multiple) linear regression to independent variables (identified in step 7) and report models when the
estimate for each single coefficient is significant; the multiple linear
equation is of the form: s x = b0 + b1x 1 + b2 x 2 +  + bn x n , where
xn is one of the significant variables (identified in step 7). The bn parameters are tested for significance with the hypotheses: H 0 : bn = 0
against H a : bn ¹ 0 .
Finally, the scaled plausibility value of configurations is screened for relevant outliers. Outliers are excluded and the linear regression procedure is repeated to obtain insight in the robustness of the obtained models.
In addition, for assignments 6 and 7, respondents of the survey are requested in the last two screens to select the dimensions they used for evaluation
of the landscape configurations. In contrast with the linear regression analysis
where objective and quantitative dimensions are identified, this information gives
insight in the true perceived dimensions of evaluation of the configurations.
Descriptive graphs are construed with the distribution of the number of
times, certain dimensions are selected in total. In addition, graphs are construed
with the distribution of dimensions that are selected, given the individual plausidir
bility score X ai computed for respondent i.

( )
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4.6.3 Reliability of survey results
In this research it is the purpose to collect and analyze differences in the
configurations with respect to a designated attribute (stimulus-centered). Individual rankings are treated as replications. Actually, adding respondents chosen at
random from the same population, or deleting subjects at random, should have no
effect on the results other than the usual sampling fluctuations (Palmer & Hoffman 2001). The followed approach assumes the rankings are reliable throughout
the survey, and further does not account for extensive reliability tests. However,
to obtain some insight in the overall extent of agreement among respondents,
first, a measure of total agreement is provided for each single assignment.
Total rank order agreement (TROAa) is defined as the maximum proportion of times respondents agreed in pair-wise evaluation of configuration x and y,
divided by the total number of pair-wise evaluations of x and y:

TROAa

æ
ö÷
max ççç
f (x , y , Eai '),
f ( y , x , Eai ')÷÷
÷ø
çè i ÎR
i ÎR
´100%
f (x , y , Eai ')+
f ( y , x , Eai ')

å
=å
å
x, y

i ÎR

å
å
i ÎR

(equation 4.18)

where x,y are the elements of tuples present in the product of
(P ∪ C )× (P ∪ C ) .
A value of 50% agreement indicates complete randomness in plausibility
evaluation for all pairs of configurations, while a value of 100% agreement indicates that respondents completely agree in plausibility evaluation for all pairs of
configurations. The measure can be used roughly for identifying relatively which
assignment provides more reliable results, although the reasons for a particular
value, may vary.
Secondly, for intra-group (or intra-class) reliability, it is measured whether
a random subsample of 50% of the respondent group provides different results
for plausibility of the sets of configurations as the other random subsample of
dir
deg
50% of the respondent group. For the two variables X ai and X ai , independent samples t-tests are performed to test for equal means of both groups. The
following hypotheses are tested: H 0 : m1 = m2 against H a : m1 ¹ m2 .
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Chapter 5
Results of validation of the landscape
generator
5.1 Introduction
In chapter 4, a validation experiment design to evaluate the value of the
landscape generator output for spatial plan-making processes is discussed. In this
chapter, the results from the experiment are presented. First, in section 5.2, descriptive statistics provide insight in the socioeconomic background of the respondents and in the performance of the randomization procedure in sampling.
Second, in section 5.3, results of the design quality test are provided, followed
in section 5.4 by the results of the representativeness test and associated dimensions of evaluation. Finally, in section 5.5, reliability statistics on the survey are
presented. In chapter 6, the results are thoroughly discussed.

5.2 Descriptive statistics
5.2.1 Respondents
In total, a number of 64 persons visited the online survey’s website; only 4
were unable to complete it. Analysis of the results of the experiment is performed
on a group of 60 respondents.
In figure 5.1a, the group of respondents is categorized into three types
of organization and the respondents current function type. Almost half of the
respondents work at a governmental organization, ranging from national to local
authorities. Among the three organization types, 35 respondents are employed
either as architect or planning (policy) consultant. 10 respondents are professional planners. In figure 5.1b, the group of respondents is categorized into the
same types of organization, but now with the respondents level of experience
with plan-making processes. Two-third of the respondents employed at a govern133
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Figure 5.1 (a) Respondents of the experiment categorized into organization type and current function type (TM = Team Manager, PM = Project Manager, AR = Architect, PL = Planner, CO =
Consultant, RE = Researcher), and (b) their level of experience (LI = Little, AV = Average, MU =
Much))

mental organization, classified themselves as much experienced, only one of them
as little experienced. Among the three organization types, the largest part found
themselves having more than average experience with plan-making processes.
Almost all respondents have a BSc. or MSc. degree in architecture or planning at Dutch colleges. Only eight respondents followed higher education in
related studies (e.g. social geography, GIS, forest and nature conservation, environmental health). Seventeen respondents followed their study at Wageningen
UR, nine at Larenstein, Velp, three at Radboud University Nijmegen, two at University Utrecht, one at Eindhoven University of Technology and one at Academy
of Building Art, Amsterdam. For eleven respondents, specific information on
university location is missing. The amount of respondents with an urban practical focus is equal to the amount of respondents with a rural focus and is equally
distributed over the organizations, as well.
In table 5.1 distribution statistics on response times are provided. The entries represent the time, respondents needed to carry out the assignments. The
Table 5.1 Response time distribution statistics of the survey (ass = assignment)
n = 60

total

ass1

ass2

ass3

ass4

ass5

ass6

ass7

ass8

ass9

ass10

last

mean
st.dev
median

27:49
28:05
19:31

4:20
2:09
3:51

2:48
3:33
2:07

3:43
12:58
1:26

1:34
0:52
1:20

2:19
4:32
1:11

5:51
22:20
1:09

1:41
1:44
1:12

1:12
0:59
0:54

1:51
1:30
1:37

1:17
1:06
1:07

1:11
2:35
0:07

134

Chapter 5: Results of validation of landscape generator
time starts when the first assignment is loaded. The response times are dependent of download time, but this influence is negligible since the survey does
not contain large graphics to load. Roth (2006) suggest to use the median as
summary statistic for analysis, because it is less sensitive to outliers, due to introduced breaks (e.g. coffee, lunch, travel) by the respondents. For example, one
respondent needed three hours to fill in the entire survey. Potential respondents
were told that the survey would take 10-15 minutes. A median of 19:31 minutes
reveals that this is an under-estimation. However, the actual total response time
is expected not to influence the reliability of the results of the latter assignments
substantially. The median response time decreases, when the survey advances, but
the variability of response times within the design quality test is explained due to
time needed for familiarization of the assignments. Moreover, the little variability
within the representativeness test may be explained by differences in the complexity of the reference images, as well.

5.2.2 Randomization procedure for sampling the stimuli
Each respondent received, for each separate assignment (excluding 9 and
10), a randomly compiled set of computer-generated and professional configurations, offered in a random initial position. Figure 5.2 displays for each assignment,
the distribution of the number of computer-generated configurations included in
the initial configuration set. As shown in figure 5.2 the randomization procedure
applied produces a near-equal distribution in the number of computer-generated
configurations versus amount of professional configurations included. The largest contrast is noticed for assignment 6, where twelve more respondents received
a starting set with two computer-generated configurations, than a set with three
computer-generated configurations. Overall, computer-generated configurations
2

60

3

# configurations

50
40

36
32
29

30

29

31

32
26

28

20
10

1

2

3

4

5

6

7

8

Assignment #

Figure 5.2 Distribution of the number of computer-generated configurations included in a set to
be evaluated by a respondent, for each assignment
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Table 5.2 The number of times a configuration (column) is included in the survey, per assignment
(row)
1
2
3
4
5
6
7
8

p1

p2

p3

p4

p5

p

c1

c2

c3

c4

c5

c

23
26
35
35
26
26
27
25

25
37
31
28
33
25
30
33

35
27
28
28
38
37
28
33

30
24
27
32
25
26
29
28

39
35
28
28
26
30
31
28

152
149
149
151
148
144
145
147

33
36
23
27
25
28
33
41

27
31
30
31
40
25
28
33

22
25
36
33
32
33
28
22

35
27
30
29
24
39
33
25

31
32
32
29
31
31
33
32

148
151
151
149
152
156
155
153

are 241 times included versus 239 times that professional configurations are included in the survey.
Table 5.2 shows for each assignment the number of times a specific configuration is included in the total survey. Additionally, the total number of both
sets of configurations, involved in the experiment, is indicated. In assignment 8,
the difference between two configurations which are maximally and minimally
involved is largest; configuration c1 is 41 times included, while configuration c3
is only 22 times included.

5.3 Results design quality test
In this section, results of the three assignments of the design quality test are
presented. In this test, the ability of the landscape generator to produce subjective
plausible configurations is evaluated. For each assignment, the following question
is relevant: “to what extent are computer-generated landscape configurations of
comparable design quality as professionally designed configurations?”
For each of the assignments, a table with t-test results on plausibility of the
sets of configurations and a matrix P, with proportions of times individual configuration x is evaluated more plausible than individual configuration y, complemented with two extra columns with values for ux and sx, are included.

5.3.1 Assignment 1: small business park
In the online survey, the first assignment about a small business park reads
as follows: “In the eastern part of the study area, a site of about 9 hectares in size is
under consideration. In the development plan a small business park is suggested. Current layout will be changed into a business park with mainly industrial buildings of
small to medium-sized enterprises. More than 80% of the surface will be built space
(including. hard space), less than 20% will be green.” In figure 5.3, the location of
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Figure 5.3 Assignment 1: site 1, 97.400 m2, model resolution 6x6 m2

the site is shown. In appendix A1, the resulting configurations are shown and
described.

Survey results
dir
deg
In table 5.3 the distributions of X 1i and X 1i and the results of the t-tests
for significance in direction and degree of plausibility are presented. Twenty-one
of the sixty respondents evaluated their set of computer-generated configurations
as being more plausible than their set of professional ones. Thirty respondents
oppose this; their professional configurations are found more plausible than their
computer-generated ones. Nine other respondents evaluated computer-generated
and professional configurations as being equally plausible.
Based on this sample, it is concluded that, for assignment 1, there exists
“no difference” in subjective plausibility in direction between professional and
computer-generated configurations (p ≤ 0.05). In contrast, there exists “a difference” in degree in subjective plausibility between computer-generated and professional configurations (p ≤ 0.05).

Table 5.3 Assignment 1: descriptive statistics, as individual plausibility score distributions, number
of observations (i), and t-test results on plausibility in direction and degree

X1diri =

X 1degi =

+1

0

-1

i

p-value

21

9

30

60

0.210

-4

-6

i'

p-value

9 15 11

4

101

0.025 *

+6 +4 +2 0
1

7

13

-2

* significant value
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Table 5.4 Assignment 1: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.2000

0.1429

0.3333

0.9286

0.8462

0.3000

0.4000

0.6154

0.5556

0.5217

0.6557

0.3333

0.2857

0.8571

0.8462

0.3846

0.2500

0.8571

0.4286

0.5800

0.4506

0.7500

0.9000

0.8421

0.6000

0.6667

0.8750

0.5263

0.7482

0.0000

0.8125

0.8667

0.3846

0.6667

0.7619

0.5333

0.6417

0.3104

0.2381

0.1333

0.1667

0.3913

0.4500

0.2258

1.4252

0.0833

0.1000

0.7692

0.2500

0.3106

1.2402

0.5000

0.9375

0.5000

0.6944

0.1472

0.8333

0.3636

0.6023

0.3424

0.4167

0.2786

1.2754

0.5565

0.5108

p2

0.8000

p3

0.8571

0.6667

p4

0.6667

0.7143

0.2500

p5

0.0714

0.1429

0.1000

0.1875

c1

0.1538

0.1538

0.1579

0.1333

0.7619

c2

0.7000

0.6154

0.4000

0.6154

0.8667

0.9167

c3

0.6000

0.7500

0.3333

0.3333

0.8333

0.9000

0.5000

c4

0.3846

0.1429

0.1250

0.2381

0.6087

0.2308

0.0625

0.1667

c5

0.4444

0.5714

0.4737

0.4667

0.5500

0.7500

0.5000

0.6364

0.5833

* average absolute deviation: 0.1028;

As table 5.4 shows, configurations c2 and c5 are evaluated more plausible
than their professional equivalents, p2 and p5. Overall, configuration p3 is evaluated as being most plausible (ux ≈ 75%) over any of the other configurations.

5.3.2 Assignment 2: four park estates
In the online survey, the second assignment about park estates reads as
follows: “In the centre of the study area, a site of more than 38 hectares is under consideration. In the development plan a number of four estates are allocated. More than
80% is green (less than 20% water, less than 50% forest and the rest grass), less than
20% will be built space (including. hard space). The villas should be considered as
separate objects.” In figure 5.4, the location of the site is shown. In appendix A2,
the resulting configurations are shown and described.
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Figure 5.4 Assignment 2: site 2, 382.000 m2, model resolution 12x12 m2
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Table 5.5 Assignment 2: descriptive statistics, as individual plausibility score distributions, number
of observations (i), and t-test results on plausibility in direction and degree
+1

0

-1

i

p-value

13

13

34

60

0.002 *

+6 +4 +2

0

-4 -6

i'

p-value

105

0.004 *

X 2diri =

X 2degi =

3

3

7

-2

13 21

8

5

* significant value

Survey results
dir
deg
In table 5.5 the distributions of X 2 i and X 2 i and the results of the t-tests
for significance in direction and degree of plausibility are presented. Thirteen of
the sixty respondents evaluated their set of computer-generated configurations as
being more plausible than their set of professional ones. Thirty-four respondents
oppose this; their professional configurations are found more plausible than their
computer-generated ones. Thirteen other respondents evaluated professional and
computer configurations as being equally plausible. Based on this sample, it is
concluded that, for assignment 2, there exists “a difference” in subjective plausibility both in direction as in degree between computer-generated and professional configurations (p ≤ 0.05).
As table 5.6 shows, configuration c2 is evaluated more plausible than its
professional equivalent p2. Overall, configuration p3 is evaluated as being most
plausible (ux ≈ 62%) over any of the other configurations.

Table 5.6 Assignment 2: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.2308

0.4000

0.6000

0.5833

0.7500

0.5000

0.8750

0.3846

0.5000

0.5288

0.2005

0.4615

0.4167

0.3500

0.6087

0.4000

0.6000

0.5000

0.4444

0.5000

0.2831

0.6000

0.5000

0.4667

0.6250

0.9091

0.6364

0.6875

0.6168

0.0000

0.7500

0.5625

0.7143

0.6154

0.7500

0.6923

0.6146

0.0439

0.4706

0.5000

0.6154

0.5000

0.6842

0.5252

0.2812

0.6000

0.5556

0.8000

0.5882

0.5105

0.2504

0.9167

0.6000

0.5714

0.5323

0.2079

0.3750

0.8000

0.3434

0.7336

0.6364

0.4537

0.4168

0.3828

0.5935

p2

0.7692

p3

0.6000

0.5385

p4

0.4000

0.5833

0.4000

p5

0.4167

0.6500

0.5000

0.2500

c1

0.2500

0.3913

0.5333

0.4375

0.5294

c2

0.5000

0.6000

0.3750

0.2857

0.5000

0.4000

c3

0.1250

0.4000

0.0909

0.3846

0.3846

0.4444

0.0833

c4

0.6154

0.5000

0.3636

0.2500

0.5000

0.2000

0.4000

0.6250

c5

0.5000

0.5556

0.3125

0.3077

0.3158

0.4118

0.4286

0.2000

* average absolute deviation: 0.1043;
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5.3.3 Assignment 3: greenhouses
In the online survey, the third assignment about greenhouses reads as follows: “In the centre of the study area, a site of 6 hectares in size is under consideration.
In the development plan greenhouses are allocated and a large surface is covered by
greenhouses. Besides, some water, some grass and a few residences are placed as well.”
In figure 5.5, the location of the site is shown. In appendix A3, the resulting configurations are shown and described.

