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Abstract

Accessibility is afundamental concept in human existence, which goes to the heart of our
notion of society, equity and justice. However despite the importance of the concept the
mathematical measures which have historically been used to quantify accessibility levels,
have been relatively poorly defined encompassing a limited range of observed forms of travel
behavior. In this paper we extend existing space-time locational benefit measures to
encapsulate more realistic temporal constraints on activity participation and the associated
perceived user benefit. We go on to outline the development of afamily of space-time route
benefit measures, which despite their apparent theoretical attractiveness have hitherto not
been utilized by researchers. We demonstrate how these route benefit measures can be
utilized to develop an associated family of disaggregate activity based space-time utility
accessibility measures, applicable to individual activity schedules, with the ability to
incorporate income constraints. Finally, we sketch how stochastic frontier modelsin
conjunction with existing travel/activity diary datasets can be utilized to operationalize the
proposed measure of accessibility.
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INTRODUCTION

The concept of accessibility plays an important role in a number of existing theories of spatial
and travel behavior. Moreover, transport and land-use planners have also made extensive use
of various accessibility measures to assess alternative land-use-transport system policy
measures. A wide variety of definitions of accessibility exist, ranging from those based on
notions of reach or separation (e.g., 1-4) to those based on notions of activity participation
(e.g., 5-7). Indeed, a number of authors have commented on the apparent lack of consensus on
the meaning of the term accessibility (1,2,7,8). In this paper we propose that ‘ ...accessibility
isa measure of the overall utility that an individual derives from participating in one or more
linked activities within an integrated land-use-transport environment...’.

Despite the diversity of the interpretations of accessibility that can be found in the literature, there are
some important common features that accessibility measures possess. In particular, the mgjority of the measures
proposed to date have considered only a single purpose trip or activity, usually from the home to a non-home
based destination, such asto a place of education, employment, shopping or leisure and often analyzed at the
aggregate level masking individual variationsin accessibility. As such these measures tend to ignore the
potential for trip chaining or the sequential linking of activities which often forms part of an individual’s daily
activity program and which serve to increase an individual’ s overall level of accessibility. The potential
significance of trip chaining in the assessment of accessibility has long been recognized in the literature
(9,20,11) but to date little progress has been made towards devel oping the necessary theoretical or operational
treatments. Consideration of trip chaining is particularly important in analyzing the impacts of public transport
related policy measures.

The aim of this paper isto propose a more behaviorally realistic series of space-time user benefit
measures and a related family of space-time utility accessibility measures. These space-time utility accessibility
measures are disaggregate in nature and consequently applicable to individual activity schedules, and implicitly
incorporate within the measure the utility of activity participation of all activities present within the activity
schedule.

SPACE-TIME USER BENEFIT MEASURES

In this section we provide a brief review on the definition and use of space-time user benefit

measures and then proceed to extend these benefit measures to accommodate considerations
of delay and waiting time, associated with the travel and activity participation components of
behavior.

L ocational and Route Benefit Measur es

Burns (5) utilized a space-time prism, depicted in figure 1, to propose two user benefit
measures based upon an individual undertaking a discretionary activity constrained by
upstream and downstream mandatory activities.

The locational benefit measure is defined in terms of properties of a particular
location, such as the spatial, temporal or cost separation associated with travel between the
mandatory-discretionary-mandatory activity locations, the maximum amount of time the
individual can spend at the discretionary activity location (the stay time) and the attractiveness
or value to the user of the particular discretionary activity location.

The locational benefit function defines the benefit (BM,) to an individual of alocation k as a function of
the spatial separation (dy), the attractiveness of the opportunity (a,) and the stay time (Ty) at the activity location.
Typically, amultiplicative functional form has been assumed, so that the locational benefit is expressed as:

BM, :@g(dk)aku(Tk) 1

Where @ represents a binary operation such as addition or maximisation, representing how an
individual derives benefit from the choice set as awhole.
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The route benefit measure is defined in terms of properties of the spatial route and properties
of the locations served by the route, such as the length of the route, the cumulative amount of
time the individual can spend at all the locations served by the route (the total stay time) and
the attractiveness or value to the user of the particular locations encountered along the route.

The route benefit (BM,) to an individual of arouter is defined as afunction of the total aggregate
spatial separation of al relevant opportunities located along the route (d;), the total aggregate attractiveness of all
relevant opportunities located along the route (a;) and the total aggregate stay time (T,) at all relevant
opportunities located along the route. This leads to the following functional form:

BM, =@g(d, Ja.u(T,) 2

Burns' locational and route benefit measures essentially consider the benefit to the individual of being
ableto reach and stay at a particular discretionary activity location. Implicit in Burns' locational benefit measure
and others derived from it (12,13,14), is the presumption that the ability of an individual to reach and remain at a
discretionary activity location leads to useful participation in the discretionary activity. However, depending on
the actual arrival time relative to the opening/closing time of the opportunity or the earliest/latest start times of
the activity, not al the time spent at the destination may be productively spent in the desired activity. A simple
exampleisarriving at a cinema early for a movie then waiting until the movie begins.

