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ABSTRACT:

The existing literature in the activity-based modelling have emphasised thihdadndividuals
schedule their activities keeping whole-day activity pattern in their mg®leral attempts have
been made to integrate this with the network congestion; however, for éxgtisianation of
travel behaviour of individuals, further improvements are inevitable. In thi®ipa combined
model is proposed that deals with the scheduling of the home-work tour with time-varied
network congestion in a fixed point problem framework. Marginal utility prafilleat represent
individual time-of-day preferences and satiation effect of the activdresincorporated for the
measurement of utility of activity engagement along with the disutility ovdtalt has been
noticed that consideration of only time-of-day dependent marginal utility [pso@if activities in

the utility function does not appropriately integrate the activities and ltraitkin the tour. The
proof of this has been shown analytically and numerically. This finding contedith the
earlier researches that have been done to integrate morning-evening cortogathsr with the
network congestion. Additionally, two numerical experiments are conductedhancesults are
presented in the paper. In the first experiment, an arbitrary dynamingdtrategy is assumed
and then a detailed analysis is performed to show the variation in the balartcadefoffs
involved in the process. The second experiment is conducted to assess the sensitivity of the
combined model through incorporation of different dynamic traffic loading models. Some
meaningful observations are drawn from these experiments and are discussed with the
identification of avenues for future research.
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INTRODUCTION:
Modelling congestion in conjunction with trip scheduling has been an active aress@rch
over the last four decades. The work presented by Vickrey [1] has remained semthed
regard. Further extensions and refinement of his work in many dimensions havedeasu#
well-known scheduling theory for the morning commute(MC). Attempts have alsorbede to
integrate the MC with the evening commute(EC) through the same framewdbhkawargument
that scheduling of the MC may well depend on the travel cost of the return to home trip, the
duration of the work activity and variation of the utility of the work activitytivits start and end
times [2,3]. Several empirical studies have also recognised the fact that duaaing concerns
about congestion on the road network and policies that are aimed at reducing itogdg.
pricing), people tend to change their activity schedules. Such changes may ichainge in
departure times, work activity duration, changes in modes and route choice et&écently,
Lam and Yin [6] and Lam and Huang [7] proposed a discrete choice framework intdisiones
to model activity, destination and route choice together. They adopted aivaaiainequality-
based formulation in order to assign traffic dynamically and brought autuah consistency
between activity choices and travel times. However, the modelling fraomiedoes not model
activity duration, which is considered as a vital dimension for linking the MC anddg€ther
[2]. Abdelghany and Mahmassani [8] formulated and analyzed a stochastic dymeetic
equilibrium (SDUE) problem in which drivers simultaneously seek to determinedbparture
time, route choice and sequence of their intermediate activities at the ool minimize their
disutility for travel. Their modelling framework is limited to the MC onijth three intermediate
stops i.e. it does not deal with the complete activity pattern of an individual for aendet and
also in their model duration at intermediate stops of the MC is treated as exogenousl|