Survey results
dir
deg
In table 5.7 the distributions of X 3i and X 3i and the results of the t-tests
for significance in direction and degree of plausibility are presented. Nineteen of
the sixty respondents evaluated their set of computer-generated configurations as
being more plausible than their set of professional ones. Thirty-one respondents
oppose this; their professional configurations are found more plausible than their
computer-generated set. Ten other respondents evaluated professional and computer configurations as being equally plausible.
Based on this sample, it is concluded that, for assignment 3, there exists “no difference” in subjective plausibility between professional and computergenerated configurations (p ≤ 0.05). In contrast, there exists “a difference” in
degree in subjective plausibility between computer-generated and professional
configurations (p ≤ 0.05).
As table 5.8 shows, configurations c3 and c5 are evaluated more plausible
than their professional equivalents p3 and p5. Overall, configuration p4 is evaluated as being most plausible (ux ≈ 72%) over any of the other configurations.

:: :: :::::
:: :

:::: ::: ::: : :: :: : ::::::: ::
:::::: : ::: : :: ::::::: : :::::
:: : : :: : ::: :: :: ::: : :::
:::::: ::::::::: :::: : : ::: : : : :::: : :::::::::::
: ::::: : : : ::::: :::: :: ::

3

:
: :
::: : :
:: : ::: :: ::

Figure 5.5 Assignment 3: site 3, 60.300 m2, model resolution 6x6 m2
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Table 5.7 Assignment 3: descriptive statistics, as individual plausibility score distributions, number
of observations (i), and t-test results on plausibility in direction and degree
+1

0

-1

i

p-value

19

10

31

60

0.090

+6 +4 +2

0

-6

i'

p-value

10 10 11 10

91

0.004 *

X 3diri =

X 3degi =

4

6

9

-2

-4

* significant value

Table 5.8 Assignment 3: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.4375

0.9167

0.6364

0.7500

0.7143

0.7500

0.6154

0.5294

0.4375

0.6286

1.0134

0.5455

0.5455

0.8182

0.8182

0.8000

0.6667

0.7059

0.4286

0.6532

0.6944

0.0909

0.9091

0.6923

0.4286

0.2308

0.4000

0.2941

0.3929

2.5325

0.8333

0.8889

0.6923

0.7692

0.8750

0.6667

0.7222

0.0000

0.5714

0.6154

0.4000

0.3571

0.2941

0.3214

3.1257

0.1250

0.2500

0.0000

0.0000

0.1957

3.5532

0.4375

0.3636

0.2857

0.3833

1.9721

0.5000

0.4118

0.4861

1.3912

0.2500

0.4667

1.6115

0.6484

0.4371

p2

0.5625

p3

0.0833

0.4545

p4

0.3636

0.4545

0.9091

p5

0.2500

0.1818

0.0909

0.1667

c1

0.2857

0.1818

0.3077

0.1111

0.4286

c2

0.2500

0.2000

0.5714

0.3077

0.3846

0.8750

c3

0.3846

0.3333

0.7692

0.2308

0.6000

0.7500

0.5625

c4

0.4706

0.2941

0.6000

0.1250

0.6429

1.0000

0.6364

0.5000

c5

0.5625

0.5714

0.7059

0.3333

0.7059

1.0000

0.7143

0.5882

0.7500

* average absolute deviation: 0.2619;

5.4 Results representativeness test and dimensions of evaluation
In this section, results of the five assignments of the representativeness test
are presented. After the design quality test, the ability of the landscape generator
to produce objective plausible configurations, is evaluated in the representativeness test. For each assignment, the following question is relevant: “to what extent
are computer-generated landscape configurations equally representative as professionally designed configurations?”
For each of the assignments, a table with t-test results on plausibility of the
sets of configurations and a matrix P, with proportions of times individual configuration x is evaluated more plausible than individual configuration y, complemented with two extra columns with values for ux and sx, are included. In addition, also the results of the linear regression analysis are given.
Unfortunately, assignment 6 is excluded from further analysis due to unreliable measurement data caused by the insertion of two incomplete professional
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configurations into the survey. Consequently, the data on selected dimensions of
evaluation related to assignment 6, is not suitable and thus excluded, as well.
Conversely, the graphs of the results on selected dimensions of evaluation
related to assignment 7 are suitable.

5.4.1 Assignment 4: wet terrestric nature area
In the online survey, the fourth assignment about a wet terrestric nature
area reads as follows: “In the eastern part of the study area, a site of about 9 hectares
in size is under consideration. In the development plan a wet terrestric nature area
is allocated. A reference image shows the type of nature area which is proposed.” In
figure 5.6, the location of the site and a reference image of the proposed development is shown. In appendix B1, the resulting configurations are shown and
described.

Survey results
dir
deg
In table 5.9 the distribution of X 4 i and X 4 i and the results of the t-tests
for significance in direction and degree of plausibility are presented. Twenty-three
of the sixty respondents evaluated their set of computer-generated configurations
as being more plausible than their set of professional ones. Eighteen respondents
oppose this; their professional are found more plausible than their computergenerated ones. Nineteen other respondents evaluated computer-generated and
professional configurations as being equally plausible.
Based on this sample, it is concluded that, for assignment 4, there exists
“no difference” in objective plausibility both in direction as in degree between
computer-generated and professional configurations (p ≤ 0.05).
As table 5.10 shows, each of the computer-generated configurations are
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Figure 5.6 Assignment 4: (a) site 1, 97.400 m2, model resolution 6x6 m2 and (b) reference image
of the proposed wet terrestric nature area
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Table 5.9 Assignment 4: descriptive statistics, as individual plausibility score distributions, number
of observations (i), and t-test results on plausibility in direction and degree
+1

0

-1

i

p-value

23

19

18

60

0.440

+6 +4 +2

0

-2 -4

-6

i'

p-value

5

19

3

11

85

0.259

X 4diri =

X 4degi =

5

13

4

* significant value

evaluated more plausible than professional configurations p1 and p2. In addition,
three of the computer-generated configurations are evaluated more plausible than
p5. Overall, configuration p4 is evaluated as being most plausible (ux ≈ 75%) over
any of the other configurations.

Linear regression analysis
In table 5.11 several variables are identified for analysis about which objective properties of the components in the configurations, explain the variability in
the scaled plausibility value sx.
Correlation analysis results of the variables in table 5.11 reveal that F_NI,
G_TE, F_NI-ref, G_NI-ref and F_AREA_MN are significantly linearly correlated to the scaled plausibility value (see table 5.12).
As can be seen in table 5.12 either:
▪▪ the number of forest instances (F_NI, N = 6, β1 = -0.042, p = 0.000);
as
▪▪ the total edge of grass from the reference (G_TE, N = 10, β1 = -0.005,
Table 5.10 Assignment 4: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.4167

0.2857

0.3333

0.3333

0.3000

0.2778

0.2353

0.4375

0.2308

0.3143

3.2675

0.0000

0.2500

0.3636

0.2308

0.3333

0.1538

0.1818

0.3333

0.2768

3.5765

0.2500

0.7500

0.9333

0.6000

0.8333

0.7692

0.6429

0.7232

0.3829

0.6667

0.9167

0.7500

0.7222

0.7222

0.8462

0.7500

0.0000

0.4000

0.4000

0.6875

0.3333

0.6667

0.5000

2.0662

0.6667

0.8889

0.4000

0.7143

0.5278

1.0266

0.5333

0.5000

0.6154

0.5242

1.7814

0.3750

0.3125

0.4167

2.7772

0.5000

0.5172

1.4946

0.4741

2.3917

p2

0.5833

p3

0.7143

1.0000

p4

0.6667

0.7500

0.7500

p5

0.6667

0.6364

0.2500

0.3333

c1

0.7000

0.7692

0.0667

0.0833

0.6000

c2

0.7222

0.6667

0.4000

0.2500

0.6000

0.3333

c3

0.7647

0.8462

0.1667

0.2778

0.3125

0.1111

0.4667

c4

0.5625

0.8182

0.2308

0.2778

0.6667

0.6000

0.5000

0.6250

c5

0.7692

0.6667

0.3571

0.1538

0.3333

0.2857

0.3846

0.6875

* average absolute deviation: 0.1978 ;
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Table 5.11 Assignment 4: possible explaining objective properties (-ref variables are excluded from
table)
Code
Percentage of Landscape
Number of Instances
Instance Area
Total edge
Fractal Index

Distribution statistic

Mean
Area Weighted Mean

Forest
F_PLAND
F_NI
F_AREA_MN
F_TE
F_FRAC_AM

Grass
G_PLAND
G_NI
G_AREA_MN
G_TE
G_FRAC_AM

Water
W_PLAND
W_NI
W_AREA_MN
W_TE
W_FRAC_AM

Table 5.12 Assignment 4: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns)
Variables

sx

F_
NI

G_TE

F_NI-

G_NI-

ref

ref

F_AREA_MN F_PLAND

F_PLAND-

F_AREA_MN-

G_PLAND-

ref

ref

ref

G_PLAND

F_NI
-.983
+
-G_TE
-.838
+
++
F_NI-ref
.960
-++
++
+
+
G_NI-ref
.848
++
+
+
F_AREA_MN .822
+
++
+
++
+
++ positively linearly correlated (p ≤ 0.01), + positively linearly correlated (p ≤ 0.05), -- negatively linearly correlated (p ≤ 0.01), - negative linearly
correlated (p ≤ 0.05);

p = 0.002); as
▪▪ the deviation from the number of forest instances to the reference
(F_NI-ref, N = 6, β1 = 0.078, p = 0.002); as
▪▪ the deviation from the number of grass instances (G_NI-ref, N = 6, β1
= 0.043, p = 0.033); as
▪▪ the mean forest instance area (F_AREA_MN, N = 6, β1 = 0.274 , p
= 0.045);
individually do significantly (p ≤ 0.05) explain the variability in the scaled plausibility value sx between computer-generated and professional configurations.
Essentially, the variable F_NI-ref stretches only one end of the F_NI values and are therefore highly correlated with them. To avoid multicollinearity
problems, F_NI-ref is dropped from further analysis. The nine remaining variables (columns) of table 5.12 are input for a backward stepwise linear regression
analysis.
The analysis shows one model with all significant parameters (see table
Table 5.13 Assignment 4: significant linear model explaining the variability in scaled plausibility
value, including collinearity diagnostics

variables
F_NI
G_TE
Constant

β
-.025
.002
-5.874

Sig.
.010
.023
.001

tolerance value
.161
.161
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Table 5.14 Assignment 4: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns) (extended)
Variables

sx

F_NI W_TE F_NI-ref F_AREA_MN F_AREA_MN-ref G_TE W_TE-ref G_NI G_AREA_MN

F_NI
-.994
++
-+
+
W_TE
-.994 ++
+
+
F_NI-ref
.953
-++ positively linearly correlated (p ≤ 0.01), + positively linearly correlated (p ≤ 0.05),
-- negatively linearly correlated (p ≤ 0.01), - negative linearly correlated (p ≤ 0.05);

+

-

+

5.13). However, collinearity diagnostics show a possible multicollinearity problem due to a tolerance value under 0.200, which is not further supported by
the VIF value of under 10. The amount of forest instances and the total edge of
grass combined, significantly explain the variability in scaled plausibility values
between computer-generated and professional configurations.
So far in analysis, the extreme low scale values (>3 standard deviations
from the configuration with highest plausibility) of configuration p1 and p2 are
included. Analysis below, shows results based on exclusion of p1 and p2.
Correlation analysis results now, reveal that F_NI, W_TE and F_NI-ref are
significantly linearly correlated to the scaled plausibility values (see table 5.14).
As can be seen in table 5.14, either:
▪▪ the number of forest instances (F_NI, N = 4, β1 = -0.038, p = 0.006);
as
▪▪ the total edge of water (W_TE, N = 4, β1 = -0.006, p = 0.006); as
▪▪ the deviation from the number of forest instances to the reference
(F_NI-ref, N = 4, β1 = 0.099, p = 0.047)
individually do significantly (p ≤ 0.05) explain the variability in the scaled plausibility value sx between computer-generated configurations and plausible professional configurations.
Variable F_NI-ref is dropped from analysis and backward stepwise linear
regression analysis with the remaining eight variables (columns) of table 5.14 suggests no model with both significant parameters (p ≤ 0.05).

5.4.2 Assignment 5: a climate-robust low rise residential area
In the online survey, the fifth assignment about a climate-robust low-rise
residential area reads as follows: “In the southern part of the study area, a site of
about 7 hectares is under consideration. In the development plan a climate-robust
low-rise residential area is allocated. A reference image shows the type of residential
area which is proposed.” In figure 5.7, the location of the site and a reference image
of the proposed development is shown. In appendix B2, the resulting configurations are shown and described.
145

Chapter 5: Results of validation of landscape generator

(a)

(b)

4

:
:
::
:::::::: ::::::::: :::::::::: ::: ::: : ::
:::::: :: :: :: ::: :::::::
::: : : :::
: :: :::: :: :: :::::::::: :::::::::::::
:
: : :: :
::: :: ::: : : : :: :: : ::: ::: ::
: ::: :::::: ::: ::: ::::: :: :: : :: : :::
:: :: : :: :: : : ::: :: :: ::::
: ::: : :
:
::::::: ::::::::: ::: : ::: : :
:
:::::: ::::::: :::::::
: : : : :::: ::: :
: : :::: ::: : ::
: :: :: :::

::
:
:::::: : : ::
:::::::::::::::::::::::: :::::: ::::: ::: :::: :::::: :::::
: : : : :: : : :: : :
:::::::"::"::"::": " "::":::":: :": :"::" ::":: ": :
: : :::":::"::"::":"::":"::""::":":":":"::":""::":":":::":":""::"::"::"::: :::
::":::::::":::"::":::::"::":::::": " :" "::":"::":: ": ::
:: :"::"::":::": " :":" " "::"::::" :": ": :: :
::::::::::":"::::"::"::"::"":"::":"":":":""::"::""::"":":":":::""::":::":::
"::::": ":::"::::": ":: ":::" :": " ":":::::" ":
: : : :::::::::::::":::::::"::: ":::":::":": " ::"::::":: :":: :": ":::":: ::::
:::::::::: ::: ::::::":::":::"::"::"::":::"::":::"":":::":":""::":::":"::":":"::":":":"::"" ::
: : : ::::::"::":::":": :"::":::"::" "::" ": :": ":" :
::: ":::": ":::"::" :": " ": :":"::"::" " :
:: : ::":::":::::":::::"::::::::"::":::"::": "::::"::":::":::"::::":::::
: :::: : : :: ::::: :: : : ::

:: :
::::: ::
: : : $$$$$
:: $$$$$$
$$$$$
$$$$$$
$$$$$
$$$$$$

: ::: :::::::::::: ::
:: : : :: :
:: : : :
:: :::::::: : : :

Figure 5.7 Assignment 5: (a) site 4, 97.400 m2, model resolution 6x6 m2 and (b) reference image
of the proposed climate-robust low-rise residential area

Survey results
dir
deg
In table 5.15 the distribution of X 5i and X 5i and the results of the t-tests
for significance in direction and degree of plausibility are presented. Seventeen
of the sixty respondents evaluated their set of computer-generated configurations
as being more plausible than their set of professional ones. Thirty-three respondents oppose this; their professional configurations are found more plausible than
their computer-generated ones. Ten other respondents evaluated professional and
computer configurations as being equally plausible.
Based on this sample, it is concluded that, for assignment 5, there exists
a “difference” in direction in objective plausibility between computer-generated
and professional configurations (p ≤ 0.05). In contrast, there exists “no difference” in degree in objective plausibility between computer-generated and professional configurations (p ≤ 0.05).
As table 5.16 shows, each of the computer-generated configurations are
evaluated more plausible than professional configuration p2. In addition, computer-generated configuration c3 is evaluated more plausible than professional

Table 5.15 Assignment 5: descriptive statistics, as individual plausibility score distributions, number of observations (i), and t-test results on plausibility in direction and degree
+1

0

-1

i

p-value

17

10

33

60

0.022 *

+6 +4 +2

0

X5diri =

X 5degi =

13

1

3

-2

-4

-6

i'

p-value

10 13

1

19

94

0.062

* significant value
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Table 5.16 Assignment 5: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.8667

0.5556

0.1429

0.7500

0.4286

0.7500

0.6000

0.7273

0.3750

0.6300

1.0302

0.2222

0.0769

0.3333

0.3333

0.2381

0.2308

0.1875

0.2000

0.2250

4.1489

0.4000

1.0000

0.6667

0.9444

0.7273

1.0000

0.7692

0.7600

0.5440

0.9091

0.7500

0.7692

0.9231

0.9000

0.9091

0.8438

0.0000

0.7500

0.6667

0.3750

0.5882

0.4667

0.4463

2.2302

0.7273

0.3846

0.5714

0.5556

0.4854

1.8602

0.3333

0.4545

0.8889

0.3864

2.8539

0.5000

0.6667

0.5298

1.4713

0.6667

0.4400

2.5668

0.4038

3.4855

p2

0.1333

p3

0.4444

0.7778

p4

0.8571

0.9231

0.6000

p5

0.2500

0.6667

0.0000

0.0909

c1

0.5714

0.6667

0.3333

0.2500

0.2500

c2

0.2500

0.7619

0.0556

0.2308

0.3333

0.2727

c3

0.4000

0.7692

0.2727

0.0769

0.6250

0.6154

0.6667

c4

0.2727

0.8125

0.0000

0.1000

0.4118

0.4286

0.5455

0.5000

c5

0.6250

0.8000

0.2308

0.0909

0.5333

0.4444

0.1111

0.3333

0.3333

* average absolute deviation: 0.1780;

configuration p5. Overall, configuration p4 is evaluated as being most plausible
(ux ≈ 84%) over any of the other configurations.

