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In the late 1960s, Torsten Hagerstrand introducée@ tonceptual framework of time
geography which can be deemed an elegant toolrfalyaing individual movement in space
and time. About a decade later, the auspicious-tie@graphic research has gradually lost
favour, mainly due to the unavailability of robugtocomputational tools and the lack of
georeferenced individual-level travel data. It wady from the early 1990s that new GIS-
based research gave evidence of resurgence in @opubf the field. From that time on,
several researchers have steadily been publishior &t the intersection of time geography,
disaggregate travel modeling, and Gl-science. Taper reviews the most important time-
geographic contributions. From this exercise, sqmnevailing research gaps are deduced
and a way to deal with these gaps is presentedopdriicular, we focus on space-time
accessibility measures, geovisualisation of agtiyatterns, human extensibility and fuzzy
space-time prisms in relation to CAD.

Keywor ds. time geography, individual accessibility, acyvatterns, CAD, GIS.

1. Introduction

Originally rooted from the domain of human geographthe late 1960s, time geography is
deemed a productive perspective from which to asatyuman movement through time and
space. The pioneering work of Hagerstrand (1961Quates the finitudes of space and time
and highlights the necessary (but not sufficientjditions for human interaction (Pred, 1977,
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Burns, 1979). Hence, the focus of Hagerstrand’skwsron various kinds of constraints
restricting human movement, rather than on the anp&psychological and cultural factors
on travel behaviour. Although tremendously simptecomposition, the time-geographic
framework has inspired a great deal of researcireranalytical studies of space-time
behaviour (Pred, 1977; Timmermans et al., 2002)panticular, the approach has been
fruitful for the analysis of human travel possitids at a microscopic level and has led to a
rethinking of accessibility expressed by a methodiglal shift from a place-based to a
people-based approach to assess accessibilityp{Eeeand Kwan (2005) and Miller (2005a)
for a discussion of this topic). Since the avallgbof robust GIS-tools and travel diary data,
we have witnessed a growing body of research wiéshsought to implement the space-time
constructs as an analytical method. To this purpgeespatial technologies - in this paper,
the focus is on geographical information systemiSY@nd computer aided design (CAD) -
yield powerful tools for the analysis of individumhvel behaviour. Unremitting progress in
GIS is proved to be effective for geovisualizatiparposes (e.g., Kwan, 2000; 2002),
network-related geocomputations of travel possiédi (e.g., Miller, 1991; Wu and Miller,
2002) and appraising accessibility (e.g., MilleQ9%). CAD-systems are, among other
application fields, mainly used in the field of itiengineering, electronic design automation,
manufacturing process planning, (landscape) awuthite, development of software
applications, and cartography. Such systems arabtapgo render a large amount of data
visible in a three-dimensional (3D) dynamic envir@ant and are provided with Boolean and
editing operators which can be used to create sfg@eeconstructions. Surprisingly, the use
of CAD-based methods has received only scant aiteirt the realm of time geography.

This paper is motivated by the belief that CAD-seys$ could entail new opportunities for
time-geographic research for both geovisualisatiod geocomputation. This belief stems
from a critical review of some issues of the cutreanplementations of time-geographic
research that focus on an operationalisation oferigand’s constructs, including, more
specifically, the determination of so-called sp#oee accessibility measures, the
representation of individual travel possibilitiesa space-time aquarium, and the expansion
of time geography to incorporate modern commurocatechnologies. It also stems from the
new potential for the analysis and geovisualizatbtravel patterns in space and time using
CAD.

The paper is structured as follows. In section @ briefly outline the basic time- geographic
toolbox in order to understand and evaluate impfeat®ns based on the constructs of time
geography further on in the paper. Section 3 pewidn overview of existing GIS-based
methods which have significantly contributed to stedy of time geography. Section 4 seeks
to extend the current framework. In subsection &, explore the capabilities of CAD-
systems with respect to the field of disaggregateel modeling. Subsection 4.2 shows how
vague statements can be dealt with in time geograpkearch by introducing fuzzy space-
time prisms. We conclude with a brief summary.