Moreover, the locational benefit measures utilized to date do not assess the utility to the individual of
actual activity participation, but instead assume that being able to reach and remain at a potential activity
location confers an element of utility to the individual. Further, no account is taken of both travel and non-travel
related delays, such astime spent waiting for public transport and time spent waiting due to early arrival. These
effects due to the scheduling of travel and activities will affect the total utility derived from a particular activity
location.

I ncor por ating Delay and Waiting Time

Burns’ locational and route benefit measures can be modified to overcome these

limitations by introducing the notions of route delay, facility wait time and activity wait time.
Thisisdone by first defining the following space-time prism, which represents an extension of the definition
utilized by Kwan (15) and Kwan and Hong (16):

PPSs = {(kl’tl)‘ti +1y, + Dy + Wy +W, <t <t =t — Dy — W _Wklj} 3
Where:

PPS Denotes the potential path space or space-time prism.

I Denotes the individual type/person under cons deration.

S An activity schedule containing only one flexible or discretionary activity.

(k1, t1) Denotes all possible activity locationsin space-time for undertaking the discretionary
activity, situated within the space-time prism and consequently satisfying an
individual’s coupling constraints.

ta The start time of the single discretionary activity located at ki constrained by upstream
and downstream coupling activities located at i and j respectively.

ti The latest end time of the upstream coupling/mandatory activity located at i.

{; The latest start time of the downstream coupling/mandatory activity located &t |.

tik. The travel time associated with the minimum time routing between the upstream
coupling activity location i and the discretionary activity location k; under
consideration.

tij Thetravel time associated with the minimum time routing between the upstream
discretionary activity location k; under consideration and the downstream coupling
activity location j.

Di.  Delay time encountered along the route between the upstream coupling activity
location i and the downstream discretionary activity location k, under consideration,
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which may include considerations of wait time penalties, modal interchange time
penalties, parking and other non-travel related time spent in trangit.

Dy;  Delay time encountered along the route between the upstream discretionary activity
location k; under consideration and the downstream coupling activity location j.

Wi,  Wait time penalty incurred as a consequence of arrival at the discretionary activity
location k; ahead of the scheduled opening times of the opportunity/facility.

Wi,  Wait time penalty incurred as a consequence of arrival at the discretionary activity
location k; ahead of the earliest scheduled start time of the activity as defined within
the activity schedule.

wy;  Wait time penalty incurred as a consegquence of arrival at the downstream mandatory
activity location j ahead of the scheduled opening times of the opportunity/facility.

Wi  Wait time penalty incurred as a consequence of arrival at the downstream mandatory
activity location j ahead of the earliest scheduled start time of the activity as defined
within the activity schedule.

Figure 2 depicts the shape of a space-time prism resulting from participation in a discretionary activity.

The change in the shape and structure of the space-time prism as a conseguence of the route delay, facility wait

time and activity wait time encountered en-route between the constraining upstream and downstream mandatory

activities are highlighted. The figure shows that as these variables are increased then the potential path space and
the potential path area (the space-time and spatial regions available for discretionary activity participation)
decreases. Figure 3 depicts the variation in total utility derived during the course of the day for a constrained

discretionary activity. Thetwo figures also depict the relative locations of the travel time, route delay, facility
wait time and activity wait time of the discretionary activity and the mandatory activity locations.

If it is assumed that:

e Thediscretionary activity has an associated minimum activity duration or threshold below
which the individual derives no utility.

e Useful activity participation time arises only within the context of one contiguous time
block during which the facility/opportunity in question is open and available for use.

e Arrival outside of the formal opening times of an opportunity or outside of the formal
activity start times resultsin the activity location under consideration being ignored with
an implicit utility of zero being assigned to the activity location in question.

It thus follows that the space-time prism is defined by:

PPSs ={(k, t) [T, 2T, | 4
Where,
T, =t -t _(tikl + )_(Dik1 + Dy )_(\Nikl + Wy )_ (Wuk1 +Wk1j) S

T,  Minimum discretionary activity duration or threshold required for the individual | to
derive utility from participating in a single discretionary activity.

Tk, Maximum discretionary activity duration for an individual | participating in asingle
discretionary activity at location k.

If it isassumed that each discretionary activity has an earliest and latest start time, then it follows that
for participation in a discretionary activity to occur, the following condition must be satisfied:

tEl _Wikl _\Nikl s takl s tl_l _Wikl _\Nikl 6
Where:
te, Earliest start time of the discretionary activity under consideration situated at |ocation
Ki.

TRB 2003 Annual Meeting CD-ROM Paper revised from original submittal.



tg Earliest start time of the downstream mandatory or coupling activity situated at
location j.

tL, Latest start time of the discretionary activity under consideration situated at location
Ki.

ty; Latest start time of the downstream mandatory or coupling activity situated at location
j-
tak, Arrival time at the discretionary activity location under consideration situated at

location kj.
ty Arrival time at the downstream mandatory activity location j.
Where:
W, =0 if, ty, +Wy 2te 7

Else given that the late start temporal constraint is satisfied then,

\Nik1 :tE1 _takl — Wy, 8
Where:
Wklj =O if, taj +Wk1] ZtEJ 9

Else given that the late start temporal constraint is satisfied then,
W =te, —ty =Wy 10

It isfurther assumed that participation in an activity can only arise when that activity is open. When
arrival is before the opening time of the facility then await time penalty isincurred. This wait time penalty
effectively extends the opening time of the opportunity activity location by an amount dependent upon the wait
time penalty (with no corresponding utility of activity participation, only adisutility of wait time).