Linear regression analysis
In table 5.17 several variables are identified for analysis about which objective properties of the components in the configurations, explain the variability in
the scaled plausibility value sx.
Correlation analysis results of the variables in table 5.17 reveal that only
B_PLAND is significantly linearly correlated to the scaled plausibility values (see
table 5.18).
As can be seen in table 5.18, only the percentage of landscape of buildings
(B_PLAND, N = 6, β1 = 0.153, p = 0.022) does significantly (p ≤ 0.05) explain
Table 5.17 Assignment 5: possible explaining objective properties (-ref variables are excluded from
table)
Code
Percentage of Landscape
Number of Instances
Instance Area
Total edge
Fractal Index
Euclidian Nearest Neighbour Distance Distribution
Euclidian Nearest Neighbour Distance Distribution
Euclidian Nearest Neighbour Distance Distribution
* variable contains constant or irrelevant values

Distribution statistic

Building
B_PLAND
B_NI
Mean
B_AREA_MN
B_TE
Area Weighted Mean B_FRAC_AM
Mean
B_ENN_MN
Area Weighted Mean B_ENN_AM
Standard Deviation
B_ENN_SD

Forest
F_PLAND
F_NI
F_AREA_MN
F_TE
F_FRAC_AM
*
*
*

Grass
G_PLAND
G_NI
G_AREA_MN
G_TE
G_FRAC_AM
*
*
*

Water
W_PLAND
W_NI
W_AREA_MN
W_TE
W_FRAC_AM
*
*
*

Table 5.18 Assignment 5: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns)
Variables

sx

B_PLAND .877

B_PLAND B_AREA_MN B_AREA_MN-ref
++

+

++ positively linearly correlated (p ≤ 0.01), + positively linearly correlated (p ≤ 0.05)
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Table 5.19 Assignment 5: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns) (extended)
Variables

sx

B_ENN_MN G_TE-ref B_ENN_AM G_TE B_NI B_TE B_ENN_SD G_FRAC_AM

B_ENN_MN -.799
++
G_TE-ref
.742
-+
+
B_ENN_AM -.765
++
--++ positively linearly correlated (p ≤ 0.01), + positively linearly correlated (p ≤ 0.05),
-- negatively linearly correlated (p ≤ 0.01), - negative linearly correlated (p ≤ 0.05);

+

+
--

the variability in the scaled plausibility values sx between computer-generated and
professional configurations.
So far in analysis, the extreme low scaled plausibility value (> 4 standard
deviations from the configuration with highest plausibility) of configuration p2
is included. Analysis below, shows results based on exclusion of p2.
Correlation analysis results reveal that B_ENN_MN, G_TE-ref and B_
ENN_AM are significantly linearly correlated to the scale plausibility value (see
table 5.19).
As can be seen in table 5.19, either:
▪▪ the euclidian nearest neighbour distance between buildings (B_ENN_
MN, N = 9, β1 = -7.181, p = 0.010); as
▪▪ the deviation of the total edge of grass to the reference (G_TE-ref, N =
9, β1 = 0.002, p = 0.022); as
▪▪ the area weighted euclidian nearest neighbour distance between buildings (B_ENN_AM, N = 9, β1 = -5.438, p = 0.016);
individually do significantly (p ≤ 0.05) explain the variability in the scaled plausibility values sx between computer-generated and plausible professional configurations.
The variables B_ENN_MN and B_ENN_AM essentially measure the
same property and are highly correlated. Therefore, B_ENN_AM is dropped
from further analysis.
Backward stepwise linear regression analysis with the remaining seven variables (columns) in table 5.19 suggests no model with both significant parameters
(p ≤ 0.05).

5.4.3 Assignment 7: green villa district
In the online survey, the seventh assignment about a green villa district
reads as follows: “In the centre of the study area, a site about 6 hectares is under
consideration. In the development plan a green villa district is allocated. A reference
image shows the type of district which is proposed.” In figure 5.8, the location of the
site and a reference image of the proposed development is shown. In appendix
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Figure 5.8 Assignment 7: (a) site 3, 60.300 m2, model resolution 6x6 m2 and (b) reference image
of the proposed green villa district

B3, the resulting configurations are shown and described.

Survey results
dir
deg
In table 5.20 the distribution of X 7i and X 7i and the results of the ttests for significance in direction and degree of plausibility are presented. Twentyfour of the sixty respondents evaluated their set of computer-generated configurations as being more plausible than their set of professional ones. Twenty-three
respondents oppose this; their professional are found more plausible than their
computer-generated ones. Thirteen other respondents evaluated computer-generated and professional configurations as being equally plausible.
Based on this sample, it is concluded that, for assignment 7, there exists
“no difference” in objective plausibility both in direction as in degree between
computer-generated and professional configurations (p ≤ 0.05).
As table 5.21 shows, each computer-generated configuration is evaluated
more plausible than professional configuration p1. In addition, computer-generated configurations c2 and c3 are evaluated more plausible than professional
configuration p2 and p4, respectively. Overall, configuration p5 is evaluated as

Table 5.20 Assignment 7: descriptive statistics, as individual plausibility score distributions, number of observations (i), and t-test results on plausibility in direction and degree
+1

0

-1

i

p-value

24

13

23

60

0.885

+6 +4 +2

0

-2 -4

-6

i'

p-value

7

13

5

12

92

0.331

X7diri =

X 7degi =

7

10

6

* significant value
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Table 5.21 Assignment 7: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.1111

0.1000

0.2000

0.2727

0.2500

0.0909

0.1333

0.0714

0.2500

0.1667

1.2241

0.3000

0.7692

0.6364

0.5294

0.4118

0.5455

0.4444

0.7857

0.5750

0.0634

0.4444

0.4615

0.6250

0.4286

0.5455

0.5385

0.8000

0.6036

0.0271

0.4615

0.6429

0.5833

0.4000

0.6875

0.7143

0.5603

0.1506

0.6875

0.7000

0.7143

0.6111

0.7647

0.6341

0.0000

0.4000

0.3333

0.6000

0.4118

0.4427

0.4259

0.4444

0.9167

0.4167

0.5804

0.0742

0.5385

0.7847

0.5856

0.1004

0.6923

0.4773

0.3525

0.3788

0.6139

p2

0.8889

p3

0.9000

0.7000

p4

0.8000

0.2308

0.5556

p5

0.7273

0.3636

0.5385

0.5385

c1

0.7500

0.4706

0.3750

0.3571

0.3125

c2

0.9091

0.5882

0.5714

0.4167

0.3000

0.6000

c3

0.8667

0.4545

0.4545

0.6000

0.2857

0.6667

0.5556

c4

0.9286

0.5556

0.4615

0.3125

0.3889

0.4000

0.0833

0.4615

c5

0.7500

0.2143

0.2000

0.2857

0.2353

0.5882

0.5833

0.2143

0.3077

* average absolute deviation: 0.0972;

being most plausible (ux ≈ 63%) over any of the other configurations.

Linear regression analysis
In table 5.22 several variables are identified for analysis of which objective
properties of the components in the configurations explain the variability in the
scaled plausibility value sx.
Correlation analysis results of the variables in table 5.22 reveal that only
F_TE and B_ENN_SD are significantly linearly correlated to the scaled plausibility value (see table 5.23).
As can be seen in table 5.23, either:
▪▪ the deviation of the euclidian nearest neighbour standard deviation
between buildings from the reference (B_ENN_SD-ref, N = 10, β1 =
1.014 , p = 0.001); as
▪▪ the euclidian nearest neighbour standard deviation between buildings
(B_ENN_SD, N = 10, β1 = -0.689, p = 0.021); as
▪▪ the total edge of forest (F_TE, N = 10, β1 = 0.004 , p = 0.024); as
Table 5.22 Assignment 7: possible explaining objective properties (-ref variables are excluded from
table)
Code
Percentage of Landscape
Number of Instances
Instance Area
Total edge
Fractal Index
Euclidian Nearest Neighbour Distance Distribution
Euclidian Nearest Neighbour Distance Distribution
Euclidian Nearest Neighbour Distance Distribution
* variable contains constant or irrelevant values

Distribution statistic

Building
B_PLAND
B_NI
Mean
B_AREA_MN
B_TE
Area Weighted Mean B_FRAC_AM
Mean
B_ENN_MN
Area Weighted Mean B_ENN_AM
Standard Deviation
B_ENN_SD
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Forest
F_PLAND
F_NI
F_AREA_MN
F_TE
F_FRAC_AM
*
*
*

Grass
G_PLAND
G_NI
G_AREA_MN
G_TE
G_FRAC_AM
*
*
*

Water
W_PLAND
W_NI
W_AREA_MN
W_TE
W_FRAC_AM
*
*
*
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Table 5.23 Assignment 7: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns)
Variables

sx

B_ENN_SD-ref B_ENN_SD F_TE I_NI B_ENN_MN B_ENN_MN-ref B_ENN_AM-ref

B_ENN_SD-ref -.864
+
+
B_ENN_SD
-.712
+
F_TE
-.700
+
I_NI
-.870
+
+
++ positively linearly correlated (p ≤ 0.01), + positively linearly correlated (p ≤ 0.05),
-- negatively linearly correlated (p ≤ 0.01), - negative linearly correlated (p ≤ 0.05);

+
-

-

▪▪ the number of instances (connections) of infrastructure (I_NI, N = 6,
β1 = -2.958 , p = 0.024)
individually do significantly (p ≤ 0.05) explain the variability in the scaled plausibility value sx between computer-generated and professional configurations.
The variables B_ENN_SD-ref and B_ENN_SD essentially measure the
same property and are highly correlated. In contrast, there exist however not a
significant correlation of B_ENN_SD with F_TE. Therefore, B_ENN_SD-ref is
dropped from further analysis and backward stepwise linear regression analysis
with the remaining six variables (columns) of table 5.23 suggests no model with
all significant parameters (p ≤ 0.05).
So far in analysis, the extreme low scaled plausibility value (> 1 SD from
the configuration with highest plausibility) of configuration p1 is included. Analysis below, shows results based on exclusion of p1.
Correlation analysis results reveal that B_PLAND is significantly correlated to the scaled plausibility value (see table 5.24).
As can be seen in table 5.24 the percentage of landscape for buildings
(B_PLAND, N = 6, β1 = 0.067 , p = 0.037) does significantly (p ≤ 0.05) explain
the variability in the scaled plausibility values between computer-generated and
plausible professional configurations.

Dimensions of evaluation
Figure 5.9 shows the number of times a listed dimension is selected by the
respondents. Each respondent was requested to select five aspects that influenced
their evaluation of assignment 7. In total, 300 aspects are selected. The abbreviaTable 5.24 Assignment 7: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns) (extended)
Variables

sx

B_PLAND G_FRAC_AM

B_PLAND .902
+
+ positively linearly correlated (p ≤ 0.05)
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Figure 5.9 Assignment 7: number of times a listed dimension is selected by the respondents

tions are listed in table 4.3 in section 4.4.5.
The 5 most selected dimensions are: 1. the shape of local infrastructure, 2.
the location of the buildings, 3. the location of local infrastructure, 4. the fit of
the configuration into its current surroundings and 5. the area and shape of the
site.
In figure 5.10, the number of times a listed dimension is selected by respondents, given the respondent evaluated his set of computer-generated configurations being more, being equally and being less plausible than his set of
professional configurations:
▪▪ 40 respondents (66.7%) indicate that the shape of local infrastructure
infrastructure is essential in this assessment. Both groups of respondents found this the most important dimension.
▪▪ 37 respondents (61.7%) indicate that the location of the buildings is
essential in this assessment. Both groups of respondents found this the
second most important dimension.
▪▪ 30 respondents (50%) indicate that the location of local infrastructure
is essential in this assessment. Notably, half as much respondents (13)
that evaluated professional configurations as being more plausible than
computer-generated configurations than respondents that oppose this
(9), found this a dimension of evaluation.
▪▪ 28 respondents (46.7%) indicate that the fit of the configuration
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Figure 5.10 Assignment 7: number of times a listed dimension is selected by respondents, given
the respondent evaluated his set of computer-generated configurations being less, equally or more
plausible than his set of professional configurations

into its current surroundings is essential in this assessment. An equal
amount in both groups of respondents found this an important dimension.
▪▪ 23 respondents (38.3%) indicate that area and shape of the site is essential in this assessment. Again an equal amount in both groups of
respondents found this an important dimension.

5.4.4 Assignment 8: maize farmland with hedgerows
In the online survey, the eighth assignment about a maize farmland with
hedgerows reads as follows: “In the centre of the study area, a site of 6 hectares is under consideration. In the development plan a maize farmland including hedgerows is
allocated. A reference image shows the type of farmland which is proposed.” In figure
5.11, the location of the site and a reference image of the proposed development
is shown. In appendix B4, the resulting configurations are shown and described.

Survey results
dir
deg
In table 5.25 the distribution of X 8 i and X 8 i and the results of the ttests for significance in direction and degree of plausibility are presented. Only
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Figure 5.11 Assignment 8: (a) site 3, 60.300 m2, model resolution 6x6 m2 and (b) reference image
of the proposed maize farmland with hedgerows

seven respondents evaluated their set of computer-generated configurations as
being more plausible than their set of professional ones. Forty-eight respondents
oppose this; their professional configurations are found more plausible than their
computer-generated ones. Five other respondents evaluated computer-generated
and professional configurations as being equally plausible.
Based on this sample, it is concluded that, for assignment 8, there exists “a
difference” in objective plausibility both in direction as in degree between professional and computer-generated configurations ( p ≤ 0,05).
As table 5.26 shows, no computer-generated configuration is evaluated
more plausible than a professional configuration. Overall, configuration p3 is
evaluated as being most plausible (ux ≈ 76%) over any of the other configurations.