2. Background: some basic notions of time geography

From a visualization perspective, the quintess@ft¢ane geography is the construction of a
space-time aquarium to depict the allocation inetiamd space of human activities, social
interactions, and movement. The representationhiciwtime is integrated orthogonally to a
flattened topography simulates a clear (visuahkimig about human behaviour, accessibility,
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and geospatial patterns. The visualization alsersffa neatly arranged view on spatio-
temporal data sets (Kraak, 2003).

Time geographic research utilizes the key concépgh® space-time prism, which reflects
individual travel possibilities given a set of ctamts. Hagerstrand (1970) recognizes three
types of constraints which mould the shape of dividual's space-time prism: (i) Capability
constraints are linked to an individual's physiotad necessities such as eating or sleeping;
(i) Coupling constraints restrict travel by impogi where, when, and for how long
individuals have to join other people, tools, ortemials in space and time; (iii) Authority or
‘steering’ constraints relate to the institutionahtext, and refer to laws and other regulations
which imply that specific areas are only accessdilspecific times for specific people to
conduct specific activities.

In practice, these three constraints must be seemtarrelated rather than additive, and
manifest themselves by dictating the space-timeh@angoints between which activities
undertaken to achieve predetermined goals (i.ejegtis) can take place (Carlstein et al.,
1978). The amount of time available for travel autivity participation is termed the time
budget. The prism which can be created betweenswazessive mandatory activities is
called a discretionary prism. In fact, a space-tiptesm gathers all space-time paths an
individual might have drawn during a specific tirnedget and delimits the feasible set of
opportunities within a person’s reach (Dijst andldkovic, 2000). The faster an individual
travels, the more sloped the path segment wilBpace-time stations, usually conceptualized
as vertical tubes, are fixed locations at whichesalvspace-time paths tend to converge to
form an activity bundle. A potential path area (FRAn additionally be defined as the
projection of a space-time prism to the geographitane (Miller, 1991). In figure 1, the
basic notions (path, prism, and PPA) are depicted3D reference frame.

_Destination

Time budget

Figure 1. Time geographical concepts: space-timi pspace-time prism, and potential path
area.

3. Analysing human activity patterns. existing time-geographic
contributions

The first noteworthy implementation of time-geodrapconstructs goes back to the late
1970s, viz to Lenntorp’'s PESASP model (Programmall&ting the Set of Alternative
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Sample Paths). PESASP (Lenntorp, 1978) constitatesonstraint-based model which
evaluates to what extent the spatio-temporal enmient is facilitating the performance of
activity programmes. Given an extensive, manuabljected data set on the individual and
environmental constraints (e.g. residence-workplpags, locations of stations and their
opening hours, and information about the transpwtwork), the model verifies the
feasibility of a sequence of activities in orderolatain an impression about the accessibility
of locations within the study area. Due to the daiagry character of the research and the
immature geocomputational tools at that time, Lerpis simulation model involved
immense computing times and also required condakerime for the construction of
geographic data. In line with Lenntorp’s approacther, less prevailing constraint-based
models such as CARLA (Combinatorial Algorithm foedRheduling Lists of Activities)
(Jones et al., 1983) and BSP ((Dutch abbreviattonReach Simulation Program) (Huigen,
1986) were developed.

An early and widely cited contribution to the fiedfl let say, modern time geography can be
found in Miller (1991). Miller was the first to pvale a profound discussion of the
manipulation of space-time prism concepts withitGasystem and introduced a generic
procedure for the derivation of network-based PPAMis approach offered leverage for a
succession of publications in which GIS-based geymdational methods have been used to
apply Hagerstrand’s theory. Kwan and Hong (1998)r fnstance, implemented a
GIS-procedure for generating restrictive spatiabich sets. Relying on set theory, they
presented the concept of cognitive feasible oppdstusets (CFOS’s) which accounts for
spatio-temporal feasibility as well as for spatialareness and locational preferences.