If it is assumed that the discretionary activity location has a single opening session, it then follows that
in order for activity participation to occur:

Loy, = Wi, =W, <ty <t

oy Wy, —Wy —T, 11

in

Ciky -
Where:

tok. ~ Thetime at which the opportunity/facility situated at location k; commences or starts
its opening session, where tey, > tok.

tek.  Thetime at which the opportunity/facility situated at location k; ends or closes its
opening session, where tex, > tok.

Where:

W, =0 if, ty + W 2t 12
Else:

L A 13

Equations 3-13 represent the mathematical formulation of the space-time prism associated with
participation in a single discretionary activity with associated route delay, facility wait and activity wait terms

introduced.

Utilizing the following definitions:
d, =d, +d 14
D,, =Dy, +Dy; 15
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Wi, = Wig W 16
Wi, =W, +W 17
t, =T +1 18
Utilizing a multiplicative user benefit, it is thus possible to derive the following generalised user benefit
function:
BM s, = > dlt, (D, Jntw, M Jela, ) 19
k=1

Where, q, g, h, v, zand u are functions respectively denoting how spatial/temporal separation, route
delay, facility wait time, activity wait time, opportunity/activity attractiveness and activity participation time are
individually perceived by the individual |. There are arange of curvilinear deterrence functions which can be
utilized to reflect the disutility associated with increased, spatial/temporal/cost separation, route delay, facility
wait time and activity wait time on activity participation and spatial interaction. These include the
inverse/negative power function (3,4,15,17,22), the negative exponentia function (3,5,8,12,13,14,15,17,18), the
negative Gaussian (3,15) and the negative combined function. The effect on the utility of ageneral activity
associated with each of the aforementioned types of deterrence functions is depicted graphically in figure 4.

The negative exponentia deterrence type function, of the form used by Burns and others, is utilized in
the following analysis to define the functions g, g, h, and v. Thisis principally due to the behavioral
characteristics, the mathematical properties and the popularity of the negative exponentia function in behaviora
and spatia interaction choice modelling.

A positive power, positive exponential or positive combined function can be utilized for zand u,
reflecting the utility associated with increasing activity participation time and attractiveness at the specific
activity location in question. As with the negative exponential function the positive power function is selected
principally due to the behavioral characteristics, the mathematical properties and the popularity of the functionin
behavioral and spatial interaction choice modelling.

It isworth noting that the techniques adopted in the development of the series of space-time user benefit
measures and the associated family of space-time utility accessibility measures can equally be applied to
negative power, negative Gaussian and negative combined deterrence functions associated with the disutility of
spatial/temporal/cost separation, route delay, facility wait time and activity wait time. Equaly the positive power
function utilized to define the utility of activity participation time and opportunity/activity attractiveness, canin
turn be replaced by a positive exponential or positive combined function without any loss of generality in the use
of the techniques outlined in the following discussions.

Utilizing the negative exponential and power function model forms, it thus becomes possible to derive
the following user benefit function:

BM s = zm:(afl'l XTf s )exp[— (lll t, + 44, D 7, W, +77, W )] 20

k=1
Where:

a, Spatial component of accessibility. A finite non-negative real number representing the
relative attractiveness of the activity/opportunity location under consideration.

ti, Transportation component of accessibility, reflecting the temporal or cost separation
associated with travel between respective upstream and downstream coupling
activities.

Tk, Tempora component of accessibility, reflecting the amount of time an individual can
spend undertaking an activity at the location opportunity in question.

Dy, Route delay component of accessibility, reflecting the amount of non-travel time
(interchange time, queuing time, parking time etc) spent in en-route between adjacent
upstream and downstream coupling activities.

W, Facility wait component of accessibility, reflecting the amount of time spent waiting
for an opportunity to open.
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Wi,  Activity wait component of accessibility, reflecting the amount of time spent waiting
to commence an activity.
It can easily be shown that the improved six term locational benefit measure presented in equation 20

has a number of properties which are analogous of those associated with Burns' (5) three term user benefit
function.

AN IMPROVED SPACE-TIME UTILITY ACCESSIBILITY MEASURE

In this section we use the space-time locational benefit measure formulated above to derive a
space-time route benefit measure and associated space-time utility accessibility measure. We
devel op three space-time utility accessibility measures applicable to an activity schedule
composed of asingle constrained discretionary activity. These three measures correspond to
three approaches used for translating user benefit measures into accessibility measures,
previously used by Miller (8), who reconciled three hitherto independent approaches to the
assessment of accessibility, namely gravity/Hansen measures (4,15,18), user benefit/utility
measures (5,9) and constraint based space-time measures (5,19,20,21), to define a series of
accessibility measures which were internally consistent with Weibull’ s (22,23) axiomatic
framework. Weibull’ s axiomatic framework details a robust and rigorous series of rules that
an accessi bility measure should satisfy in order to be both internally and externally consistent
for the behavioral mechanism under consideration.