Linear regression analysis
In table 5.27 several variables are identified for analysis of which objective
properties of the components in the configurations significantly explain the variability in the scaled plausibility value sx.
Table 5.25 Assignment 8: descriptive statistics, as individual plausibility score distributions, number of observations (i), and t-test results on plausibility in direction and degree

X8diri =

X 8degi =

+1

0

-1

i

p-value

7

5

48

60

0.000 *

-2

-4

-6

i'

p-value

5 11

9

28

100

0.000 *

+6 +4 +2 0
2

1

4

* significant value
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Table 5.26 Assignment 8: P-matrix; proportion of times that configuration x (row) is evaluated as
being more plausible than configuration y (column)
p1
p1

p2

p3

p4

p5

c1

c2

c3

c4

c5

ux

sx

0.5882

0.2308

0.5714

0.2500

0.8000

0.6250

0.7000

1.0000

0.7692

0.6500

0.9174

0.2941

0.2727

0.3000

0.5909

0.7333

0.6154

0.9231

0.7857

0.5530

1.1952

0.3333

0.7778

0.8261

0.6875

1.0000

0.8750

0.7647

0.7578

0.0000

0.4615

0.7778

0.7222

0.7000

0.9091

0.7333

0.6964

0.6226

0.8571

0.7222

1.0000

1.0000

0.6429

0.7222

0.3023

0.5909

0.6000

0.9167

0.8095

0.4268

1.8209

0.6667

0.8889

0.7143

0.4318

1.4732

1.0000

0.4444

0.3295

2.1013

0.1818

0.0800

2.8802

0.3203

2.2859

p2

0.4118

p3

0.7692

0.7059

p4

0.4286

0.7273

0.6667

p5

0.7500

0.7000

0.2222

0.5385

c1

0.2000

0.4091

0.1739

0.2222

0.1429

c2

0.3750

0.2667

0.3125

0.2778

0.2778

0.4091

c3

0.3000

0.3846

0.0000

0.3000

0.0000

0.4000

0.3333

c4

0.0000

0.0769

0.1250

0.0909

0.0000

0.0833

0.1111

0.0000

c5

0.2308

0.2143

0.2353

0.2667

0.3571

0.1905

0.2857

0.5556

0.8182

* average absolute deviation: 0.1434;

Table 5.27 Assignment 8: possible explaining objective properties (-ref variables are excluded from
table)
Code
Distribution statistic Building
Percentage of Landscape
B_PLAND
Number of Instances
*
Instance Area
Mean
B_AREA_MN
Total edge
B_TE
Fractal Index
Area Weighted Mean B_FRAC_AM
Total Edge Contrast Index (hs border)
Bhs_TECI
Edge Contrast Index (hs border)
Mean
Bhs_ECON_MN
Edge Contrast Index (hs border)
Area Weighted Mean Bhs_ECON_AM
Total Edge Contrast Index (maize border)
*
Edge Contrast Index (maize border)
Mean
*
Edge Contrast Index (maize border)
Area Weighted Mean *
* variable contains constant or irrelevant values and is excluded from analysis

Forest
F_PLAND
F_NI
F_AREA_MN
F_TE
F_FRAC_AM
Fhs_TECI
Fhs_ECON_MN
Fhs_ECON_AM
Fmaize_TECI
Fmaize_ECON_MN
Fmaize_ECON_AM

Hard Space
HS_PLAND
*
*
HS_TE
HS_FRAC_AM
*
*
*
*
*
*

Maize
MZ_PLAND
*
*
MZ_TE
MZ_FRAC_AM
*
*
*
*
*
*

Correlation analysis results of the variables in table 5.27 show that HS_
PLAND, HS_FRAC_AM, Fmaize_TECI, Fmaize_ECON_AM and Fmaize_
ECON_MN are significantly linearly correlated to the scaled plausibility values
(see table 5.28).
As can be seen in table 5.28; either
▪▪ the percentage of landscape for hard space (HS_PLAND, N = 6, β1
= -0.620, p = 0.004); as
▪▪ the area weighted mean fractal index of the hard space (HS_FRAC_
AM, N = 6, β1 = -0.071, p = 0.026); as
▪▪ the total edge contrast index applied to the maize border (Fmaize_
TECI, N = 10, β1 = 0.043, p = 0.005); as
▪▪ the area weighted mean edge contrast index applied to the maize border (Fmaize_ECON_AM, N = 10, β1 = 0.046, p = 0.018); as
▪▪ the mean edge contrast index applied to the maize border (Fmaize_
ECON_MN, N = 10, β1 = 0.044, p = 0.004);
individually do significantly (p ≤ 0.05) explain the variability in the scaled plausibility values between computer-generated and professional configurations.
The nine variables (columns) of table 5.28 are input for a backward step155
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Table 5.28 Assignment 8: variables significantly correlated to the scaled plausibility value (row),
possibly correlated to each other (left columns) or correlated to other identified variables (right
columns)
Variables

sx

HS_PLAND

HS_FRAC_AM

Fmaize_TECI

Fmaize_ECON_AM

Fmaize_ECON_MN

B_AREA_MN

B_FRAC_AM

F_TE

M_PLAND

HS_PLAND
-.951
HS_FRAC_AM
.865
+
+
+
Fmaize_TECI
.810
++
++
Fmaize_ECON_AM .725
++
++
Fmaize_ECON_MN .810
+
++
++
++ positively linearly correlated (p ≤ 0.01), + positively linearly correlated (p ≤ 0.05), -- negatively linearly correlated (p ≤ 0.01), - negative linearly correlated (p ≤ 0.05);

+

Table 5.29 Assignment 8: two significant linear models (with and without constant) explaining the
variability in scaled plausibility value, including collinearity diagnostics
model
1

2

variables
HS_PLAND
B_AREA_MN
Constant
HS_PLAND
B_AREA_MN

β
-.489
2.047
2.230
-.209
4.698

Sig.
.012
.103
.042
.040
.004

tolerance value
.605
.605

VIF
1.652
1.652

.201
.201

4.981
4.981

wise linear regression analysis. The analysis shows two models (with and without
constant) with all significant parameters (table 5.29). Collinearity diagnostics
suggest no multicollinearity problem for this model.
The percentage of landscape of hard space and the mean building instance
area combined, significantly explain the variability in the mean plausibility scores
between computer-generated and professional configurations.

5.5 Survey reliability statistics
In table 5.30 the reliability statistics for each assignment are tabulated. The
calculation of the statistics is discussed in section 4.6.3.
It can be noted from the statistics that the whole group of respondents
agrees least on the final rank order of the landscape configurations used in assignment 2 (62.7%). Respondents agree most on the final rank order of the landTable 5.30 Survey reliability statistics per assignment (Ass = assignment)
Statistic

Ass. 1

Ass. 2

total agreement

73.6 % 62.7 % 69.7 % 68.7 %

t-value -1.567 1.763
Sig.
.123
.083
intraclass reliability X ideg t-value -1.982 .871
Sig.
.052
.387
* assignment 6 is excluded from analysis and the table
intraclass reliability Xidir

Ass. 3

1.153
.254
.629
.532

Subjective Ass. 4

.678
.499
1.107
.270
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Ass. 5

Ass. 7

Ass. 8

Objective

70.5 % 73.3 % 67.4 % 75.2 % 71.6 %
-1.091
.280
-.706
.483

-.291
.772
-.228
.821

-.431
.668
-.256
.799

-1.748
.086
-1.036
.304

-.195
.845
.228
.820

Chapter 5: Results of validation of landscape generator
scape configurations in assignment 8 (75.2%). When comparing the two groups
of assignments, respondents agree slightly more on the final rank order in the
objective plausibility assignments (71.6%) than on the final rank order in the
subjective plausibility assignments (68.7%). These values are both much higher
than 50% (total randomness) and therefore indicate that the results are reasonably reliable.
The intra-class (intra-group) reliability statistics, calculated for each assignment, are all insignificant. These statistics give no reason to believe that other
results would be obtained (on the plausibility of the sets of landscape configurations), when only a random subsample of the respondent group was used in the
analysis.
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Chapter 6
Analysis of validation of the landscape
generator
6.1 Introduction
In chapter 5, the results of the validation experiment to evaluate the value
of the landscape generator output for spatial plan-making processes are presented. In this chapter, the results of chapter 5, are analyzed in two sections. Firstly,
in section 6.2, results about the design quality test are discussed from general to
specific analysis. Secondly, in section 6.3, results about the representativeness test
are discussed, including results on dimensions of evaluation. In chapter 7, conclusions, general discussion and further recommendations are provided.

6.2 Analysis of design quality test
6.2.1 General analysis
In table 6.1, statistics on both the direction and degree of subjective plausibility for each of the three assignments in the design quality test are summarized.
Statistics on the direction show for the first and third assignment, that there
exists no difference in plausibility between computer-generated and professional
configurations. In contrast, results for the second assignment (about the four
park estates) suggest there exists a significant difference in subjective plausibility
between computer-generated and professional configurations.
Statistics on the degree of plausibility (second part of the table), however,
provide another informational picture. In fact, in each of the three assignments,
computer-generated configurations significantly differ in degree of subjective
plausibility, from professional configurations. In other words, a respondent that
evaluates his set of professional configurations as more plausible than his set of
159
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Table 6.1 Descriptive statistics, as individual plausibility score distributions, number of observations (i), and t-test results on plausibility in direction and degree for the assignments of the design
quality test

X aidir =
1
2
3

+1

0

-1

i

p-value

21
13
19

9
13
10

30
34
31

60
60
60

0.210
0.002 *
0.090

X aideg =

+6 +4 +2

0

i'

p-value

101
105
91

0.025 *
0.004 *
0.004 *

1
2
3

1
3
4

7
3
6

13
7
9

-2

-4

-6

9 15 11 4
13 21 8 5
10 10 11 10

* significant value

computer-generated configurations, does that with more confidence than, a respondent that evaluates his set of professional configurations as less plausible than
his set of computer-generated configurations. This general higher level of confidence is further observed in the systematically higher amount of negative individual plausibility scores over positive individual plausibility scores. For example,
as table 6.1 demonstrates for the first assignment, 15 respondents produced an
individual plausibility score of minus 2, whereas only 13 respondents produced
an individual plausibility score of plus 2. 11 respondents produced a score of
minus 4 against 7 respondents with plus 4 and 4 respondents produced minus 6
against only 1 with plus 6. Moreover, the most contrasting scores (i.e. -4, -6 and
4, 6) have a lower a-priori chance to be produced (see figure 4.15) and therefore
need be normalized by multiplying by 2, making the contrasts between the scores
even more substantial.
For each of the assignments, it is concluded that the whole set of computergenerated configurations is not of comparable design quality as the whole set of
professional configurations. Analysis at the level of pair-wise comparisons of single configurations, however further differentiates between single more plausible
and less plausible (computer-generated) configurations. The P-matrices available
for each assignment (see chapter 5) are typically suited to inform these analyses.

6.2.2 Specific analysis
As indicated in table 5.4 about assignment 1, computer-generated configuration c2 shows the second highest mean plausibility score (after p3). Focusing
on the nine direct pair-wise comparisons with c2, only configuration p3 is evaluated more plausible. The mean plausibility score of another computer-generated
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configuration, c3, is among the highest, as well. In this case configurations p3, p4
and c5 are evaluated more plausible in direct pair-wise comparison. Configuration c5, has the sixth highest mean plausibility score and in pair-wise comparison
p1, p3 and p4 are evaluated more plausible. Like configuration c2, this is another
computer-generated configuration that is evaluated more plausible than its direct
professional equivalent.
In the current experiment setup, each computer-generated configuration
in the design quality test is closely specified according compositional and configurational properties extracted from one of the professional configurations (referred
to as ‘equivalent configuration’). The similarities between pairs of configurations
is also reflected in the numerical results as shown in figure A1.2. As a consequence, the computer-generated configurations may be perceived very similar to
their professional equivalents, which often only differ in organizational properties
as locations. Due to this experiment design and inevitably introduced subjectivity
of the modeler, it cannot become completely clear whether the perceived design
quality is solely related to capabilities of the landscape generator or that is related
to the modeler’s influence, as well.
In general, however, the observations support the conclusion that for this
particular assignment 1 and for this set of professional configurations, the landscape generator is capable to produce at least two configurations (c2 and c5)
of comparable design quality as professionals. Overall, it seems that the more
detailed configurations (e.g. p2-c2, p3-c3) in assignment 1 are more appreciated
than the less detailed and coarse configurations. Configuration p1, p4 and c5
exhibit their own qualities and are exceptions here. The fact that configurations
p3, p4 and c4 do actually not fulfill the land cover requirements of the assignment, did not restrain the respondents to evaluate these as being considerably
plausible.
For assignment 2, as indicated in table 5.6, configurations c1 and c2 show
among the highest mean plausibility scores overall. The scores are however only
slightly above 0.5, indicating that the expected result of its direct pair-wise comparison with any of the nine other configurations is slightly higher than random.
Configuration c2 is the only computer-generated configuration which is evaluated more plausible than its direct professional equivalent.
The professional configurations are constantly evaluated more plausible
than any of the computer-generated configurations. These observations support
the conclusion that for this particular assignment 2, the landscape generator is
capable to produce at least one configuration (c2) with comparable design quality
as professionals.
One of the causes of the collective low mean plausibility scores for computer-generated configurations, specifically in this assignment 2, may be the lower
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modelled resolution of the computer-generated configurations. In other words,
professionals can easily switch to design at a different scale level. Consequently,
the most detailed configurations (e.g. p3 and p4) are evaluated most plausible
over the less detailed and less organic computer-generated configurations. As a
matter of fact, model artefacts due to cell form become more visible at a lower
resolution. In addition, the landscape generator is not optimal to generate very
large linear-shaped water and forest components.
Finally, for assignment 3, as indicated in table 5.8, computer-generated
configuration c5 shows the third highest mean plausibility score, after p4 and
p2. Of the nine other configurations, only configuration p4 is evaluated more
plausible in pair-wise comparison. In addition to configuration c5, c3 is the only
other computer-generated configuration which is evaluated more plausible than
its direct professional equivalent. However, its mean plausibility score remains
below 0.5.
These observations support the conclusion that for this particular assignment 3 and for this set of professional configurations, the landscape generator
is capable of producing one configuration (c5) with at least comparable design
quality as professionals. It is difficult to generalize further results from this last
assignment.
In short, the landscape generator is partly capable in producing several
landscape configurations with a certain level of design quality. It certainly is
equipped to generate configurations with landscape components that have a certain design quality. The compositional requirements and configurational requirements can be satisfied and each individual component instance can be created
to be as large, as shaped or edging another component, as desired. In contrast,
linear-like rectangle components are not sufficiently incorporated in the method.
This feature is assumed to strongly influence evaluation of configurations. Currently, the landscape generator results in sub-optimal (and less plausible) shapes.
Furthermore, evaluation of landscape quality is not restricted to individual
components, but on the whole structure (organization) of interacting components. The location of the single component instances internally at the site, and
externally with respect to the broader surroundings is so far only minimally included in the landscape generator. The structure of the landscape components
in configurations is therefore perceived as near-random. In some situations (depending on the landscape typology proposed and specific site to be allocated) this
does not result in implausible regarded solutions, for several other situations, it
will.
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6.3 Analysis of representativeness test
6.3.1 General analysis
In table 6.2, statistics on both the direction and the degree of objective
plausibility for each of the four analyzed assignments in the representativeness
test are summarized.
Statistics on the direction of objective plausibility show for two of the four
analyzed assignments of the representativeness test, that there exists no difference
between computer-generated and professional configurations. In contrast, results
for assignment 5 (about a residential area) and assignment 8 (about a maize farmland) show that there exists a significant difference in objective plausibility between computer-generated and professional configurations.
As expected, statistics on the degree of plausibility give confidence to draw
similar conclusions, with an exception for assignment 5. In fact, the plausibility
in degree of computer-generated configurations in assignment 5, does not significantly differ from the plausibility in degree of professional configurations. The
distribution of individual plausibility scores for assignment 5, provided in table
6.2, shows a typical shape, with particularly high values at both extremes.