In what follows, we will first discuss some appticas with respect to issues of accessibility.
Then the discussion is continued by reviewing sosignificant contributions on the
visualization of activity patterns. The currenttsat is ended with an overview of studies
that fit recent interest in linking time geograpgbyhuman extensibility.

3.1 Space-time accessibility measures

It goes without saying that Hagerstrand’'s paradigfifered a better understanding of the
integration of the spatial and temporal componefitgavel in the context of accessibility
(Pirie, 1979). Measures of accessibility are useevialuate the performance of the transport
infrastructure and to describe the level of acdesspatially scattered facilities. Although
accessibility is a critical component in researchaerning transport and urban planning, the
term is highly elusive, presumably due to the \grié methodological tackling for the
calculation of accessibility. A general definitiaf the concept is given by Morris et al.
(2979, p. 91) who defined accessibility as “theeeagth which activities may be reached
from a given location using a particular transpiwta system”. Geurs and van Eck (2003)
distinguish three main categories of accessibititgasures: (i) infrastructure-based (e.g.,
Linneker and Spence, 1992; Thomas et al., 2002 f(eaght transport)), (ii) utility-based
(e.g., Ben-Akiva and Lerman, 1979; Handy and Niemel997), and (iii) activity-based
accessibility measures (e.g., Kwan, 2002). Cleagce-time accessibility measures, based
upon the time-geographic framework, belong to thedtcategory. The space-time approach
is a disaggregate one and accounts for a rangedofidual, land-use, and transport-related
constraints affecting a person’s access to faslitiAn extensive, comparative analysis of
large range of activity-based accessibility measuvas conducted by Kwan (1998). It was
shown that space-time accessibility measures deetalreveal interpersonal differences in
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individual accessibility which could not be detettgsing conventional measures. However,
these measures are usually inapplicable for relgtilarge regions, due to the severe data
requirements and computational intensity, and dbimdude competition effects (like in
Fotheringham, 1986) between opportunities (e.9s,jbealth services).

A formal framework for measuring space-time acdsbisi benefits and computational
procedures for deriving these measures within nétvetructures can be found in Miller
(1999). The aim was to reconcile the utility-basseasures with the activity-based approach.
As an extension of the utility formulations of Bar(iL979), the formal framework meets the
axiomatic requirements formulated by Weibull (197680) which guarantees the internal
and external consistency of the measures.

A tangible illustration of constraint-oriented asswility was performed by Huisman and
Forer (1998, 1999). Aggregating information abountlividual space-time paths, they
developed a GIS-based model which estimates tlediHdod of presence of students in
Auckland (New-Zealand). In the same vein, O'Sullivet al. (2000) studied how to handle
the assessment of accessibility by public transpgrtgenerating isochrone maps. Their
approach relies, however, on many assumptions amgpliications concerning train
timetables and bus travel. For example, it is agslthat buses travel at a constant speed
along their route. By doing so, the model obvioustgerestimates bus speeds in the suburbs
and overestimates them in the city centre, pagityl during rush hours. Another
operationalization of time-space geography was lopeel by Weber and Kwan (2002). Their
study shows that the incorporation of the tempaliaiension under the simple form of
business hours and evening congestion can signifjcaeduce individual accessibility.
Using two-day travel diary data, network informatiand a large land-use data set of
Portland, Oregon, five space-time measures of iddal accessibility were calculated in a
GIS environment: (i) the length of road segmentstie DPPA; (ii) the number of
opportunities in the DPPA,; (iii) the total areatb& DPPA; (iv) a weighted area based on the
square footage of the opportunities within the DPBAd (v) a so-called timed area, which
can be calculated relying on the assumption thabudpnities are only available between
6:00 a.m. and 9:00 p.m. However, a shortcominghef dpproach is that all opportunities
which lie within the DPPA are equally weighted, lWatit accounting for the spatial
distribution of opportunities within the DPPA andithout evaluating whether activity
participation is possible during the opening hodrs. address these limitations, Kim and
Kwan (2003) suggested another GIS-based algorithnrmaore realistically represent the
spatio-temporal characteristics (opening hours landtion) of the opportunities. Moreover,
their implementation also includes additional detaye, minimum activity participation
time, and a more accurate performance of the n&ttegology.