The user benefit transation mechanisms used to derive the accessibility benefit measures included:
e Consumer welfare or consumer surplus maximisation.
e Consumer welfare aggregation.

e Utility maximizing choice behavior implemented within arandom utility framework.

Consumer Welfare/Consumer Surplus Maximisation

We assume that Wilson's approach to the maximisation of total consumer welfare developed
within an aggregate based spatial interaction framework (17) can be applied at an individual
level. Under this assumption we can write:

a; =exp(alna,) 21
T/ =exp(BInT,) 22
It then follows that equation 20 can be expressed as.
BMps = exp[(a,llnakl +AInT, )- (xllltkl 4, Dy + 7, W 77 W )] 23
k=1
Where:
a A parameter defining the marginal utility of the attractiveness of the

opportunity/facility.

B, A parameter defining the marginal utility of activity participation time dU(Ty)/dT..
If g, <1thenthemarginal utility of activity participation time diminishes as T
INCreases.

If B, > 1thenthe marginal utility of activity participation time, increases as T
INCreases.
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If p, = 0thenthe marginal utility of activity participation timeis zero. Conventional
gpatial accessibility measures, such as the gravity/Hansen and the cumulative
opportunity measures, represent special cases.

A, Spatial/temporal based travel impedance parameter for individual |, positive in
magnitude, used to define the effect of increased spatial or temporal separation on the
user benefit measure.

4, Route delay temporal impedance parameter for individual |, positive in magnitude,

used to define the effect of increased non-transit delay on the user benefit measure.
%, Facility temporal impedance parameter for individual |, positive in magnitude, used to

define the effect of increased facility wait time on the user benefit measure.
1, Activity temporal impedance parameter for individual I, positive in magnitude, used to

define the effect of increased activity wait time on the user benefit measure.

Rearranging and removing binary addition as the binary operation (the binary operation will be
reintroduced later) and replacing the benefit measure annotation, BM, present within equation 23 with that of
utility U, it can be shown that:

Uns, = exp (l - oc,llnak1+[3|1InTkl ~ ti, . Dkl . W, . Wk1 o4
S A’Ilull’yllnll IR 7»,17|1ﬂ,1 7“|1“|1n|1 7‘|1“|1Y|1

Thisexpression is analogous to Wilson's consumer welfare formulation, in which the term contained
within the second closed parenthesis represents the utility or benefit derived from activity participation at the
particular destination in question. The term contained within the third of the closed parentheses represents the
disutility or disbenefit associated with travel time, delay time, facility wait time and activity wait time. The
utility formulation presented in equation 24 together with the user benefit measures presented in equations 19,
20, and 23 are equal to zero if the attractiveness term a, or activity participation time Ty are zero.

If anindividua | is assumed to behave according to Wilson's (17) concept of maximisation of net
interaction benefits or consumer welfare, it then follows that a space-time utility accessibility measure of the
following form can be derived by introducing maximisation as the binary operation:

STUAM (7» oy In ay + [3|1 InTkl t Dy, Wi Wi
=max| exp A, u, v, M - + + +
s R Ay MM AT A n ARy

25

Equation 25 represents the maximum locational benefit that an individual | derives from the available
choice set located within the space-time prism P, when undertaking an activity schedule S; composed of asingle
discretionary activity. This expression can be considered to be a maxitive accessibility measure.

Consumer Welfare Aggregation

If it isassumed that the individual values a space-time prism according to the range of choice
available, then a formulation of the space-time utility accessibility measure which naturally
follows on from Wilson's (17) concept of net interaction benefits or consumer welfareisthe
sum or aggregation of the net locational benefitsthat are available to the individual within the
space-time prism. It then follows that a space-time utility accessibility measure of the
following form can be derived by reintroducing the binary operation of addition:

m O(.|1 |nak1 '|'l.))|1 |n-|-k1 tkl Dk1 Wk1 Wk1
STUAM pg = > exp (7‘| WOy, ) - + + +
k=1 oo 7\|1!~L|1“Y|1n|1 oy, 7‘|1 LR 7»|1H|111|1 kll M7,

TRB 2003 Annual Meeting CD-ROM Paper revised from original submittal.



10

26

This expression can be considered to be an additive standard attraction accessibility measure.

Utility Maximizing Choice Behavior: Random Utility Framewor k

It can be assumed that an individual behaves in a manner that values a space-time prism
according to the expected maximum utility of the opportunities located within the space-time
prism (9). If theindividual undertakes a discrete choice according to arandom utility
maximizing process (in which the random component is 11D Gumbel distributed), it
accordingly follows that alogsum space-time utility accessibility measure of the following
form can be derived:

-
Z"l ﬂll 7/|1 77'1

m o, Ina,_ + G InT, t D w, W,
| n Z exp exp (/1| ,U| 7/| 77' Iy ky ﬁll ke | Ky + Ky + ky 4 ky
k=1 e ﬂ’h lul1 7/|1 77|1 #ll 7|1 77|1 ;Lll 7|1 77|1 ;L|1 'u|1 77|1 ﬂ’h /ll1 7|1

This expression can be considered to be a transform additive standard attraction measure. Equations 25-
27 inclusive are analogous to the expressions derived by Miller (8,12) and have been derived from similar
principles but the formulation has been extended to incorporate factors of non-travel delay and the actua time
available for activity participation reflected in the facility wait time and activity wait time terms.