To overcome the deficiencies of earlier works, Zhang et al [2] investigatedtiza in
the departure time within-a-day for the home-work tour as a trade-off bettreesl cost and the
utility of participation in the work activity. The home-work tour is linkedtwvwork duration and
the model follows a hierarchical nested logit structure utilising a utiligyrfework proposed by
Ettema et al [3]. In addition to this, they established an equilibrium conditidwdmn the
schedule choice pattern and network congestion by solving a fixed-point problem. Their
modelling framework utilised bottleneck model for estimation of travel timeaosingle link
between home and work locations, which was then fed into the utility function. Assisort of
work has been presented by Kim et al [9] with the only difference that insteagiofy the
Bottleneck model at supply side, they have utilised DYNASMART (dynamicitra$signment
package) to assign traffic and obtain time-dependent travel times whidbeatieack to demand
model to achieve demand-supply equilibrium. Polak and Heydecker [10] also presentatha si
kind of work i.e. combined modelling of home-work tour with dynamic network congestion,
with a difference that utility function of their model do not incorporate ad@m error term i.e.
they model home-work tour in manner that it provides deterministic user equilibfiurall
recent work of activity scheduling modelling with network congestion i.e. [2,7]9itLBas been
noticed that the utility specification of their model includes a component teasores the utility
of activity engagement. This has been calculated through predetermmeetiday dependent
marginal utility (MU) function/profile for a particular activity. Howewrein a recent paper of
Ettema et al [11], a model is proposed which only deals with the demand sideeftorted that
duration based MU function (which represents activity satiation effects) memrporation of
scheduling constraint may also make significant contribution in combination wattk-¢dime
based MU function for proper measurement of utility of activity engagement.
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In this paper, a combined home-work tour scheduling model is presented, whick bring
the system in stochastic dynamic user equilibrium (SDUE), under the above mentioned
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framework and a detailed investigation is carried out for time-of-dgeddent MU functions. It
has been proved analytically and numerically that clock-time based MU émfiir home and
work activities do not able to integrate MC and EC together and thus not serve the purplose of
combined modelling. This finding supports the recent Ettema et al [11] work, however,
contradicts with the earlier attempts that were made to integrate arietour scheduling with
network congestion. Additionally, the model presented here can be consideregensralised
model as various forms of discrete choice models can be incorporated at the demaanttisiae
a similar manner variety of supply models (dynamic network loading models) tHds fille
desirable properties for dynamic traffic assignment [12] (e.g. flow propagatonservation,
First-in-First-out, causality, etc.) can also be assimilated. The paperuistised as follows;
second section contains a generic illustration of the combined model. Third seesonbes
details of the utility framework of the model with proposed model refinemerdsrtk section
presents results obtained from the numerical experiments with some meaningfulabioses
and finally conclusion is made with some discussion on future research.

HOME-WORK TOUR COMBINED MODEL

Generic Mathematical Illustration:

We are considering the home-work tour; that contains an origin-destination gpagsenting
home and work locations, connected with a single link between them, arak carly mode of
travel. In the context of the above simplified version of home-work tour, the scimgduli
dimensions involved here are the choice of departure times for work and from workh&lisois
no question of modelling activity sequence as only two activities are involve@tidos of work
and home activities are implicit in this structure and are derived from depaimes along with
the travel time to get to work and home. Figure 1 further explains this frariein detail.
Activity scheduling for this tour can be defined by a pair of discrete depatitues from home
and work activity denoted biyandj respectively.

i 'f—‘b— R \\
///-;:ideminl Central Business

T zone (Home —- district (CBDY) T
' Activity) - (Worle Activiry)

R;

i andj are departure times (i.e. clock-times) from home and work loca@epactively

R and R are travel times on the link at their respective departure times fombeing and evening commute
respectively

7,, and 7, are duration of work and home activity and are given by

ty=i-(i-R ), 7,=1440-(r,, +R +R; )

Time unit is taken in minutes and a full day is considered tbatgrises 1440minutes
FIGURE1l HomeWork Tour TimeCycle

Scheduling for home-work tour &leparturgime from home departuréime from CBD)
=(i,j) e Z?
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where,i=1,2,... X, = (X+Rx +r;v), ... 1440; and they belongs # representing the set
of integer numbers, we are considering here the duration of each departure tioe geone
minute. X represents the maximum possible departure period for the MC keeping in mind the
minimum feasible duration of work activity,. Suppose that is the set of all possible
combinations ofi( j) pairs i.e

K={(i,j):iez, jez, 1<i<X, (X+Ry +r,)< j <1440

The overall utility of activity scheduling for this tour, according to Ettesal [3] utility
maximisation framework, (which is also adopted in various other researehj@sd,10]) can be
expressed as

max V, ; :max(VA+VT) (1)
where, VT is the total utility derived from the travel and” is the total utility derived from

participation in activitiesv'™ and V# are themselves the sum of utilities mfnumber of travels
between the activities amdnumber of activities respectively and are given by

VT :Zm:va (2)
VA:Zn:v’*n (3)

In the above specification, the utility of a travel made at time t is chatzetd by its
travel time and travel cost. The utility derived from activity paggtion is dependent on time
spend on the activity location. The above three equations can be termed as aizEohetdity
framework that can accommodate all types of individual daily activitygoas. For home-work
tour, which is the prime concerned here, the total utility can be given as