Several bottlenecks in the models reviewed aballeall for additional research. One is that
the network analysis used to calculate the measnegsly concentrates on car users. It could
be interesting to widen the approach to other vedytsansport such as walking and cycling.
Furthermore, joint trip making is not consideredcthie methods discussed above. Note that
the study of joint activities has recently receivecreased attention from the field of activity-
based modelling and transport geography, in pdaticwith respect to within-households
interactions (e.g., Gliebe and Koppelman, 2005i#asan and Bhat, 2005; Ettema and Van
der Lippe, 2006; Roorda et al., 2006). The studg @int accessibility measure for groups -

! DPPA stands for daily potential path area. Thithis aggregate of the PPA’s between all succesgiaees
time anchor points of the respective day.
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possibly other than households- willing to condaigbint activity seems an intriguing topic
for future research. A third issue, as mentionedieza has to do with the computational
intensity of the GIS-based algorithms and the nmegoent of an exhaustive set of
individual-level data which is quite laborious tollect. This explains why the space-time
approach has only been applied to relative smaip$as of the population up to now.

3.2 Geovisualisation of activity patterns

The geovisualisation of human activities is impotttd gain sound insights in how people
schedule their activities and how they interacthwitach other. Since GIS is typically
designed for the production of static, two-dimenaio (2D) maps (Peuquet, 2002),
conventional GIS packages are currently only predidith tools for extrusion in a 2.5D but
are unable to create and edit complex 3D objecth sas space-time prisms. Hence,
effectively representing spatio-temporal behavioua GIS is still an intricate task to fulfill.
When also accounting for the virtual interactiorsgibilities of individuals, scale differences
in both space and time hamper an easy represantatio

From a conceptual base, Hornsby and Egenhofer 20880 H&gerstrand’s framework to
represent moving objects over multiple granulasiti@hey described the nature of the
information change when coarsening or refining gtarity. Efforts have also been expended
on the development of an entity-relationship mddehctivity sequencing (Wang and Cheng
2001) and on an object-oriented implementation gpatio-temporal, GIS-based model to
query space-time paths (Frihida et al., 2004).

In seeking to realize an efficacious visualisat@minhuman activities in a 3D space-time
aquarium, scholars have been applying raster dsawefector GIS. The raster approach was
explored by Forer (1998) who used voxels of spane-{also referred to as taxels) for the
representation of lifelines, facilities (staticrapving), and action volumes which were stored
as binary 3D-arrays. Within a prototype of rasteometry, different hypotheses about path
selection were evaluated by Hendricks (2004). Thetopype considered only a small
tessellation of 144 space units and a time exte@O discrete time units, which was large
enough for the purpose of conceptual simulationibutnsatisfactory for dealing with real-
world environments. Although volumetric data caficegntly be stored by treelike data
structures, the data capacity needed for portragimglative small space-time portion at a
reasonable resolution remains enormous. Anothevlarek is that, unlike vector geometry,
the discontinuous raster representation is undaitédr dealing with complex network
topologies.

From a vector GIS perspective, Kwan and Lee (2GfHcribed various geovisualisation
methods for respresenting activities and travebbetur. They showed that conventional GI-
systems are capable of revealing activity clusterof different social groups. More
specifically, they indicated significant gender feliences in the spatial and temporal
distribution of activities (see also Kwan, 1999).drder to detect (dis)similarities between
activities and population groups, they also gemeratraped views on the density of
activities, using a kernel density estimation fumetdescribed by Silverman (1986). In a last
simulation, Kwan and Lee demonstrated how to creat&vidual space-time paths in a 3D
scene, based on GPS tracking data. More recerily2®05, 2006) and Yu and Shaw (2005)
are also doing important work with respect to timualisation of human interactions. They
implemented several analysis functions for detegctiistinct forms of interaction, using
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Visual Basic for Applications (VBA) for ArcObjectdT (the development platform in
ArcGISTM).