Table 6.2 Descriptive statistics, as individual plausibility score distributions, number of observations (i), and t-test results on plausibility in direction and degree for the assignments of the representativeness test
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6.3.2 Specific analysis
For assignment 5, 19 respondents evaluated their complete set of computer-generated configurations less plausible than their set of professional configurations. In contrast, 13 respondents evaluated their complete set of computer-generated configurations more plausible than their set of professional configurations.
This pattern in scores suggests that there exists at least two professional configurations that are relatively less plausible.
The P matrix for assignment 5, provided in table 5.16, indicates that configuration p2 is evaluated less plausible than any of the other configurations and
has a very low mean plausibility score. Typically, as figure B2.2 indicates, configuration p2 is numerically also most deviant from the reference image. Respondents
agree on configurations p3 and p4 to be much more plausible than any of the
computer-generated configurations, which is also reflected in a relatively high
mean plausibility score. Of the computer-generated configurations c3 has the
highest mean plausibility score, even higher than professional configurations p2
and p5. This notion is further supported by the pair-wise proportion statistics.
In general, these observations support the conclusion that, although statistics on degree of plausibility show no differences between the sets of configurations, the landscape generator is not capable in this situation to produce an entire
set of plausible configurations. Instead, it is capable to produce at least one (c3)
configurations that is of at least comparable quality as professionals.
Maybe of more interest, are the reasons for the sub-optimal representativeness of the computer-generated configurations. Linear regression analysis with
scaled plausibility values (including. p2) as variable to be explained and several
objective landscape component properties as explanatory variables (see table
5.17), reveal that only the percentage of landscape allocated to buildings explain
the variability in scale values. A lower percentage of landscape for buildings gives
higher plausibility, even if the percentage is lower than provided in the reference
image. Since this feature can be explained solely by inclusion of the relative outlying configuration p2, analysis is conducted without p2 then, revealing two other
variables, which both individually do explain the variability in scale values: the
mean euclidian nearest neighbour distance between buildings and the deviation
of the total edge of grass to the reference. A higher mean distance between neighbouring buildings or a lower deviation from the reference with regard to the total
edge of grass results in higher plausibility.
A higher mean distance between neighbouring buildings is easy to obtain
by decreasing the number of buildings. The variable measures the mean of the
distances for all buildings to its nearest neighbour building. Unfortunately, no
metric exist, which expresses in one single measure at the landscape level, the
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Figure 6.1 Example of two patterns with identical values for several common landscape metrics black pixels (see for descriptions of the metrics table 3.2, equation 3.9 or McGarigal (2002); MN
= mean across all landscape component instances; AM = area-weighted mean across all landscape
component instances; SD = standard deviation (sum of deviations) across all landscape component
instances)

degree of equality of interval between buildings. Each of the plausible professional configurations exhibit a degree of equal intervals between buildings or have
several clusters of near-equidistant buildings. In figure 6.1 a hypothetical example
illustrates this issue and the lack of a spatial metric.
The two clearly distinct patterns as in figure 6.1, cannot numerically be
expressed in any of the available landscape metrics. This phenomenon is earlier
identified and assessed by Constanza (1989) and more recently by Hagen-Zanker
(2009) in analyzing landscape patterns for map comparison. Their solution is
to use multi-resolution approaches at the focal level. However, in this stage the
landscape generator is not equipped to optimize at different scale levels simultaneously.
To a certain degree, total edge of grass (where grass can be considered a
background landscape component) influences its own geometric shape and is
correlated to the number of building instances, the total edge of buildings and
the mean distance between buildings. Not apparent from correlation or regression analysis, but the total edge of grass certainly also indirectly influences the
geometric shape of the large water bodies as the third landscape component present. The plausible professional configurations exhibit very geometrically shaped
grass and water components. The landscape generator may be able after re-specification of the multi-objective function to produce more plausible configurations
with respect to total edge of grass and water. Furthermore, other spatial metrics
exist to be used by the landscape generator to produce near-geometric rectangular
forms of water.
Finally, from personal observation of the configurations, it is expected that
plausibility increases when the water bodies are oriented along the main axes of
the site. This is supported by the general disapproval of the water shape in config165
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uration p2. The general absence of individual trees in the professional configurations is neglected in the evaluation. It is possible that these are neither important
nor unobserved due to a minimal contrast to grass in the reference image.
For assignment 4, the statistics in table 6.2 on the plausibility of the sets of
configurations, show that five more respondents evaluated computer-generated
configurations more plausible than professional configurations than respondents
that evaluated computer-generated configurations less plausible than professional
configurations.
The P-matrix for assignment 4 in table 5.10 provides detailed information on direct pair-wise comparison and summary statistics. Both professional
configurations p1 and p2 are evaluated less plausible than any of the other configurations. This is further reflected by a low mean plausibility score. In contrast,
both professional configurations p3 and p4 are evaluated more plausible than any
of the other configurations, reflected here by a relatively high plausibility score.
Computer-configurations c1, c2 and c4 are evaluated more plausible than professional configuration p5, which is also apparent in their mean plausibility scores.
In general, these observations support the conclusion that, the landscape
generator is capable to produce several plausible landscape configurations for this
situation. However, improvements may be possible to increase their plausibility.
Correlation and regression analyses provide insight in which landscape
properties explain the variability in scaled plausibility values of the configurations. A higher mean plausibility score is best attained by a number of forest
instances, that is close to the number in the reference image, adjusted for site
size, in combination with a large total edge of grass. This large total edge of grass
is indirectly achieved by longer elongated instances of forest and especially of
water components. With a lower mean and total area of forest and a lower mean
area of grass as explanatory variables of a higher plausibility score, automatically
the total and mean area of water becomes higher. A suitable explanation is that
the abundant 1-pixel water instances in the computer-generated configurations
are too small (and with too less color contrast) to be distinguished by the respondents. This analysis is further supported when configurations p1 and p2 are
excluded from analysis. For this assignment, the landscape generator is properly
equipped with the necessary spatial attributes. It is a matter of specification of
the multi-objective function of the landscape generator to produce even more
plausible configurations. The plausibility of landscape configurations will depend
most on the ability of the landscape generator to avoid local minima and produce
a configuration at all with stricter attribute target values.
As for assignment 4, statistics provided in table 6.2 about plausibility for
sets of configurations used for assignment 7, show that one more respondent
evaluated his set of computer-generated configurations more plausible than his
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set of professional configurations, than respondents that evaluated their set of
computer-generated configurations less plausible than their set of professional
configurations.
Table 5.21 provides the P-matrix for assignment 7, with detailed information on pair-wise comparison and summary statistics. Configuration p1 is evaluated less plausible than any of the other configurations, further reflected in the
mean plausibility score. Conversely, computer-generated configurations c2 and
c3 are evaluated more plausible than professional configuration p2 and p4, respectively, as is also observable in the mean plausibility score.
The analysis on assignment 7 is complicated due to the presence of site
infrastructure in the landscape typology and the configurations. The effect of
various site infrastructure on the individual plausibility score cannot easily be
extracted. It can be observed, that the two configurations with manually designed
infrastructures, p1 and p5, are evaluated least and most plausible, respectively.
The two computer-generated configurations with generated site infrastructure
are differently evaluated. The relatively high mean plausibility score of c2, among
the highest of the assignment, suggests that the proposed generation procedure
is not necessarily incapable of producing plausible configurations. The relatively
low mean plausibility score for c1, on the other hand, reveals that the procedure
is very dependant on the location of the buildings and gardens and only indirectly, through the realization, is related to infrastructural properties present in
the landscape typology.
In general, however these observations support the conclusion that, the
landscape generator is capable to produce plausible landscape configurations for
this situation. However, improvements may be possible to increase their plausibility.
Unique for assignment 7, implicit (latent) dimensions as well as explicit
(perceived) dimensions are available from the experiment. The site infrastructure
has a large influence on the perceived organization of the entire site, i.e. it is a
major structural component. The respondents selected the shape of the infrastructure to be their most important perceived dimension of evaluation for this
assignment. Although, quantified network metrics are hardly available, it is clear
from personal observation that the most distinct circular infrastructure shape of
configuration p1 may cause its relative low plausibility value.
The identified significantly correlated explanatory variables (see table 5.23)
are all more or less related and dependent to the shape and location of infrastructure and therefore should be analyzed with care. A larger euclidian nearest
neighbour standard deviation between buildings, a larger total edge of forest and
a larger number of site infrastructure connections individually give a higher plausibility. The second and third most important perceived dimensions of evaluation
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for this assignment are the location of buildings and the location of infrastructure. Again, as was already noted in discussion of assignment 5, no effective single
measure at landscape level exist to express equidistant intervals between buildings
and likewise between buildings and the infrastructure. This important feature is
however clearly visible in the plausible professional landscape configurations.
The fourth explicit dimension is the fit of the configuration into its current
surroundings. This aspect represents the influence of the current surroundings
on the landscape components at the site. The landscape generator only considers
the first ten meters around the perimeter, while influences may be important that
come from a longer range. The respondents found the area and shape of the site,
the fifth most important explicit dimension. The landscape generator only considers total area, but hardly the shape of the site. The orientation pre-processing
step is the only direct way, the landscape generator can implement the site border
shape.
Of all assignments, analysis of statistics on plausibility for assignment 8,
provided in table 5.25, are most straightforward of all assignments. Each of the
professional configurations are evaluated more plausible than any of the computer-generated configurations. In particular, configuration c4 is implausible, where
each of the other computer-generated configurations are more plausible, too.
These observations firmly support the conclusion that, the landscape generator is incapable to produce plausible landscape configurations for this situation. However, improvements may be possible to increase their plausibility.
Correlation and regression analyses provide three explanatory variables
that significantly explain individually the variability in scaled plausibility values
of the configurations: the percentage of landscape for hard space, the shape of
hard space and the total edge contrast index applied to hedgerows and maize border. A larger percentage of landscape for hard space at the expense of maize area,
a less geometrically shaped hard space instance and a smaller total edge contrast
index give higher plausibility. From observation of the professional configurations, the orientation and location of the hedgerows are the most distinct features
in the landscape. The hedgerows should be located at the edges of the maize field.
As a result they will be automatically situated at the border of the site. The landscape generator is equipped with suitable spatial attributes and it is a matter of
calibration of the landscape generator to produce more plausible configurations.
The plausibility of landscape configurations will depend most on the ability of
the landscape generator to avoid local minima and produce a configuration at all
with stricter parameter values.
In short, due to the more restrictive nature of the requirements imposed
through the landscape typologies, the landscape generator is better suitable to
produce more objective plausible configurations for varying conditions. More168

Chapter 6: Analysis of validation of landscape generator
over, the subjective influences of the researcher in parametrization are minimized,
as well, and therefore the results can be more convincingly analyzed. In several
situations, the landscape generator is able to produce configurations of comparable representativeness as professionals. In other situations, the landscape generator is not fully utilized in all its capabilities, which simply could be solved by
inclusion of available spatial attributes in compilation and further specification
of several parameter values. Finally, in some other situations, the landscape generator still lacks functionality (e.g. spatial attributes) to produce more plausible
configurations. Particularly, it can be observed that the landscape generator lacks
functionality to get effective control over the relative locations of components,
distances between and linearity of them. Hardly any spatial metrics at the landscape level exist to solve these limitations, and the applicability of other methods
and techniques (including. multi-resolution approaches) should be investigated
to generate proper solutions.
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Chapter 7
Conclusions, discussion and
recommendations
7.1 Introduction
As contemporary spatial planning in the Netherlands needs effective
sketch and design tools for regional plan scenario development, the main objective of this research is to develop and evaluate a method, that generates plausible
landscape configurations by using user-defined landscape typologies, as a digital
support tool for participatory plan-making. The research is divided in two main
parts. In the first part, the landscape generator is developed, that generates landscape configurations at any location, based on a wide variety of landscape typologies. In the second part, the resulting configurations are evaluated for plausibility
through a comparison with professionally designed configurations. In addition,
possible dimensions of evaluation are identified in order to direct further research
in the developed method.
In this final chapter, conclusions for both parts are drawn in section 7.2.
In section 7.3, main issues of the research are discussed and several recommendations for improving the landscape generator and its validity testing are provided.

7.2 Conclusions
7.2.1 Development of the generative method
A generative method is developed (referred to as landscape generator), that
is compatible with the regional plan scenario development approach identified
in SimLandscape (de Waard 2005). The landscape generator uses landscape typologies as building blocks of plan scenarios. A landscape typology describes a
proposed future spatial development and contains spatial and non-spatial (descriptive) attributes. A 2D reference image indirectly provides objective compo171
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sitional and configurational characteristics of the proposed development. In essence, users allocate a landscape typology to a cadastral lot geometry and based on
this information, the landscape generator produces a comprehensive landscape
configuration. The challenge in generating plausible landscape configurations
from landscape typologies is to infer substantial pattern information from the
typology in a generic and unambiguous way and translate these into transparent
and applicable rules. Further, the high model resolution, the amount of landscape components (and relations between them) to be modeled and the realistic
dimensions of the allocation site determines the choice for successful heuristic
optimization approaches as the point of departure for the development of the
landscape generator.
The landscape generator is developed as a multi-objective heuristic optimization modeling approach. In this approach a sequentially updated multi-objective function is optimized for a two-dimensional allocation site. It is assumed
that the site is homogeneous in physical characteristics (e.g. height, soil etc.). The
multi-objective function is compiled from an available library of spatial attributes.
An individual spatial attribute describes an objective function that is based on a
spatial metric with a target value, describing a quantitative landscape property
of a landscape component (instance) to be allocated. These objective functions
and their target values are retrieved from the compositional and configurational
characteristics present in the reference image of the landscape typology. Examples
of available spatial attributes are the number of landscape component instances,
the relative size of each component or each component instance, compactness
and shape of component instances and direct adjacency between two different
landscape components.
In a hypothetical case study the capabilities and behavior of the landscape
generator are demonstrated. In the case study, the landscape generator generates
a variety of landscape configurations for a hypothetical allocation site (20x20
cells) and a rural forest estate as allocated landscape typology. The reference image of the rural forest estate provides detailed information for the compilation
of the multi-objective function. The landscape generator contains probabilistic
elements, which results in different output, each time it is run with identical
input settings. The probabilistic elements of the landscape generator are the use
of random initial solutions, (near-)random cell swap and probabilism related to
iterative component instance identification and the function-specific maximum
deviation variables. The landscape generator is capable of producing a range of
landscape configurations for a variety of situations. A unique situation is defined
by the allocation of one landscape typology to one allocation site. Theoretically,
since the method is based on the objective measurement of spatial characteristics
present in a reference image, each user-defined typology can be used for a selected
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allocation site. The landscape typologies cannot be allocated to every imaginable
dimensioned allocation site, but are bounded by the spatial extent variable which
specifies a valid spatial extent.
At the heart of the methods lies the compilation of the multi-objective
function. Theoretically, this compilation can be executed completely objective
and without user-interaction, as the reference image of the landscape typology
provides the required information. In the current prototype version of the landscape generator, however, the compilation process is partly but in advance controlled by the modeler. The modeler needs to specify for each situation (typology
and site), which of the available single spatial attributes to include, in which sequence to optimize them and what target values to specify. Surely, the modeler is
informed by statistics calculated for the reference image. An important task is to
define consistent guidelines for the compilation of the multi-objective function
from each landscape typology, irrespective of the properties of a valid allocation
site. In this research, the modeler has been able to define some first specific guidelines for each landscape typology. In the current state of the method, a continuous assessment, through iterative testing, needs to be made by the modeler, about
which compilation is sufficient in producing plausible configurations and which
compilation produces solutions within reasonable computation times.