AR AR VALRAVALS 4)
where, V" represents utility gained by spending time at hom¥,represents benefits obtained

by spending time at worky ™~ and v ™ are the utilities of travel from home to work and work

to home respectively which are considered negative here. In this way individeadsto trade-

off between the overall travel cost of the two travels and benefits gained igipation in home

and work activities when taking decision of scheduling for the tour. We will discusfthres of
home and work utility in detail in the next section; however it can be noted thgirkg¢hese
terms constant for a while the utility of home-work tour scheduling is dependent onl trave

timesr and R; which are actually included in terms™+ andv ™. Therefore, it can be written

as
Vi - 1R R)) ©)
To make the above utility framework operational, it is required to estirpadbabilities
of choosing scheduling of activities in a tour by using random utility model. For pigrfor the
Multinomial logit (MNL) model,

Ri=9(v;) v(i, j)e K (6)
and for other discrete choice models i.e. nested logit (NL)
Pijzg(vij;Q) v(i,j)e K ()

where, R; = Probability of choosing alternative (j) in activity scheduling choice set of this
tour and » = Vector of additional parameters in the model form. Suppose Ghet the total

number of individuals in the residential zone that are assumed to conduct this type ohdour a
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are fixed in number. The choice rate of individuals who will depart from home an# at time
i and j respectively is given by

g ; =QR; (8)

The number of trips at departure timdérom home to workg, can be determined by
summing over all the combined choicgs over the departure time j and the same strategy can

be applied to determine the number of trips at departure time j from work to heme
Mathematically,

i :ZQij
j

qaj =ZQij
i

As already mentioned, the supply side of the combined model provides dynamic
representation of congestion on the network through estimation of time-deperalasittimes.
For this purpose, whole-link models have been utilised that requires inflow proftéshvare
basically the outcome of demand side i.e. equation (9) and (10). Here we are usinglinkole
models in which travel time of the vehicle entering at time considered as a linear function of
number of vehicles exist on the link at timeTherefore, for the morning trip i.e. trip from home
to work, travel timer is given by

R = ff +c(x) (10)
where, x; represents the number of vehicles on the link at departure itinfeis the free-flow
travel time on the link and represents inverse of the capacity of the link. According, to the
linear whole-link model formulation [20]x; is given by the flow conservation equation (i.e.
difference between the cumulative inflows and outflows at timesuming that link is empty at
initial time) and according to the flow propagation equation, outflows from tiiledt timei are
function of inflows, therefore it can be written as

x=é(a,) (12)

where, q, is the vector that represents inflow for the MC,i is the functional parameter that

9)

ensures the compatibility of the above equation. From the above equation it can be shown that
travel time experienced by vehicles at timeon the link is basically a function of inflows
provided from demand side of the model such as

R=v(a,) (12)
And in the similar manner, the travel time for the EC can be written as

Suppose thaR, andR; are the vectors that represents profiles of travel times for trip to
work and home respectively, arrlis a vector that containg;, andR; as its elements and in the

same mannefrepresents a vector whose elements are and then a fixed point problem can be
formulated in a general way i.e.

ngE(\i (R (o )D (14)

where, P andV are two dimensional vectors containing elemeptsand V, ; respectively, the
above equation can be also be expressed as
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a-(a,9,)-ee(v (& (a ). 8,(s, ) as)

The solution of equation (15) may result in a SUE equilibrium condition which may be
defined as At SUE no motorist can improve his/her perceived utility of scheduling of the tour by
unilaterally changing the schedules. This follows directly from the interpretation that of the
choice probability as the probability that the perceived utility of the chosen schedule for the tour
is the highest of all the schedules for the tour.”

The following mathematical expressions represent an optimization problem abtve

fixed point problem in order to find out solution f&rfrom the standard minimization
algorithms.

Letz<=(qi.q.)

—i' =]

minS(_x jzz kz(_x )

The constraints are X =(

where.k ( x )-[ x -6 (x )]ands( x J=o( g,.a,)-ep(v (& (g, ). & (g ]

UTILITY FRAMEWORK OF THE MODEL

The essential aspect of the model is lies within the utility specificationhferscheduling of the
tour. It is very clear from the above mathematical illustration that wttit scheduling home-
work tour contains two major component, first one deals with utility of activitgyagement and
the another one caters for the utility of travel. We will start our discussiomutiiadr elaborating
equation (4), which is rewritten here.