3.3 Human extensibility

An increasing volume of literature is recently feimg on the implications of continuing
advances in information and communication techrielgICT’s) on accessibility and
geographical analysis (Janelle and Hodge, 2000ha&bna 2005). These technological
developments have led to increased connectivityahtyher level of space-time dynamics
of activities in a shrinking world (Janelle, 1978).this context, Couclelis (2000) uses the
term activity fragmentation, meaning that actigtighich used to be tied to a particular place
are now dispersed at various levels of geograpbalks. A theoretical conceptualization for
analysing interactions in cyberspace was introdunedanelle (1995). In his view, physical
and virtual communication modes can be categorizddur different groups depending on
their spatial and temporal constraints: (a)syncbusrpresence (i and ii) and (a)synchronous
telepresence (iii and iv).

It is argued by O’Sullivan (2005) that renewed iiest in time geography is primarily linked
to the increasing importance of ICT’s in people&lyllives. Expanding space-time models
to encompass both the physical and the virtualdvbds been a challenging topic for more
than a decade now. From the perspective of Ada®B0(2 we should see the virtual, spatial
connections, enabled by emerging technologies, @®@erty of individuals rather than just
relations between people. Furthermore, he righthypies that Hagerstrand’s firm assumption
that a person can only be at one place at thediroald be reconsidered in the context of the
Information Age, since “people do not simply occupylace” (Adams, 1995, p. 268). In
order to better grasp the notion of accessibilityirtual space-time, new methods should be
evolved which abandon the common interpretatiordiefance. In response to meet these
objectives, Adams (2000) created diagrammatic extdity models which depict an
individual's, physical space-time path along withe tsocial scale of his/her activities,
represented as bars. These bars are divided sat¥gories of proximity that can be reached
through tele-presence, ranging from proximate terimational. The distinction between one-
way and two-way communication modes is also reptesein the extensibility diagrams.
Since social power is strongly linked to the exilgifisy pattern of human beings in terms of
frequency and duration of travel and incoming/ourig@ommunication, these diagrams offer
clear insights into the individual's social powetations in society. Kwan (2000) explored a
multi-scale representation using linked graphicaldews to overcome the geographical and
temporal discrepancy of scale between the physindl the virtual world. Later on, Kwan
(2001) relies on studies from the behavioural-ctogmidomain in order to provide a better
understanding of cyber-accessibility and a re-eration of the key issues in accessibility
research. For a profound discussion about the @satigt the Information Age might bring
for the assessment of space-time accessibilityrefer to the work by Kwan and Weber
(2003). Miller (2005b) employs the typology of Jime(see previous paragraph) and
introduced new time-geographic objects such as ageswindows (communication events)
and portals (locations of ICT access). Necessanglitions for physical interaction, implied
by traditional time geography, were rigorously exted to interactions taking place in the
virtual world. Despite the creative solutions, memnéd above, there is still a need for an
adequate conceptual apparatus for quantifying iddal accessibility in a hybrid (physical
and virtual) way.
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4. Extending the time-geogr aphic framewor k

As opposed to the GIS applications reviewed in ghevious section, the applications of
CAD-systems within the time-geographic frameworkiéhacarcely been tried out. At the
most, evidence of bringing together both domaims lwa encountered in Adams (2000) (see
section 3.3).

With respect to geovisualisation, the benefits 8DCfor time-geographic research are quite
straightforward. After all, the basic time-geogr&phonstructs are in se 3D objects (e.g.,
path, prism) or derived from 3D objects (e.g., PPXdditionally, CAD also offers powerful
analytical tools for combining 3D space-time prisii® more formally state our case in
favour of using CAD in time-geographic research, pug forward three examples drawn
from our own recent research in section 4.1. Initedd in section 4.2, we add a new
research application involving fuzzy space-timems using CAD.