STUAM X

PIS, —
27

Extension To Multi-Activity Based Activity Schedules

In the remainder of this section we demonstrate how a space-time route benefit measure can
be developed incorporating one or more constrained discretionary activities and how this can
be used to develop a series of space-time utility accessibility measures applicable to activity
schedules. The space-time prism and user benefit/utility formulations presented in equations
3-5 and 23-24 are extended to the general case of an activity schedule consisting of two or
more discretionary activities framed by upstream and downstream coupling/mandatory
activities.

If an activity schedule S, is considered which includes n discretionary activities then
by considering the a-th discretionary activity, it can be shown that the associated space-time
prism (potential path space) can be defined by the following expressions, in which the
associated upstream and downstream activities are treated as temporally constraining
activities:

Ppssa = {(ka’ ta)‘ta'l +Tka—1 +tka—1ka + Dka—lka + Wka—lka +Wka—1ka = ta = ta+1 _tkaka+1 - Dkaka+1 - Wkaka+1 _Wk ka+1} 28

PPSg ={(k,t)| T, 2T, } 29
Where,
Tka = (ta+l - ta—l - (tka_lka + tkakaﬂ )_ (Dka_lka + Dkakaﬂ ) - (Wka_lka + Wkakaﬂ ) - (Vvka_lka +Wkaka+1 )_ Tka_1 ) 30

A generic macro level route benefit measure, representing the overall benefit to the individual of the
route(s) located within the space-time prism(s), which satisfy the individual’s entire activity schedule, is
presented below.
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BMps = |fltg . De . Weq We 1agq . Ta ) @ - flta . Dg - Wa We ,ag . Tg ) o

®, "'f(tskn Dgc » Wy Wy 1ag  Tg, )]
Where,

S The primary binary operation (e.g. addition or maximisation) representing the manner
in which the meso leve route benefit measures associated with a single complete
activity chain, are combined to form the overall macro level route benefit measure.

@2 The secondary binary operation (e.g. addition or multiplication) representing the

manner in which the individual micro level route benefit measures associated with a

single activity within the activity chain, are combined to form the overall meso level

route benefit measure associated with a single complete activity chain.

Denotes the identifier/location of the a-th activity present within the activity schedule.

The subscript denotes the number of different routes (m) available within the space-

time prism, which satisfy the individual’ s principle coupling constraints.

ng

Implementing the improved location benefit measure devel oped in equations 19 and
20 within the context of each individual activity within the activity chain, it then becomes
possible to develop the following series of macro level route benefit measures:

BMps  =@|dlts, Jo(Ds hlws, MWy, Jzlag, lTs, )
@, 'q(tSka )Q(DSka )h(WSka )"(VVSka )Z(aska )J(Tska ) - 32

CPER -q(tg(n )Q(szn )h(WSkn )’(Ws(n )z(aSkn )U(Tsxn )]

BMgs, , =@, Kazk'i )(Tif )expl—é» ,fso T Dg 7, Wy, 1, Wy )J .
®, ---(aj: XTff )@@l— (/1|at8ka + 4, Da +7, We, +77 W, )J - 33
®, (az )(Ti' )expl—é» s +H Dy +v, We 41 Wy )JJ

Where,

asx. A scalar parameter, denoting the attractiveness of the location/opportunity in question.

o, A parameter defining the marginal utility of the attractiveness of the activity
undertaken at the opportunity/facility location for individual |.

B, A parameter defining the marginal utility of the activity participation time associated
with the activity undertaken at the opportunity/facility location for individual |.

Al Spatial/temporal based travel impedance parameter for individual |, positive in
magnitude, used to define the effect of increased spatial or temporal separation on the
user benefit measure associated with activity a.

Wi, Route delay temporal impedance parameter for individual |, positive in magnitude,
used to define the effect of increased non-transit delay on the user benefit measure
associated with activity a.

Vi Facility temporal impedance parameter for individual |, positive in magnitude, used to
define the effect of increased facility wait time on the user benefit measure associated
with activity a.
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ul Activity temporal impedance parameter for individual I, positive in magnitude, used to
define the effect of increased activity wait time on the user benefit measure associated
with activity a.

Utilizing multiplication as the secondary binary operation it follows that equation 33
can be rearranged as:

BMps = @1(a:11 ...x...a:: ...x...azk"nn XTS'; xTi‘: "'X"'Tin Xexp(— (7”|1t5k1'" oy et teg )))

x lexpl- (/”|1 Dy vt vt D ittty Dy )exp(- (7|1 U L s e ) 34
X (exp(— (nllw%... + "'77|EWS<3 et ...nanSkn )))

Using the following definitions:

o =0, =0, =0
n

Iy a 35
B, =B, =B, =B 36
A, =k =R =N a7
e T 1Y 38
Y, =M, =Y = 39
uh _T'l|a =n|n =M 40

Introducing Wilson's (17) transformation of a power function outlined earlier in
equations 21 and 22 it follows that equation 34 can be expressed as.