7.2.2 Evaluation of generative method
To obtain insight in the usability of the landscape generator, the produced
landscape configurations are extensively evaluated in an extensive internet-based
validation experiment. For a broad variety of different situations, landscape configurations are generated by the landscape generator for realistically dimensioned
and enclosed sites. The configurations are compared with professional handdrawn configurations, by a large group of planning professionals. The subjects
are provided an interactive, user-friendly web-based inquiry, in which they are
requested to (graphically) rank order a random selection out of a total set of landscape configurations (hand-made or computer-generated), from ‘most to least
plausible’. In the experiment a distinction is made between subjective and objective plausibility, representing design quality aspects and representativeness of the
landscape typology respectively. Eight different situations (three subjective and
five objective) are assessed by the group of respondents and analyzed with a modified version of an approved statistical method, known as ‘the law of comparative
judgement’. In addition, to indicate points of interest for further improvements
of the methodology, implicit and explicit dimensions of evaluation used by the
respondents for each of the objective assessments are identified.
The current experiment setup, provides a robust method as well as reliable
173

Chapter 7: Conclusions, discussion and recommendations
results about the capability of the landscape generator to produce plausible landscape configurations. With its modern interactive web-interface, its well-balanced
data scheme (randomness, several situations) and the use of approved statistical
methods, the experiment finds a balance between maximum effective information retrieval and an acceptable level of user workload.
For each of the three assignments of the design quality test, it is concluded
that the whole set of computer-generated configurations is not of comparable
design quality as the whole set of professional configurations. Several individual
computer-generated landscape configurations have comparable design quality as
the professional configurations. The landscape generator is able to produce configurations with landscape components which are with respect to its individual
area, shape and relative adjacency plausible. The overall structure is, however,
often perceived as near-random. In some situations this is regarded plausible,
while in other situations it is regarded implausible. The results of the four analyzed assignments of the representativeness test show a more favorable view on
the capabilities of the landscape generator. In half of the cases, the whole set of
computer-generated configurations are considered comparable in representativeness to professional configurations. In the other half, several individual computer-generated solutions are considered of comparable representativeness. The representativeness test is most important in plausibility validation of the landscape
generator, as the primary objective of the research implies that each actor (with
different levels of design experience) should be able to provide her development
idea (described in the landscape typology) as a comprehensive visualization in an
integrated plan scenario. In the initial planning phases of application of the landscape generator, it is more important to obtain a first impression of the impacts
(visual and analytical) of a plan scenario than a completely well-modeled and calculated landscape design. Possible non-professional design choices in a landscape
typology can be reflected in the generated landscape configurations.
Analysis to dimensions of evaluation gives insight into possible explanations for the plausibility ordering of the subjects. A distinction is made between
explicit and implicit dimensions of evaluation. Explicit dimensions are directly assembled in the experiment and provide perceived dimensions of evaluations. The
implicit dimensions, identified with linear regression analysis are however uncertain in its reliability and ideally should be assembled in relation to the explicit dimensions. Results of the linear regression analysis can direct future research with
different approaches. First, the attribute target values in the current compilation
can be re-specified. Second, non-used but available spatial attributes can be added
to the multi-objective function. Third, new spatial attributes may be developed
to be included in the optimization process. In light of the main objective in this
research, it is important to define consistent guidelines for generating landscape
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typologies for different situations. In this research, a start is made to identify
important choices with respect to the minimal selection of spatial attributes, the
influence of its sequence and feasible attribute target value specification.

7.3 Discussion and recommendations
7.3.1. Development of generative method
The developed landscape generator is for a large part comparable with
other multi-objective heuristic spatial optimization approaches as genetic algorithms and simulated annealing. Current literature on the application of these approaches in problems where spatial entities must comply with shape constraints
or objectives (e.g. Brookes 1997a, Cova & Church 2000, Xiao et al. 2002, Stewart et al. 2004, Janssen et al. 2008), focus on the efficient optimization of locating spatial entities at most favourable places at minimal development costs. The
optimization approaches are applied to spatial entities at a lower resolution (land
use classes from 100m) than the resolution used in the landscape generator. As
an important consequence, optimization for shape properties other than general
ones as compactness, relative magnitude of largest cluster and number of clusters
for land use classes, has not been researched to a full extent. Nevertheless, as the
landscape generator is not yet optimized for computation time, it would be interesting to use components of these yet existing heuristic approaches to improve
or direct search for plausible solutions in the current approach. For example,
an advanced cooling schedule, mainly characteristic of simulated annealing approaches (e.g. Aerts & Heuvelink 2002, Duh and Brown 2005), may be incorporated in the landscape generator in order to increase the computation speed of
the landscape generator. Further, auxiliary knowledge to promote optimization of
any of the spatial attributes in the multi-objective function (e.g. multi-cell swap),
diversification of the initial solutions and use of different representation schemes,
such as undirected graphs (Xiao 2002) can decrease the time needed to produce
a plausible landscape configuration. Parallel execution with multiple collaborating central processing units that also exchange information is another option to
improve its performance.
Due to its regular raster and cell structure, the results of the landscape
generator are heavily influenced by the initial rotation of the allocation site. In
the current prototype, rotation of the allocation site is dependent on the typology allocated. Only in the cases that the typology has important linear features
that require to be aligned to lot borders, the lot geometry is rotated manually in
advance of and rotated back after multi-objective function optimization. As the
rotation has a major effect on the resulting landscape configurations and on its
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plausibility, the issue should be investigated and solved independently of the applied typology, integrated in the landscape generator and in relation to overall organizational properties of the typology and the larger environment. Good examples of these organizational properties of landscape configurations are discussed
in Bell (2004): i.e. interval, spatial cues, ordering and structural elements. For
example, from the validation experiment results it is suggested to include a spatial
attribute describing the interval between landscape component instances. As currently no spatial metric is directly available for implementation in the landscape
generator an interesting option is to investigate optimization of a multi-objective
function with spatial attributes at different resolutions in parallel or in sequence.
The multi-level metrics recently suggested by Berghauser Pont & Haupt (2005),
Vanderhaegen and Canters (2010) and Van de Voorde et al. (2009) in the context of description of intra-urban morphology may provide good starting points.
Lowry and Balling (2009) provides an example of an iterative manual multi-level
optimization process. The use of irregular (size and shape) raster cells as representation scheme should also be investigated.
An important step identified in the general process flow of multi-level plan
scenario construction (see figure 1.1), is the allocation and distribution of lot
typologies to the available lots, according to a zone program. As this can be seen
as another optimization problem, functionality of the landscape generator can be
extended to support the users on this level of construction, as well. An elementary
variable at this level is the possible adaptation of the lot geometries. In re-allotment
plan studies, an important instrument is that lots may be divided into multiple
new lots or merged from two (or more) separate and adjacent into one new lot.
On the one hand this feature provides more flexibility in reaching a solution, on
the other hand the optimization process becomes substantially more complex to
produce a plausible solution. In addition, the yet implemented spatial attributes
describing advanced shapes of landscape components are of less relevance at this
scale. At this level, the multi-objective function will be more adapted to be able
to optimize the amount, size and relative location of one or multiple economic
functions related to the proposed landscape typologies. Research should further
focus on integration with the currently available TRANSFER software of the Cadastre. A very interesting direction of research would be to extent the multi-agent
frameworks as devised by Ligtenberg et al. (2004) in order to model the possible
behavior of actors present in the re-allotment plan studies. The actors make and
prioritize claims on the future situation, a multi-agent model tries to optimize
the new situation based on these claims (and other proposed policy) and provides
a plan scenario up to the level of landscape components as developed with the
landscape generator. The results would provide insight into existing conflict space
and guide the process architect to focus on the most essential relationships in the
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process. Surely, produced landscape configurations and scenarios of the landscape
generator could also be used for public meetings and provide comprehensive visualizations about possible future situations. The landscape generator can be used
in any land-use modeling process which is applied at a lower resolution. The
results are often in rasters of 100x100m cells (e.g. Land Use Scanner (Hillferink
2009)). With an extensive library of landscape typologies, these results can be
translated into comprehensive visualizations of possible future scenarios. In this
way the results may also be better interpretable and feasible.
The implementation with the sequential update process of the multiobjective function, is most related to the fields of spatial grammars (e.g. Mayall & Hall 2005). In contrast to grammars, more objectivity is yet included in
the compilation process of the landscape generator, due to its direct connection
with objective description of patterns with spatial metrics. It would be optimal
if the landscape generator would automatically analyze the reference image of a
landscape typology for compositional and configurational characteristics, select
the most distinctive characteristics and translate the metric values of the typology into rules for the automatic compilation of the multi-objective function in
the landscape generator, in order to generate a plausible result. In the current
prototype state of the landscape generator, the modeler still needs to interact in
the compilation process with informed selections of spatial attributes, informed
specification of its target values and the order of optimization.
One of the most important steps for automatic compilation of the multiobjective function of the landscape generator to generate plausible results, is to
investigate which (and to what extent) shared dimensions are used by actors in
evaluating the plausibility of landscape configurations.
The developed representativeness test in combination with the identification of explicit dimensions, provides a robust instrument to extract the most
essential dimensions. Important in this respect is to distinguish between general
dimensions used in each plausibility evaluation, specific dimensions used, related
to a proposed typology, but independent of the local circumstances (allocation
site), and specific dimensions used that are solely related to local circumstances.
This distinction may provide direction in the automatic compilation and the
application of any prioritization scheme to the spatial attributes selected and parametrized in the multi-objective function. Besides the selection of spatial attributes, the determination of the function-specific (spatial attributes) target values
(λo ) and maximum deviation variables (Δo), and the mode and order of attribute
optimization should be directed based on this analysis. In this research some first
observations with respect to the specification of these input variables are listed.
However, in future research the variables require to be structurally analyzed for
their sensitivity and their influence on the plausibility of the landscape configura177
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tions.

Finally, the landscape generator is not adjusted for generation of infrastructure, while from the validation experiment and literature (Herold et al.
2005) it is clear that it plays a significant role in the perception of plausible landscape configurations. Furthermore, it is often considered a structuring principle.
Some network generating approaches have been developed and described in the
literature (Chen et al. 2008b, Koenig and Bauriedel 2009), mainly in procedural
modeling efforts, but may not be directly feasible for use with landscape typologies. The largest challenge in this respect is to generate an infrastructure which is
representative for the landscape typology but connects to the regional infrastructure. The simple method proposed in this research seems not fully appropriate,
as well as the cell-swapping technique used for the other landscape components.
Other techniques may be more appropriate.

7.3.2. Evaluation of generative method
The validation experiment is restricted to obtain insight whether the landscape generator is properly equipped and parametrized to produce representative
landscape configurations. Other relevant validation questions like whether the
landscape generator is used for its intended purpose, whether its visualization
format is useful or whether the model contributes to making better ‘solutions’
are not considered in this research. These questions could be assessed in future
research. However, the visualization format is least critical, as the landscape generator produces basic information at such a resolution, that with already existing
techniques (2D vectorisation and simplification, 3D object extrusion or object
replacement) different representations can be rendered.
Interpretation of the results of the design quality test is difficult, since the
computer-generated configurations are for a main part parametrized, based (and
thus correlated) on calculated metrics of the professional configurations. An alternative is to make the process of compilation of the multi-objective functions to
produce the landscape configurations completely independent of the professional
configurations. In that case it would however be hardly possible to distinguish
between the capabilities of the landscape generator to produce comparable configurations to professional ones with respect to design quality and the design capabilities of the modeler to produce plausible configurations with the landscape
generator, at all. The modeler has its own interpretation about the assignment
at hand, assuming he (or she) has enough experience and is representative to
select the correct metrics and translate the measured values for compilation of
the multi-objective function and that the person has enough experience to assess
the quality of any landscape configuration (or five) produced with the landscape
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generator. A possible solution to obtain any insight into this aspect is probably
to perform and analyze both methods, ideally in two separate but related experiments.
The validation experiment has for a main part proven to give useful results
about plausibility of landscape generator configurations and possible improvements, but can itself be improved as well. With respect to the experiment design,
it is advisable to provide a common set of designing materials (set of pencils) in
order to standardize and automate the process of conversion to images used in the
inquiry. In addition, efficient templates can be designed in order to better capture
design considerations of the professional designs.
In the current setup, full independency in results between the two implemented test types (design quality and representativeness test) is not guaranteed.
It is advisable to separate the assessments completely, as well as further improving
the tests in separate experiments.
The extraction of the dimensions of evaluation used by the respondents
needs further study. The clear distinction made in this research between implicit
and explicit dimensions of evaluation is important, although due to ergonomic
reasons only two of the five assignments in the experiment are assessed to identify
explicit dimensions. It is assumed that a generic set of important common dimensions can be identified for a variety of situations or at least for each landscape
typology, independent of local circumstances. The pre-defined list of possible
dimensions is now heavily related (and restricted) to the metrics available for the
landscape generator. The list may be extended and improved based on analysis
which criteria (dimensions) are relevant in the evaluation about the plausibility of landscape configurations. Again, it may be better to design a complete
independent test for this part, to obtain unambiguous described dimensions of
evaluation. A possible interesting alternative from literature is the artificial game
approach of Hatna and Benenson (2007). They used an artificial game environment and asked 30 students to construct a ‘city’ on the floor of a large room, with
each student using the same set of fifty-two building mock-ups. By comparing
game results with model patterns they revealed that the constructed set of rules is
sufficient for representing the dynamics of the majority of experimental patterns
generated by an algorithm. Although, the objective in this example research is on
development patterns of a city, the approach is an interesting alternative to infer
design considerations for the generation of landscape configurations. However,
the same ergonomic restrictions (costs in terms of time to setup and perform)
as in the validation experiment of current research apply here as well. Certainly,
when considering a variety of situations (different typologies allocated at different
locations).
Finally, the current uni-dimensional scaling process to obtain the scaled
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plausibility value may be improved to a multi-dimensional metric. Although
multiple dimensions are then investigated in relation, such multi-dimensional
processes are characterized by an increased amount of subjectivity.
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Appendix A: design quality test

In appendix A, the professional configurations and design considerations
and the computer-generated configurations and parametrization considerations,
for each of the three assignments of the design quality test are described. All
landscape configurations are shown in detail, including below each configuration, its rank position according the final mean plausibility score (ux). At last, a
comprehensive bar graph of the measured quantitative compositional properties
of the configurations is presented. The bars represent the area distribution of the
landscape component cover at the site. Further, it includes information on the
number of instances of important landscape components and as such the area per
instance. A horizontal dashed line over the entire graph, indicates the important
(minimum or maximum) requirements of the assignment.

A1. small business park
In figure A1.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure A1.2
displays for each configuration, the measured compositional properties of the
landscape components. The dashed line in this graph, indicated at 80% landscape
component cover, is related to the requirements of the assignment (see also table
4.1). The professional configurations, p1, p2 and p5 meet the requirements. The
other two configurations, p3 and p4, do not meet the requirements, as in p3 only
68% of the site is covered with built space and in p4 only one fifth of the site is
covered with built space.
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p1

7th - 52%

c1

8th - 31% *

p2

5th - 58%

c2

2nd - 69%

p3

1st - 75%

c3

4th - 60%

Figure A1.1a Assignment 1: sets of professional (p1-p3) and computer-generated (c1-c3) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)
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Figure A1.1b Assignment 1: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

Description of professional configurations
In the professional configurations, several explicit and important design
decisions are noted. In each of the configurations some symmetry or clear axis is
present, positioning the buildings. Configurations p1 and p5 have some relatively
larger elongated building instances, with a typical layout in p5 where one building almost completely enclose space at the site, but protects for noise flow in from
the outside. Hence, the number of building instances is smaller than in configuration p2 and p3, but similar to the number contained in p4. P4 has a relatively
simple layout, where the areas of the building instances is equally distributed and
similar to p2 and p3. Except for configuration p4, the main entrance of the park
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Figure A1.2 Assignment 1: bar graph with measured compositional properties of landscape components

is connected to the exit of the highway, northerly of the site. In p4, the entrance
is directed west of the site, connected to a regional road. The percentage cover
assigned to hard space is remarkably lowest in p4 and highest in p2. Vegetation
is mainly used as a noise protection barrier for the highway and as decoration,
where p3 is obviously the most expensive solution. This is made explicit by prestige infrastructure, a large area and the presence of comfort waterside-buildings
in the north.

Description of computer-generated configurations
The computer-generated equivalents have identical features and except for
configuration c4, all meet the requirements set in table 4.1. It is chosen to keep
this configuration comparable to p4. As notable from the graph in figure A1.2
the amount of landscape cover devoted for buildings, as the density of buildings
is chosen to be near identical to the professional configurations. In general, in
the compilation of the landscape generator, it is attempted to include the main
characteristics of the professional configurations, but if necessary with compensation in cover, to meet the requirements. For instance, the area cover of hard space
in configurations c2, c3 and c5 are considerably larger than their professional
counterparts.
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A major difference between configuration p1 and c1 is the orientation
and size of the three main buildings of the business park. As for all computer
configurations applies, the arrangement and shape of the buildings is neither
symmetrical nor along a clear axis. As an indirect consequence, no clear park
entrances are visible.
The tree strip around the entire site in p2, is located in a smaller amount
between the buildings in c2. The prestige ‘allée’ of p3 is not completely maintained in c3; it is replaced by a smaller organic tree strip. The tree cover present at
the northern waterside in p4 is substituted into grass in c4, while lawns present
in p5 are absent in c5, at the expense of more hard space.