4.1 Dealing with inter action spaces, uncertainty and networ k-based prisms

In a first study (Neutens et al. 2007a), we pre=grd novel approach to analyse the
interaction possibilities of multiple agents, willi to schedule a joint activity and having
multiple travel modes at their disposal. Relyingommcepts of time geography, we proposed
a conceptual framework in order to determine irtéoa spaces for groups of individuals.
Besides availability of means of transport and ltteations of each individual, minimum
activity duration and opening hours of opportumsitieere taken into account. The model was
implemented in a CAD environment. The implementatatlowed an automatic creation of
facilities and prisms out of a database in whielvet information about multiple individuals
is stored. In addition, the use of CAD offers aalync view on the space-time opportunities
available for conducting the joint activity, andabtes to identify potential activities and
visualize activity patterns in a simultaneous way.

A second study (Neutens et al., 2007b) focusecherimplications of a person’s imperfect
knowledge on space-time constraints on individuakasibility. A model was developed to
evaluate the feasibility of rendezvous scenaridse Tonceptual framework constitutes a
cross-pollination of Hagerstrand’s time geographgt awlak’s (1982) rough set theory and
aims to support agents pointing out a feasible imggtiace while respecting the individuals’
fixed activity programmes. Building on the approdghHendricks (2003), we presented the
concept of rough space-time prisms. Three diffetgpes of uncertainty were addressed:
temporal, spatial, and speed uncertainty. Thessmdomay complicate respectively, the
temporal coordination process (synchronisation;ocbs (Greek) = time), the spatial
coordination process (synchorisation; choros (Greeklace) or both (Hagerstrand, 1970).
Moreover, they decrease the individual space thraugich certainly can be travelled, and as
a consequence, they may reduce the available spatéme for joint activity. From these
three types, a fourth composite type can be deriwbich combines various types of
uncertainty among individuals who are planning @tjdrip. These combinations were
established by means of Boolean operators in a €Aronment.

To further illustrate the constructing of a rougfteraction prism using an intersection
operator take figure 2. Suppose a first agent sutenabout the exact earliest departure time
of leaving a certain previous activity. The lighpart of the prism of the first agent illustrates
this uncertainty and delineates the possibly adaesspace-time part of the prism. The
darker part of the prism denotes the space-timdigmomwhich is certainly accessible,
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whatever the outcome of the temporal uncertaingghiribe. Suppose additionally that there is
a second agent who is unsure about the latesahtiive at the next fixed activity. The same
way of representation applies for the rough spame-fprism of this second agent. These
rough space-time prisms can then be combined umn@tersection operator in order to
determine where they can meet. Again, the darkdr giathe interaction prism gathers all
space-time points where the individuals can meeh esher; the lighter part depicts the
where they can only possibly meet. Note that thenpof the first agent is oblique since start
and end point are dislocated in space as well d@sn@, whereas the prism of the second
agent is right meaning that start and end pointas®cated in space but shifted in time.

¥

Agent 1 Agent 2 Rough I nteraction Prism

Figure 2. Constructing a rough interaction prismngsan intersection operator.

A drawback of the model is that neat conical prismese used to represent a person’s reach
in space-time. Uncompromising conical prism repnéstons assume a steady progress in all
directions at a constant speed. In reality, howetr@velers are mostly confined to the
geometry of the transportation network and posstblyime schedules in case of public
transport.

In a third study (Neutens et al., 2007c), we treneefittempted to incorporate the anisotropy
of the transportation network into the definitidnspace-time prisms. Instead of changing the
calculation method for evaluating space-time adbéitg, we generated a more realistic
rendering of the shape of classical space-timemsrignd established a mathematical
foundation of the model proposed. It was shown thattraditional space-time prism is a
particular case of our general network-based motitle space-time prism. Again, we went
back to the root of time geography and used a 38lydoal framework as a point of
departure. As depicted in the figure 3, we usezhirtar (“jaggy”) solids based on GIS-based
travel areas instead of cones based on circlesomstct the space-time prism. It was
established that these network-based prisms mabstieally reflect the actual travel
possibilities of an agent.
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Figure 3. The construction of a network-based sgaune prism.