BMgs .. :(Jal(exp(oc, In(askl...+...aska...+...aSkn ))Xexp([}, In(TSkl...Jr...Tska...+...TSkn )))
x(expl- 2, (tgg ..+ - tg -+ -tg )expl-p (Dgg ...+ ..Dg .. +..Dg ) 41
x(exp(— Y (Wsﬁ...+...wska...+ - Wg )))(exp(—n, (\/Vs<1---+--WS<a---+--WS|<n )))

Introducing the following definitions:

ts :Zn:(tska):t&l...+...ts<a...+...ts<n 42
a=1
Ds = (D, )= Dy, -+ D -t Dy, 43
a=1
Wq :Z(W%):W%...+...Wg<a...+...ws<ﬂ 44
a=1
Wo = > MW, ) =W oot W ot W 45
a=1
n
To = (Ta )= Tag ot Tae ot Ta, 46
a=1
n
as=Z(aska)=<';15k1...+...aska...+...aSkn 47
a=1
Where,
ts Total travel time encountered along the route S, reflecting the cumulative travel time

required to reach all activity locations situated on the route S.
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Ds Total route delay encountered along the route S, reflecting the cumulative amount of
non-travel time (interchange time, queuing time, parking time etc) spent in transit
enroute between all activities situated on the route.

Ws Total facility wait time encountered along the route S, reflecting the cumulative
amount of time spent waiting for the schedule related opportunities to open.

Ws  Total activity wait time encountered along the route S, reflecting the cumulative
amount of time spent waiting to commence schedule related activities.

Ts Total activity participation time utilized along the route S, reflecting the cumulative
amount of time an individual can spend in undertaking activities present within his’/her
schedule.

as Total attractiveness of facilities utilized for activity participation along the route S.

It accordingly follows that equation 41 simplifiesto:

BMpgs =®l[exp((ocl Ina,+ 3 InTs)—(/iI to+u Do+y W, +7, WS))J 48

Comparing the above expression with equation 23 and considering Burns' (5) generic locational and
route benefit measures outlined earlier in equations 1 and 2 respectively, we observe that the above expression is
aroute benefit/route opportunity measure entirely consistent with Burns' propasition. Thisinteresting result
enables us to develop a series of space-time utility accessibility measures for activity schedules using the above
family of route benefit measures.

Rearranging and replacing the benefit measure annotation BM with that of utility U and removing the
primary binary operation notation @, (the binary operation will as before be reintroduced in the subsequent
discussions), it can thus be shown that equation 48 can be expressed as.

glna+fInTy | | ts Dy ow W 49
Al wyn o Avn o Adn Aur

Ung , =€X (Zr My

Adopting similar principlesto those outlined earlier in the section (namely consumer welfare
maximisation, consumer welfare aggregation and utility maximizing choice behavior within arandom utility
framework) it accordingly becomes possible to devel op the following activity schedule based space-time utility
accessibility measures:

o Inag + p, InT, t D W, W,
STUAMRlSlm :rgax exp (ﬂl a7, {{ 1 nag ﬂl s}_{ s + s s + s JJ

+
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50
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51
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52

Use of the homogenous route benefit measure assumption inherent in equations 48 and 49 poses a
number of interesting practical challenges. Principal amongst these is how best to define an attractivenessterm
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that is transferable across different types of activity. While Burns (5) acknowledged that the * ...notion of
attribute aggregation...” was equally applicable to asingle activity location aswell as a series of distinct activity
types, the challenges associated with attribute aggregation increase as the range of activitiesto which it isto be
applied increases.

Whileit has been mathematically convenient to assume that the marginal utility of attractiveness and
activity participation time, as well as the travel, route delay, facility and activity temporal impedance parameters
are homogenous (i.e., they do not vary with activity or activity location) it is unlikely that these parameters will
in fact remain constant.

The original route benefit measure presented in equation 33, with its heterogeneous attractiveness
terms, marginal utility of atractiveness and activity participation time, in addition to heterogeneity in the travel,
route delay, facility and activity temporal impedance parameters, can be utilized in this original form, to develop
asimilar series of space-time utility accessibility measures for individual activity schedules, addressing a number
of the difficulties outlined in the foregoing discussions.

The use of binary addition as the second binary operation (@,) in place of multiplication has an
advantage. In cases whereit is not possible to undertake an activity (i.e. the activity participation time Ty is zero)
or the attractiveness of the activity location is zero, then a route benefit measure of the form outlined in equation
34 will generate a user benefit measure and an overall accessibility of zero. The corresponding binary addition
based measures will also yield a user benefit of zero for the activity/activity location in question, but will allow
the accessibility measure as awhole to be positive in magnitude due to the successful undertaking of other
activities present within the activity schedule.