A2. four park estates
In figure A2.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure A2.2
displays for each configuration, the measured compositional properties of the
landscape components.
The dashed lines in the graph, indicated at 20% and 80% landscape cover,
are related to the requirements of the assignment (see also table 4.1). Each of the
configurations meet these requirements. On purpose, designed local infrastructure is removed and converted into grass, except for the hard space of the building
block.

Description of professional configurations
In the professional configurations, again several explicit and important design decisions are noted. Both p1 and p2 are highly cross-symmetrical. The four
residential buildings in both configurations are located close to the center of the
site. The arrangement of components is almost symmetrical in shape and size in
both wind directions. One exception are the buildings in p1, where two of the
four buildings are twice as large as their counterparts. The buildings are considerably larger in these configurations than the other three configurations.
p3 is a layout inspired on natural principles, where p4 is a layout following the ‘dutch polder landscape’ concept. In this concept, water quantity is
controlled and extensive agriculture is one of the most common supportive land
uses. Both layouts contain buildings uniformly sized, each where two park estates
have an extra building. In p4, the building complex is located relatively close to
the outside infrastructure. The area of forest in both configurations is large (up to
40% cover), functioning as natural barriers for ecological and privacy purposes.
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c3
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Figure A2.1a Assignment 2: sets of professional (p1-p3) and computer-generated (c1-c3) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)
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Figure A2.1b Assignment 2: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

the building block.
The main differences between the professional and computer-generated
configurations are the lack of clear symmetry or main axis and the more geometric shapes of the forest and water components in the latter. Especially the more
advanced layouts of p3 and p4 are difficult to generate. Two examples are the
complex network structure of field drains in p3 and the coarse forest texture in
north-western direction in p4.
The southern drain in p5 is switched to the northern part in c5, while the
four extra non-residential buildings are omitted. As a final note, unfortunately
the modeled buildings in configuration p5 obtained the dark green color of forests in the survey. However, the results give no reason to believe that the respon201
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Figure A2.2 Assignment 2: bar graph with measured compositional properties of landscape components

dents paid much attention to this visualization artefact.

A3. greenhouses
In figure A3.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure A3.2
displays for each configuration, the measured compositional properties of the
landscape components. Except for configuration p3 and c3, all configurations
meet the requirements of the assignment (see also table 4.1). On purpose, designed local infrastructure is removed and converted into grass, except for the
hard space of the building block.

Description of professional configurations
Also here, some explicit and important design decisions in the professional
configurations are noted. Three of the five configurations are highly symmetrical
along the longest side of the site: p1, p2 and p4.
With an exception of p5, residential buildings are located close to the main
road, as is typical for the whole study area. Configuration p1, p2 and p4 accom202
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Figure A3.1a Assignment 3: sets of professional (p1-p3) and computer-generated (c1-c3) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)
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Figure A3.1b Assignment 3: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

one.
p1 and p5 contain only one greenhouse, with two greenhouses for the
other ones. In p1, p2, and p4 the greenhouses are positioned remote from the
road. The configurations with two greenhouses are suitable for two owners. Configuration p3 has two greenhouses, where one is twice the size of the other. In p2
and p4 the sizes are more uniformly distributed. p1 has the smallest single greenhouse footprint (below 40% of the entire site), where p5 has the largest (around
50% site cover).
The density and shapes of the water bases are very dissimilar between configurations. In p1 it is canalized around the perimeter of the greenhouses. In p2
and p4 three geometric and smaller water bases are allocated. Configuration p5
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Figure A3.2 Assignment 3: bar graph with measured compositional properties of landscape components

contains only one small water base. These water bases are an important component in the advanced production process cycle of the greenhouses. Configuration
p3 lacks water bases and contain forest bushes instead.

Description of computer-generated configurations
The computer-generated configurations have identical features and except
for configuration c3, all meet the requirements set in table 4.1. It is chosen to keep
configuration c3 comparable to p3. As shown in figure A3.2, the size, amount
and shape of the buildings is strictly maintained. The amount of greenhouses is
maintained, unlike the sizes and shapes of the instances. In addition, it is chosen
to vary some more in amount and sizes of the water bases.
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In appendix B, the professional configurations and design considerations
and the computer-generated configurations and parametrization considerations,
for each of the three assignments of the representativeness test are described. All
landscape configurations are shown in detail, including below each configuration, its rank position according the final mean plausibility score (ux). At last, a
comprehensive bar graph of the measured quantitative compositional properties
of the configurations is presented. The bars represent the area distribution of the
landscape component cover at the site. Further, it includes information on the
number of instances of important landscape components and as such the area per
instance.

B1. wet terrestric nature area
In figure B1.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure B1.2
displays for each configuration, the measured compositional properties of the
landscape components. Only one bar is provided for the set of computer-generated configurations, since their parametrization is identical.

Description of professional configurations
Starting with the professional configurations, the number, total area and
shapes of the components in p1 and p2 are numerically most distinct from the
reference image. The total area for both forest and water in p1 and p2 is larger
than in the reference image, at the expense of a substantial smaller grass area. The
amount of instances of these components are much lower than in the reference.
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Figure B1.1a Assignment 4: sets of professional (p1-p3) and computer-generated (c1-c3) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)
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Figure B1.1b Assignment 4: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

The configurations are from one designer, who decided to use geometric forms to
represent the organic forms in the reference image.
The water cover in the other three configurations is larger than in the
reference. The amount of water and forest instances in p3 and p4 is equal to the
reference, in p5 less water instances are used. In contrast to p1 and p2, the natural
and irregular forms of the reference image are identifiable in these configurations
as well.
In each of the configurations the majority of the open water is protected
from the northern motorway through forest bushes. The designer of both p3 and
p4 chose to incorporate some small view openings from the motorway. In this
way, in p4, a more open landscape is experienced from the motorway. The de209
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Figure B1.2 Assignment 4: bar graph with measured compositional properties of landscape components

signer of p3 and p4 further incorporated tree cover up to the waterside and grass
islands within the water bodies for animal (e.g. birds) resting and nesting areas.

Description of computer-generated configurations
The component instances are parameterized following the general prescription (as described in box 4.2). However, the number and (relative) areas of
the forest instances is identical to the reference image, as can be seen in the bar
graph of figure B1.2. The total perimeter (adjusted for the site size) of the forest
component is set. No further shape objective functions are used. This means that
the forest component instances deviate to some extent to the ones of the reference
image.
In contrast, only the number of water component instances is similar as
in the reference image. The relative areas correspond within margins (plus or
minus 2%) to the reference. As a consequence, several water bodies of 1 pixel in
size are generated. Like for the forest the (adjusted) total perimeter is set and no
further shape objective functions are used. The (relative) locations of any of the
landscape components is not further considered in the generation process. the
building block.
The main differences between the professional and computer-generated
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configurations are the lack of clear symmetry or main axis and the more geometric shapes of the forest and water components in the latter. Especially the more
advanced layouts of p3 and p4 are difficult to generate. Two examples are the
complex network structure of field drains in p3 and the coarse forest texture in
north-western direction in p4.
The southern drain in p5 is switched to the northern part in c5, while the
four extra non-residential buildings are omitted.

B2. a climate-robust low-rise residential area
In figure B2.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure B2.2
displays for each configuration, the measured compositional properties of the
landscape components. Only one bar is provided for the set of computer-generated configurations, since their parametrization is identical.

Description of professional configurations
Except for configuration p2, the professional configurations have less space
devoted to buildings compared to the reference image. The amount, size and
shapes of the buildings of p2 are most distinct from the reference image. Configuration p3 and p4 have slightly smaller buildings than the reference image.
The designer of p1 chose not to build (water)houses directly on the bank of the
river; the buildings are more positioned proximate to the adjacent outside road.
Notably, none of the configurations contain individual trees, although these are
present in the reference image. Unlike the other configurations which have less
water cover than the reference, p3 and p4 contain some more water cover. The
water body designed in configuration p2 is the most distinct in form; the water
body is irregular shaped with a meandering flow. The shapes of the other configurations are more similar to the reference image, being more linear and geometric
in shape. Unlike in configurations p1 and p5, the water bodies are not visibly
connected to the adjacent river outside.

Description of computer-generated configurations
The component instances are parameterized following the general prescription (described in box 4.2). The site is larger than the total area in the reference
image. Hence, the buildings are not simply re-scaled in size, but are re-scaled in
total amount. Furthermore, in the re-scaling process, the size order distribution
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Figure B2.1a Assignment 5: sets of professional (p1-p3) and computer-generated (c1-c3) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)
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Figure B2.1b Assignment 5: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

of the buildings as in the reference is maintained. The total perimeter (adjusted
for the site size) is set. As a result the building component instances deviate to a
small extent in shape to the ones of the reference image. The larger the building,
the larger this deviation.
The water component is set in a less strict sense. The water component
is re-scaled in size, so the amount of instances, the percentage of cover for each
water body, as the order of the instances and its individual characteristics is equal
to the reference. The relative position of the largest water body is included in
parametrization by the objective function, that more than 80% of its border cells
is adjacent to a building.
Finally, the amount and size of tree component instances is equal to the
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reference image.

B3. green villa district
In figure B3.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure B3.2
displays for each configuration, the measured compositional properties of the
landscape components. Only one bar is provided for the set of computer-generated configurations, since their parametrization is identical. Configuration p3 and
p4 are identical, but are later analyzed in a separate manner.

Description of professional configurations
The presence and the shape of local infrastructure in this assignment results
in a range of configurations that are highly similar in numerical characteristics.
Configuration p2-p4 have pre-defined identical local infrastructure. P1 and p5
are examples of configurations with a local infrastructure defined by the professional. The percentage of landscape of infrastructure in all but configuration p5 is
lower than in the reference image. P5 has a comparable percentage of landscape
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Figure B3.1a Assignment 7: sets of professional (p1-p3) and computer-generated (c1-c3) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)
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Figure B3.1b Assignment 7: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

dedicated to infrastructure.
The curvilinear shape of the local infrastructure in p1 largely diverge from
the others and the reference image. Configuration p5 contains a strongly similar
street pattern as in the reference with three individual connections.
In each of the configurations, the buildings are regularly sized and are connected to some open garden, without particularly distinguishing between frontand backyard. In p1, p2 and p5 a slight increase with respect to the reference in
percentage of landscape for grass is noticed. Further, with the exception of p1, the
buildings are spaced on a more-or less equal distance from the local infrastructure
and between each other (interval). This interval ensures a well distributed pattern
of properties across the entire site.
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Figure B3.2 Assignment 7: bar graph with measured compositional properties of landscape components

Description of computer-generated configurations
The component instances are parameterized following the general prescription (described in box 4.2).
As with the professional configurations, three computer-generated configurations (c3-c5) have pre-defined identical local infrastructure. All configurations
are further numerically highly similar with the reference image. Configurations
c1 and c2 deviate only tenths of percents in area allocated for infrastructure.
This local infrastructure is produced with a special procedure described in section
4.4.3.
The buildings are re-scaled in number of instances and ordered and generated according the reference image. The total perimeter is set, which in this case
means that the building component instances deviate to a small extent in shape to
the ones of the reference image. The larger the building, the larger the deviation.
Grass is re-scaled in size for all configurations. The amount of grass gardens
equals the reference, while individual grass patches have a small deviation (+-2%)
in size. Total perimeter (adjusted for the site size) is set. A last restriction is that
at least 35% of the perimeter of each grass component instance neighbours a
building instance.
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B4. maize farmland with hedgerows
In figure B4.1 the five professional (left: p1-p5) and the five computergenerated configurations (right: c1-c5) are shown in one image. Each configuration is ranked according the calculated mean plausibility score ux. Figure B4.2
displays for each configuration, the measured compositional properties of the
landscape components. Only one bar is provided for the set of computer-generated configurations, since their parametrization is identical.

Description of professional configurations
Numerically, configuration p1 deviates most from the reference image.
In both configurations, p3 and p4, the total area of buildings is twice as small
as the reference. In other configurations, total area of buildings is only a fraction
smaller than the reference. In each configuration, the area allocated to hard space
is larger than the reference, from two times as large in p1, to three times as large
in p3 and p5.
The forest component is the only component that deviates in the number
of instances from the reference. In configuration p1 and p2 the number is considerably lower than the reference. The total area of forest is in each configuration
larger than the reference, where the value for p5 is most similar to the reference.
The shapes of the components are all simple and geometric. The typical
linear shapes of the forest component (hedgerows) cause visual attention. In p3
and p5, as in the reference, all hedgerows are positioned along the border of the
site or as planting in the yard , resulting in larger more efficient maize production
units and functioning as windbreak. In contrast, in the other configurations the
hedgerows are located in parallel with the site main orientation (southeastwards),
mainly across the maize area.
In four cases the position of the complex of buildings is about halfway and
touching the northeastern border of the site, while in configuration p2 the position is more to the site centre, closer to the main road outside.

Description of computer-generated configurations
The component instances are parameterized following the general prescription (described in box 4.2). However, the total area of the buildings and
forest component (hedgerows) are not re-scaled to site dimensions. The touching
objective function is imposed on the hedgerows following the reference. The two
smallest hedgerows touches the hard space for at least 30% of their individual
area. One other touches the maize for at most 70% of its area, resulting in a loca218

Appendix B: representativeness test

p1

4th - 65%

c1

6th - 43% *

p2

5th - 55%

c2

6th - 43% *

p3

1st - 76%

c3

8th - 33% *
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plausibility score under 50%)
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Figure B4.1b Assignment 8: sets of professional (p4-p5) and computer-generated (c4-c5) configurations with rank position according the calculated mean plausibility score (* indicates a mean
plausibility score under 50%)

tion somewhere at a border of the site. The shape of these three hedgerows is further only influenced by the set individual perimeter, and are therefore a-typical.
The two remaining and largest hedgerows are not further restricted in location
and occur across the maize area, but the characteristic linear shape is fully maintained using the AspectRatio objective function.
Buildings are positioned only relative to the hard space. One building
touches the hard space for at least 95% of its individual area, a second building
for at least 62% and a third building for at least 57%. The building complex is
in three configurations situated in the middle of the site, closer to the main road
outside. In the other two configurations (c3 and c5) the complex is positioned at
a larger distance from the main road.
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Samenvatting (Dutch summary)