4.2 A fuzzy space-time prism

In subsection 4.1 we reported on our researchstieits to evaluate the impact of uncertainty
on the arrangement of co-presence by using thedegepts of rough set theory. There exists
however another established technique which migtgwbtable to analyse travel possibilities
under uncertain knowledge: fuzzy sets (Zadeh, 1968%)zy set theory differs from rough set
theory in that it permits a gradual assessmentayhbership implying a partial truth set (i.e.
completely false (0) to completely true (1)) instea the purely three-valued truth set (i.e.
definitely, maybe and definitely not) used in rowsgt analysis. Hence, fuzzy set theory can
be used to handle vague statements such as ‘jissebeon’ or ‘in the evening’. The idea of
introducing fuzziness in the context of time ge@na boils down to the assignment of a
membership function of accessibility to every powithin the considered space-time cube.
Again, the approach is based on the central tehéiagerstrand’'s theory, viz the three
constraints imposed by the space-time prism:
(C1) an agent cannot leave a previous activithatldcation and the time given by the
earliest departure (ED) point;
(C2) an agent must arrive no later than and atdtetion required by the latest arrival
(LA) point; and
(C3) an agent cannot move faster than a certagshiold value (which is imposed by
the slope of the prism cones). In what followss tlaist constraint will be included
in the analysis of the other two constraints. Belowe will only concentrate on
temporal uncertainty.

ED constraint set

Let P={p(x y, 0} be the finite set of space-time locatigmdbounded by the limits of a
considered space-time cub@; where (x,y,t) denote the coordinate gf in a time-

geographic framework XYT. LetA be the crisp set defining the forward cone, ife t
accessible travel space of based on the earliest departure constraint:

A={(p.ua(P)| PO P} 1)
with the binary membership function:
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{10 (x=%ep)? +(y= ¥ep)’ St B ( - tep)?

Ha(p —{ i (2)
AP0 I (x-xgo)? + (v o) >t p( - 0p)°

where pep (Xep, Yeps tep) IS the ED point and is the apex angle of the ED cone. Note that

tang represents the third space-time constraint sin@®rresponds with the speed value

threshold. Hence, equation 1 dictates that the tagerovement must satisfy the constraint
requirements (C1) and (C3). Now we want to objgdifvague statement about the temporal
component ofpgy . Given the purpose of this preview, let us trgl&dermine the effect of the

fuzzy ED anchor point statement ‘no later than nanthe accessibility within the space-
time prism. Therefore, we must fuzzify the Aet

A={(p.uz(p)l PO B 3)

where A denotes an ordered set of pairs of space-timetitmsa together with their
membership of accessibility. Now we need to adopteanbership functionu; (p) which

mapsP into the membership spadé#. This membership function denotes the degree of
membership op in A with respect to variable-, . According to fuzzy set theory, the range
of fz(p) must be a subset of nonnegative real numbers wéiggemum is infinite. Let us
normalize M to the interval [0,1], theg; (p) is given by:

1 f (=) +(y- yﬁ <ta“2¢( ‘ﬁ)
H3(P) =1 Flieo) T [(x=)"+(y- ) starig (- 1,)° 0[O ) +( v p)*> tarfo( & 5)°|(4)
(x=% )2 +(y- ya)2>tan2¢(t t)?

where a(x,,y,.t,) and ﬁ(xﬁ,yﬁ,tﬁ) (a<p) are context-dependent anchor points between

which f (tzp) describes the vagueness inherent in the consideredoral statement and
wheret, corresponds with the time point for reachmgith the maximum speed value and
is therefore a function of the coordinategnf

tED:t—(\/(x—xa)z+(y— y])z/tan¢) (5)