I ncor por ating the Utility of Mandatory Activities

The homogeneous and heterogeneous formulations of the individual activity schedule space-
time utility measure of accessibility outlined in equations 50-52 and in the proceeding
discussions can be extended to incorporate the utility associated with participation in
upstream and downstream mandatory activities. This allows the assessment of whether an
individual is socially excluded by the transport/land-use system. In North American
terminology thisis equivalent to alack of equity in how transportation decisions may affect
various social or ethnic groups, alternatively known as “transportation justice”. Research
undertaken to date on space-time user benefit measures or space-time based utility measures
of accessibility have essentially considered the user benefit associated with participation in a
single discretionary activity undertaken between coupling or constraining mandatory
activities. However, it can reasonably be argued that mandatory activities are by their nature
more important to the individual than discretionary activities. It follows that participation in
mandatory activities should form the basis of any robust assessment of the likely level of
social exclusion (or transportation justice) arising from an individual’ s inability to undertake
his/her activity schedulein its entirety.

Space-Time Accessibility Measuresand Financial Constraints

In the following discussion we outline how income factors can be incorporated within space-
time utility accessibility measures. To date these measures have excluded consideration of
financial constraints, which in practice serve to limit the range of land-use-transport options
and associated activity schedules available to the individual.

Odoki (24) and Odoki et al (14) have to date been the only researchersto directly incorporate income

aspects of the individual within Burns' broader space-time locational benefit measure. Odoki et a proposed the
following form of spatial/temporal separation impedance/deterrence parameter:

A= w[£+£j 53
plv

Which forms part of a negative exponential deterrence function of the form:
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g(t) = exp(- At) 54
Where:
C Monetary cost of travel per unit distance of travel.

I Income/monetary benefit or utility expected for the individual as aresult of
undertaking the activity undertaken downstream of the travel episode under

consideration.

p Parameter which varies according to the activity/journey purpose, mode of travel,
travel time and which decreases as a function of income”* as proposed by Goodwin
(25).

pl Denotes the value of travel timeto the individual under consideration.

® Denotes the relative effort of theindividual to travel using the transport modein
question (m > 1).

t Temporal separation between the origin and destination points.

v Average speed of travel for the transport mode in question between the origin and
destination points.

Particular properties of the spatial/temporal separation impedance parameter A arethat as individual
income falls the velocity or speed of travel isless of afactor compared to the cost of travel which will dominate.
In addition, as income rises the cost of travel isless of afactor with velocity or speed of travel being the
determining factor. Thisis entirely consistent with the notion of diminishing marginal utility of income present
within microeconomic consumer theory, in which the monetary cost of travel becomes less of afactor asincome
rises and conversely becomes more of afactor asincome declines.

Thisform of approach can be easily implemented within the proposed family of space-time user benefit
and space-time utility accessibility measures outlined earlier in which the travel time, route delay, the facility
wait time and the activity wait time parameters, denoted by A, , Y and n respectively are essentially value of
time parameters which vary with the individual’ s income and activity type. Low income groups will generally
have lower travel time, route delay, facility wait time and activity wait time parameters than high income groups,
reflecting the increased deterrent effect of non-activity time on spatial interaction and activity benefit as
perceived by higher income groups. For lower income groups the travel time, route delay, facility wait time and
activity wait time parameters will generally be lower for activities such as shopping and leisure which in general
reguire the expenditure of income, in comparison to income generating activities such as employment/work
which in the majority of instances does not involve any expenditure other than that incurred during travelling.

Practical Implementation of Activity Chain Utility Measures of Accessibility

The family of space-time accessibility measures can be implemented with alittle care using
existing travel or activity diary data. In the mgority of instances travel/activity diary datasets
do not contain explicit information on the temporal timings of constraining mandatory
activities defining the vertices of the space-time prism. It is, for example, possible to identify
one vertex of the constraining space-time prism, such as the arrival/departure time at/from
work or school, however the location of the corresponding upstream/downstream vertex is
unidentifiable. Thus the determination of the time budget available for discretionary activity
participation may be a subjective exercise. Stochastic frontier models utilized by Kitamura et
al (26,27) and Pendyala et al (28) can be used to identify the relative location of the temporal
vertices of the space-time prism. The technique of stochastic frontier models involves the use
of observed trip start and end times as the dependent variables within the model, together with
a series of socio-economic, demographic, individual and household attribute data utilized as
the independent variables. The stochastic frontier model of prism verticesis used to identify
the approximate temporal location of the unobserved frontier, namely the upstream or
downstream vertex.
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The practical implementation of space-time user benefit measures and utility
accessibility measures is dependent upon deriving suitable estimates for the activity
attractiveness, activity participation, travel time, route delay, facility wait and activity wait
parameters. A future avenue of research will investigate the potential for estimating these
parameters through the use of two techniques, stated preference techniques and the use of
revealed preference techniques used in conjunction with travel/activity diary datasets.