LANDSCAPE GENERATOR
Methode voor het genereren van plausibele landschapsconfiguraties voor participatieve ruimtelijke planvorming
Hedendaagse regionale ruimtelijke planvorming in Nederland is een complex proces, waarin meerdere actoren, met verschillende mate van nieuwsgierigheid
en belangen, proberen een coherente en uitgebreide set van toekomstige planscenario’s te ontwikkelen. De laatste decennia zijn vele pogingen ondernomen om
het ontwikkelen van planscenario’s middels digitale systemen te ondersteunen,
waarbij met name veel aandacht is besteed aan de analytische mogelijkheden van
computer technologie. Minder aandacht is er geweest voor de ontwikkeling van
intuïtieve digitale schets en ontwerp-instrumenten en methoden, om het interactieve proces van grootschalig collaboratieve meerlaags planontwerp te ondersteunen, waarbij gebruik wordt gemaakt van het visualiseren en modelleren van
veelomvattende landschapsscenario’s, helemaal tot aan het detailniveau van kadastrale kavel-inrichting. De belangrijkste doelstelling van dit onderzoek is dan
ook het ontwikkelen en evalueren van een methode, dat plausibele landschapsconfiguraties genereert door gebruik te maken van door gebruikers aangemaakte
en voorgestelde landschapstypologiën, als digitaal ondersteuningsinstrument
voor participatieve ruimtelijke planvorming.
De ontwikkelde methode (verder landschapsgenerator genoemd) is gebaseerd op een heuristisch multi-objective optimalisatie aanpak. In deze aanpak
wordt een alles omvattende objective functie opeenvolgend ge-updated en geoptimaliseerd voor een realistische twee-dimensionale kadastrale kavelgeometrie.
Deze functie wordt gecompileerd vanuit een set van enkelvoudige objective functies, die zijn gebaseerd op ruimtelijke maten (bijv. aantal, grootte en vorm). Het
generieke referentieplaatje van de voorgestelde toekomstige ruimtelijke ontwik223
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keling (landschapstypologie) wordt beschreven middels ruimtelijke maten die
vervolgens het compilatie proces sturen. Theoretisch gezien, kan dit compilatieproces objectief en ge-automatiseerd verlopen, maar in de huidige staat van de
methode vereist het compilatie-proces nog interactie met de modelleur. De landschapsgenerator is succesvol geïmplementeerd en is in staat om een reeks aan
landschapsconfiguraties voor verschillende locaties te produceren.
De plausibiliteit van de resultaten van de landschapsgenerator is ge-evalueerd voor acht verschillende situaties, gebruikmakend van een uitgebreide via
internet ontsloten validatie experiment. Het experiment is uitgevoerd door 60
professionele respondenten, welke gevraagd zijn om voor elke situatie te beoordelen, op welke manier, vijf willekeurig geselecteerde landschapsconfiguraties, kunnen worden ge-ordend op een schaal van meest plausibel tot minst plausibel. De
groep met respondenten is niet ge-informeerd over verschillen in het productieproces van elke landschapsconfiguratie. De landschapsconfiguraties zijn namelijk
‘geproduceerd’ door professionele landschapsontwerpers of door de landschapsgenerator. Als laatste onderdeel in het experiment, worden de respondenten
gevraagd om voor twee eerder gepresenteerde situaties, vijf voorgedefinieerde
evaluatie-dimensies te kiezen die zij hebben gebruikt bij hun ordening van de
configuraties. In de analyse van deze dimensies wordt vervolgens het onderscheid
gemaakt tussen deze expliciete evaluatie-dimensies en mogelijke impliciet aanwezige evaluatie-dimensies. De impliciet aanwezig dimensies kunnen worden geidentificeerd door lineaire regressie-analyse met de waarden van de enkelvoudige
ruimtelijke maten van de landschapsconfiguraties als verklarende variabelen.
Met de uitkomsten van het experiment kan worden geconcludeerd dat,
voor een verscheidenheid aan situaties (landschapstypologiën en locaties), de
landschapsgenerator moeilijkheden ondervindt om volledige sets van landschapsconfiguraties te produceren van vergelijkbare ontwerpkwaliteit en representativiteit als professionele ontwerpen. Desalniettemin bevatten de gegenereerde landschapsconfiguraties diverse landschapscomponenten met plausibele ruimtelijke
eigenschappen (bijv. grootte, aantal, vorm en nabijheid). In het algemeen ontbreekt in de landschapsconfiguraties plausibele landschapsstructuur principes, die
zo kenmerkend zijn voor professionele configuraties. De resultaten geven verder
handvatten voor het verbeteren van de landschapsgenerator. Overige belangrijke
aanbevelingen van dit onderzoek zijn gerelateerd aan: 1) het aanpassen van de
huidige heuristische aanpak door het combineren van verschillende bestaande
heuristische benaderingen als ‘simulated annealing’ en ‘evolutionary algorithms’
met als doel snelheidswinst en het verbeteren van het mechanisme in de huidige
methode om lokale valkuilen bij optimalisatie te ontwijken; 2) het uitwerken en
ontwikkelen van methodes om infrastructuur te genereren en 3) het verhogen
van de effectiviteit en betrouwbaarheid van het validatie experiment.
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LANDSCAPE GENERATOR
Method to generate plausible landscape configurations for
participatory spatial plan-making
Contemporary regional spatial plan-making in the Netherlands is characterized as a complex process wherein multiple actors, with different levels of
interests and demands, try to commonly develop a coherent and comprehensive
set of future plan scenarios. The construction of the set of spatial plan scenarios
is the core activity of each regional spatial planning process and is often unique
and tailored to the specific context and policy objectives formulated for a plan
area. Modern collaborative scenario construction is complex due to a variety of
participating actors, as public planners, domain experts and non-experts as interest groups and landowners. The level of participation of the non-expert group
varies from process to process, but for effective spatial scenarios it is important to
ergonomically construct, surprising and plausible scenarios with vivid, proximate
and concrete content.
The last decades, many attempts have been undertaken to support plan
scenario development with digital systems, with strong emphasis on the analytical capabilities of computers. Little attention, however is given to the development of intuitive sketch and design tools and methods, that support the interactive process of large-scale collaborative multi-level plan design, by visualizing and
modeling comprehensive landscape scenarios down to the level of cadastral lots.
Therefore, the main objective of this research is to develop and evaluate a method,
that generates plausible landscape configurations by using user-defined landscape
typologies, as a digital support tool for participatory spatial plan-making.
To enable the effective design and modeling of vivid and plausible future
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spatial scenarios, there is a need for a method which supports the two main steps
of plan scenario construction in Simlandscape. Simlandscape introduces a rich
set of instruments and procedures in order to construct a diverse and coherent
scenario set that supports communication and social learning and that facilitate a
better informed decision-making process. The central notion in Simlandscape is
that actual transformation of the landscape takes place at the ownership lot level.
Through construction of strategic spatial scenarios down to the level of individual
or clustered lots, comprehensive qualitative and quantitative evaluation becomes
possible. Design instruments are proposed, that are intuitive in supporting the
funneling creative design process from abstract and general sketches to specific
and detailed economic function allocation and landscape layout modeling. The
latter activity is supported by the definition and allocation of landscape lot typologies with (non-spatial) attributes.
The first step in plan scenario construction in Simlandscape consists of
the distribution and allocation of landscape lot typologies to lot geometries. This
step poses a complex problem, which can be manually as well as automatically
be solved, but is not the core of this research. The second step, assumes that a
landscape lot typology is allocated to a lot geometry, and contains generation of
a plausible landscape configuration, based on the attributes of the landscape lot
typology. This step can also be done manually, but is very time-consuming for a
total plan area involved. Therefore, automatic generation of a plausible landscape
configuration, based on the properties of the allocated landscape lot typology is
important and central subject in this research. The automatic generation of landscape configuration is part of the research field called ‘generative modeling’.
In chapter 2, the most of the established existing generative approaches in
generative landscape modeling are reviewed for their applicability and relevance
as the base for the method to generate plausible landscape configurations from
landscape lot typologies. In spatial planning literature, four important more or
less distinct fields of research are identified which offer directly or indirectly approaches for developing a generative method: 1) procedural modeling, 2) spatial
multi-objective optimization modeling, 3) cellular automata and 4) multi-agent
systems. The approaches to generate landscape configurations provide several
points of departure. Unfortunately, none of the current approaches is directly
applicable for the addressed objective in this research. Procedural modeling techniques as shape or landscape grammars are able to produce, or support the creation of detailed, appealing and realistic landscape visualizations. Due to this
level of detail of modeling, the process of inference to identify relevant objects
and mutual relations in reality, is complex due to the large number of objects and
relations to be modeled. Moreover, the ambiguous character of the relations between objects provides large difficulties in identifying objective and generic rules.
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Spatial multi-objective optimization modeling in spatial planning problems, as
linear integer programming, genetic algorithms and simulated annealing, have a
strong theoretical base and are applied frequently in spatial planning literature to
provide ‘the most favourable’ landscape and plan layout in terms of minimal development costs. More recently, also general spatial shape objectives are included
in the multi-objective functions devised. The research objectives in these studies
however, are often restricted to a level of layout planning which is less detailed
than the objective stated in this research. A direct consequence is that shape objectives are in general terms of compactness and solely defined at the land-use
class level. Furthermore, the number of land-uses to be allocated and the site to
be modelled is kept relatively small. These features are enough to provide a proof
of principle, but not to deal with realistic planning challenges. Cellular automata
and multi-agent systems provide robust frameworks to realistically model subject
and object interactions in space and time. However, the non-deterministic behavior and outcomes of the model runs make them less suitable to generate plausible
landscape configurations as defined in this research.
Chapter 3 describes the (development of the) landscape generator, that is
compatible with the regional plan scenario development approach identified in
Simlandscape. The landscape generator uses landscape types as building blocks
of plan scenarios. A landscape typology describes a proposed future spatial development and contains spatial and (non)spatial (descriptive) attributes. A 2D
reference image indirectly provides objective compositional and configurational
characteristics of the proposed development. In essence, users allocate a landscape
typology to a cadastral lot typology and based on this information, the landscape generator produces a comprehensive landscape configuration. The landscape generator is developed as a multi-objective heuristic optimization modeling
approach. In this approach a sequentially updated multi-objective function is
optimized for a two-dimensional allocation site. It is assumed that the site is homogeneous in physical characteristics (e.g. height, soil etc.). The multi-objective
function is compiled from an available library of single spatial attributes. These
spatial attributes and their target values are retrieved from the compositional
and configurational characteristics present in the reference image of the landscape typology. Examples from the available spatial attributes are the number
of landscape component instances, the relative size of each component or each
component instance, compactness and shape of component instances and direct
adjacency between two different landscape components. In a hypothetical case
study, the capabilities and behavior of the landscape generator are demonstrated.
In the case study, the landscape generator generates a variety of landscape configurations for a hypothetical allocation site (20x20 cells) and a rural forest estate
as allocated landscape typology. The reference image of the rural forest estate pro227
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vides detailed information for the compilation of the multi-objective function.
The landscape generator contains probabilistic elements (e.g. random starting
situation, near-random cell swap), which results in different output, each time
it is run with identical input settings. The landscape generator is capable of producing a range of landscape configurations for a variety of situations. A unique
situation is defined by the allocation of one landscape typology to one allocation
site. Theoretically, since the method is based on the objective measurement of
spatial characteristics present in a reference image, each user-defined typology can
be used for a selected allocation site. The landscape typologies cannot be allocated
to every imaginable dimensioned allocation site, but are bounded by the spatial
extent which specifies a valid spatial extent.
At the heart of the method lies the compilation of the multi-objective
function. Ideally, this compilation can be executed completely objectively and
without user-interaction, as the reference image of the landscape typology provides the required information. In the current prototype version of the landscape
generator, however, the compilation process is partly (and in advance) controlled
by the modeler. The modeler needs to specify which of the available spatial attributes to include, in which sequence to optimize them and what attribute target
values to specify. Surely, the modeler is informed by statistics calculated for the
reference image. An important task is to define consistent guidelines for the compilation of the multi-objective function from each landscape typology, irrespective of the properties of a valid allocation site. In this research, the modeler has
been able to define specific guidelines for each landscape typology. In the current
state of the method, a continuous assessment, through iterative testing, needs
to be made by the modeler, about which compilation is sufficient in producing plausible configurations and which compilation process produces solutions
within reasonable computation times.
In chapter 4, a method is presented to obtain insight in the usability of the
landscape generator. The produced landscape configurations are extensively evaluated in an extensive internet-based validation experiment. For a broad variety
of different situations, landscape configurations are generated by the landscape
generator for realistically dimensioned and enclosed sites. The configurations are
compared with professional hand-drawn configurations, by a large group of planning professionals. The subjects are provided an interactive, user-friendly webbased inquiry, in which they are requested to (graphically) rank order a random
selection out of a total set of landscape configurations (hand-made or computergenerated), from ‘most to least plausible’. The population is not informed about
the difference in production process of each landscape configuration. In the experiment a distinction is made between subjective and objective plausibility, representing design quality aspects and representativeness of the landscape typology
228

Summary
respectively. Eight different situations (three subjective and five objective) are
assessed by the group of respondents and analyzed with a modified version of
an approved statistical method, known as ‘the law of comparative judgement’.
In addition, to indicate points of interest for further improvements of the methodology, implicit and explicit dimensions of evaluation used by the respondents
for each of the objective assessments are identified. The implicit dimensions are
identified using linear regression analysis, with single spatial metric properties
of the configurations as explanatory variables. To identify explicit dimensions of
evaluation the respondents are asked for two of the earlier presented situations,
to select five pre-defined used dimensions of evaluation. The current experiment
setup provides a robust method as well as reliable results about the capability of
the landscape generator to produce plausible landscape configurations. With its
modern interactive web interface, its well-balanced data scheme (randomness,
several situations) and the use of approved statistical methods, the experiment
finds a balance between maximum effective information retrieval and an acceptable level of user workload.
In chapter 5, the results of the validation experiment are presented and
in chapter 6 these results are analyzed. For each of the three assignments of the
design quality test, it is concluded that the whole set of computer-generated configurations is not of comparable design quality as the whole set of professional
configurations. Several individual computer-generated landscape configurations
have comparable design quality as the professional configurations. The landscape
generator is able to produce configurations with landscape components which
are with respect to its individual area, shape and relative adjacency plausible. The
overall structure is, however, often perceived as near-random. In some situations
this is regarded plausible, while in other situations it is regarded implausible. The
results of the four analyzed assignments of the representativeness test show a more
favorable view on the capabilities of the landscape generator. In half of the cases,
the whole set of computer-generated configurations are considered comparable in
representativeness to professional configurations. In the other half, several individual computer-generated are considered of comparable representativeness. The
representativeness test is most important in plausibility validation of the landscape generator, as the primary objective of the research implies that each actor
(with different levels of design experience) should be able to provide her development idea (described in the landscape typology) as a comprehensive visualization
in an integrated plan scenario. In the initial planning phases of application of
the landscape generator, it is more important to obtain a first impression of the
impacts (visual and analytical) of a plan scenario than a completely well-modeled
and calculated landscape design. Possible non-professional design choices in a
landscape typology can be reflected in the generated landscape configurations.
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Analysis to dimensions of evaluation gives insight into possible explanations for
the plausibility ordering of the subjects.A distinction is made between explicit
and implicit dimensions of evaluation. Explicit dimensions are directly assembled
in the experiment and provide perceived dimensions of evaluations. The implicit
dimensions, identified with linear regression analysis are however uncertain in
its reliability and ideally should be assembled in relation to explicit dimensions.
Results of the linear regression analysis can direct future research with different
approaches. First, the attribute target values in the current compilation can be
re-specified. Second, non-used but available spatial attributes can be added to the
multi-objective function. Third, new spatial attributes may be developed to be included in the optimization process. In light of the main objective in this research,
it is important to define consistent guidelines for generating landscape typologies
for different situations. In this research, a start is made to identify important
choices with respect to the minimal selection of spatial attributes, the influence
of its sequence and feasible attribute target value specification.
The experiment results further provide detailed directions for improvements of the landscape generator. Other recommendations put forward in this
research are related to: 1) the modification of the current heuristic approach (for
performance improvement and local trapping avoidance purposes) by hybridization with existing heuristic approaches as simulated annealing and evolutionary
algorithms, 2) full-automatic translation from the main characteristics of a landscape typology into the compilation of the multi-objective optimization function;
this translation should be as generic as possible and the resulting configurations
should be thoroughly validated for plausibility for a variety of possible representative situations (i.e. combination of proposed landscape typology with typical
influential allocation site characteristics), 3) extending, if possible, the current
library of available spatial attributes with functions that describe more overall
organizational properties of landscape typologies or investigation of (parallel or
sequential) optimization at different scale levels, 4) the inclusion or extension
with representative infrastructure generation and 5) the increase in the effectiveness of the validation experiment by standardizing the acquisition of professional
configurations (e.g. designing materials, formats and conditions and automation
of conversion to images used in the inquiry) and 6) increase in the reliability of
the validation experiment by separating the different parts of the experiment according prioritisation of experiment objectives.
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PSA			
PSS			
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Lindenmayer system
meter
Multi-Agent System
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Perimeter-Area Ratio
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