In our case with statement ‘no later than nognwill be 12 a.m. and, will be somewhere

before 12 a.m. Note that there are no strict rtdedefine the membership function and the
parameters. As an example, we now apply two passibhpes off (tz) that are frequently
used throughout literature: linear and S-shaped lmeeship functions. Assuming a linear
course to express our fuzzy statemeftep) is given by:

f (tep) =8 (tep —ta) (6)

where # is the slope which depends on the anchor peirdsadfS. Assuming an S-shaped
function betweem andp, f (tzp) is given by:

_] 2t ~t)/(ts 1)) i teoO[tat
f (tep) {1_ 2((tED_t/J)/€t/z‘ta))2 if tEDDE[yvtﬂ (7)
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wherey(x,,y,.t,) is the inflexion point:
y=(a+pB)/2 (8)
LA constraint set

Having established the forward cone under a naspcearliest departure time, we now
analogously define the fuzzy backward cone. Eqodtipand [2] now reduce to:

B={(p.4s(p)| pO P} (9)
with the binary membership function:

L0 (x=xa)?+ (Y- ya)’ starf gt 1)
O R A R A T 10

whereB denotes the backward cone apd (x A, Y a ta) IS the latest arrival point.
After fuzzification B can again be written as an ordered set of pairs:

B={(psg(P)| p0 B (11)

In the event of a vaguely formulated latest arriirale, the membership function; (p) can
be given by:

1 if (x=x%5)? +(y= y5)’ <taf g (5 - 9*
Hg(PI={ ol i [(x=%)2+(y- w)?<tafg(5 - 92 |0[ (e %)%+ ( v ¥) 2> tafg( - )7
| (x=%)%+(y= %)* >tarr g (5 - 9 (12)

whered ando (6 < 1) are context-dependent parameters between winigh) is defined and
wheret, , is given by:

tLA:t+(\/(x—xy)2+(y— yy)z/tan¢j (13)

Fuzzy space-time prism

Simultaneously imposing the three constraints (C2,and C3), we derive the space-time
prism as the intersection of sets. In the binaseaa ‘accessible’ (1) or ‘inaccessible’ (0), we
derive the traditional crisp prism( p) as:

T=AnB (14)
The space-time prism is comprised by the spaceioigs for which holds:
Hang =1 (15)

Analogously, we define the fuzzy space-time prisnunder non-crisp temporal knowledge
about the anchor points:

T=AnB (16)

European Journal of Transport and InfrastructuresBarch



Neutens et al. 347

with a membership function related to thosefofind B by:
Kz (P) =z 5(P)= min[,u~A( P) . g ( p)] (17)

The fuzzy space-time prism is given by the suppbrt , denoted by**T , which is the set
containing all elements @& having a nonzero membershipRnIt ought to be noted that we
used the typicainin operator here. Other compensatory aggregatioratgrsrexist, but their
use is out of the scope of this preview.

The fuzzy space-time prism, defined above, can d®t uo evaluate the individual travel
possibilities under temporal vagueness. The framiewbextended appropriately, might be
used to check alibis under uncertain travel infdroma In a further stadium, we will use this
concept to assess interaction possibilities undgue statements by combining fuzzy prisms
of multiple persons willing to conduct a joint aty.

5. Conclusion

This paper discussed existing GIS-based methodschwiielong to the domain of
time-geographic research sensu strictu. This reiearly documented different techniques
with respect to space-time accessibility measiwgesyisualisation, and human extensibility.
Furthermore, the paper describes novel approacbesnteliorate the classical time-
geographic framework. Within the light of the naving gap between geographical
information systems (GIS) and computer aided de§fD), we advocated the use of CAD
in the realm of time geography and demonstratedititan be a valuable alternative for GIS
by pointing to the authors’ previous research. lnahe space-time prism concept was
extended to incorporate vague statements abou¢ spattime.

Although previously mainly applied to deal with pasger transportation problems, there are
no obstacles to make the connection between timogrgphy and freight transportation as
well. For example, time geography might be useful limit the solution space for
optimization problems. We hope this article stinbesaresearchers from the field of operation
research and logistics to consider the potentiathef suggested concepts in their field of
expertise.
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