It is anticipated that the use of revealed preference techniques will require that for
each person type segment analysed (i.e. segmentation by individual type and income) that the
travel/activity diary datasets contain detailed spatial and temporal information pertaining to
the occurrence of all delays encountered en-route between adjacent activity locations as well
asthe spatial location of these activity locations. The principle difficulty envisaged with this
approach isthat traditional travel/activity diary datasets do not explicitly capture this
information and while it is feasible to require respondents to specify both the instance in time
and duration for which a delay was encountered, this places an additional burden on the
respondent which is likely to reduce the number of travel/activity diaries successfully
completed.

This coupled with the difficulty in obtaining spatial information on locations at which
activities were actually performed in addition to those at which delays were encountered
means that in the absence of the development of portable handheld electronic travel/activity
diaries, facilitating the capture of thisinformation, means that stated preference techniques
will have to be applied to the population segmentsin question. Thisis quite appealing from a
number of aspects. Firgt, it avoids the need for capturing spatial and temporal |ocations of
activities and delays occurring en-route between adjacent activities asin the former case.
Second, the use of stated preference techniques to estimate the parameters means that in
contrast to the revealed preference approach, the parameters not only reflect the individual’ s
responses to existing land-use-trangport constraints present within the local environment but
also encapsulate aspects of how the individual’ s travel/activity behavior would vary in the
absence of such constraints.

It is anticipated that the travel time and route delay parameters will vary by mode of
transport as can the facility and activity wait time parameters. Similar variations are also
anticipated in these parameters as well as the activity attractiveness and activity participation
parameters as a consequence of relative change in the sequence in which particular activities
are performed. Such variations are more easily captured through stated preference techniques
than revealed preference approaches.

SUMMARY AND CONCLUSIONS

The methodology outlined in this paper for determining the activity schedule based space-
time utility accessibility of an individual, represents a considerable advance on existing
measures of accessibility. These measures have in the main tended to consider single
digointed activity/trip episodes often analysed at an aggregate level and neglected the
constraining effect of time and income on individual accessibility aswell as the utility of
activity participation.

In particular the incorporation of route delay, facility wait and activity wait temporal termswithin the

underlying locational and route benefit measures facilitates the determination of more robust and realistic space-
time accessibility measures.
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Researchers, due to the perceived complexity of the task, have hitherto not undertaken the development
of space-time utility accessibility measures based upon an extension of Burns' route benefit measure to activity
schedules. This is despite the behavioral attractiveness of the route benefit approach.

However despite the benefits of the proposed approach for determining individual space-time utility
accessibility, there are anumber of inherent assumptions and avenues for future research that can be pursued in
relation to the proposed methodology:

e Thetechnique while satisfying a number of axioms present within Weibull’s axiomatic
framework (22,23) also violates several axioms. While Weibull’ s axiomatic framework
provides a useful mechanism for ensuring that accessibility measures are both internally
and externally consistent, the framework does, as previously noted by Miller (8), exclude
anumber of observed forms of spatial choice behavior. Principally among these are
activity schedules encompassing multi-stop travel and imperfectly informed and
hierarchical information processing strategies. A fruitful area of future research could
involve the extension of Weibull’s axiomatic framework to encompass these forms of
spatial choice behavior.

e Theroute benefit based logsum space-time utility accessibility measure presented in
equation 52 is based upon a multinomial logit decision making process and consequently
by the very nature of activity schedules and their relation to the land-use environment is
likely to violate the axiom of independence from irrelevant alternatives (11A). In addition
the existence of non-linear income effects present within the travel time, route delay,
facility wait and activity wait parameters as well as potentially being present within the
activity attractiveness and activity participation parameters, violates the requirement
identified by McFadden (29) for log-sum benefit measures to be alinear function of
income if they are to be interpreted as a measure of Marshallian consumer surplus or
Hickesian compensating variation. The mixed multinomial logit (30) and the more general
GEV modd, offer the potential for incorporating complex income effects within welfare
measures without violating the theoretical assumptions underpinning the associated choice
model. A worthwhile area of research isto apply the family of route benefit measures
outlined herein to alternative choice mechanisms for instance generalisation of the random
utility framework beyond 11D (30) or the competing destinations choice model (31).

e Difficulty of the technique in its current form to trade off an early or late start/end time
and duration changes of mandatory and discretionary activities.
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Figure 1. Space-Time Prism For An Individual Constrained By Two Coupling Events

Time
4 T: Available Time Budget
v: Travel Velocity
Coupling Activity 2
0 D (X¥:k) A
oA Space-time prism with apex at
location of coupling events.
1),»' \ﬁ‘.
T=t-t L :

P

-
-
e ————

Spatial and space-time regions within
o B R T which additional destinations can be
Coupling Activity 1 reached and activities undertaken.

(xy.6)

Geographical Space Plane

Note: Diagram applicable to an individual travelling at a uniform speed in all directions with coupling events
situated at the same spatial location ( X, ¥ ) e.g home based coupling events.
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Figure 2: Space-Time Prism For An Individual Undertaking A Discretionary Activity
Constrained By Two Coupling Events
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Figure 3: TheVariation In Total Utility During The Course Of The Day For A Constrained Discretionary Activity
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Figure 4. The Effect Of A Variety Of Deterrence Functions On The Utility Of A General
Activity
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