VAR ARRVALERVALS (16)

|_Q
| o
N
v
o
Q
=
o
(K]
I
re)
LQ
I
re)

The Utility of Activity Engagement
In the literature of activity scheduling, the major emphasis is given to thedproper ways to
measure utility of participating in an activity. Polak and Jones [13] introddlce idea of time-
of-day dependent MU i.e. there exist a MU (which may vary over time), expressingfitie
gained from one additional time unit of activity participation. Many redeans has proposed
various functional forms for the MU of an activity, however most common in literadueebell-
shaped and piece-wise constant profiles dependent on clock time [2,3,9,14]. These profiles
assumed that the MU of an activity is high for a preferred period and that iedses if one
moves further away from this period. Figure 2a shows MU functional forms for workitgct
with the general notion that work activity has higher MU during working hours i.e. 8 t
The earlier works for scheduling of activities in the home-work tour context
[2,3,9,10,15], have considered MU profiles for an activity as a function of clock-time aittyav
claim that their model integrates both MC and EC with time-varied networigestion. If this is
considered as true then the activity engagement related components in eqaé)iaarf be
written as
i 1440 j
vh :jv'h(t)dt + jv'h(t)dt and VA IV'W(t)dt
0 i+R; i+R
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where, v"and v*"are MU functions for home and work activities respectively, and these
function may follow any form either bell-shaped or piece-wise constant profiletwhare
actually dependent on time-of-day. It should be noted here that we have considéulhdag,

starts from midnight 0000hours and ends at 0000hours again at on the next day and the unit of
time is taken in minutes past midnight. The MU functions for home and work actvise
integrated over the time duration individual have spend while participating in ticésgias. So,

the overall utility of activity engagement for home-work tour is given by
1440

VANV J'v t)dt + jv t)dt + J'v t)dt (17)
i+R +R

In the next sub-section, we will prove that if the MU of activities is taken only as a
function of time or in other words individual time-of-day preference is only comsitlen
measuring utility of activity engagement, then this utility specifmaidoesn’t properly integrate
two commutes together i.e. there is no difference either two commutes arelledode
combination to each other or modelled separately.

Numerical Example of the Proof

The travel component in the utility formulation, which explains the disutility a@véd an
individual experiences during travel from one point to another, can be measured bgecontgsi
actual travel times and cost spent on travelling. Therefore, the folloeange written

Vi pyTen 2R+ AR, (18)

where, 1 is the negative parameter, which represents the disutility individual eqmss while
travelling (in-vehicle disutility), this cannot be confused with travel tipaeameter that represent
the value of time of the individual, which contains some other parameters that aref pae
utility of activity engagement here. Therefore the total utility of theestuling of home-work

tour can be glven as
1440

J'v t)dt + jv t)dt + jv t)dt + AR + AR (19)
i+R J+R

With the above specification of the utility function, the following assumptions aadem
to practically apply the model. Suppose that there are in @tal5000 commuters living in the
residential zone shown in figure 1. Let us assume that the feasible departurés timoen
0600hours to 1000hours for the MC and for simplicity we are assuming departure times for the
EC as well from 1400hours to 1800hours; so the consideration of minimum possible duration for
the work activity is implicit in these assumptions. Free-flow travel timehanlink is considered
as 10 minutes with a capacity equals 1800veh/hr. The in-vehicle travel-time @@ram
assumed asi. = -0.08£/min. For home activity, bell shaped MU function is assumed which
depends on clock-time. This represents that the utility of stay-at-home is suppdsetigher at
early morning and evening than the day time because people prefer to stay atdramgufar
home activities in normal time such as having a family dinner, watching TVsteeping. The
functional form according to [2,3] is given by

v (t)=h. — ByUg

e el =) v oxp G-

For work activity, the bell-shaped time-of-day dependent MU profile is assumgch

provides high utility around mid-day with an argument that workers start tonwgo after arrival
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at office and work most efficiently at about mid-day. In the afternoon, workiicgency keeps

declining until one leaves office. This is given by

BrUg

V()

the numerical proof

~explp (t-a)] [1+exp(- plt—a))]
where,h,, a,p,7, U, are the parameters that controls the shape of the bell-shaped MU profiles,
figure 2a and 2b shows the MU distribution with the following parameters values coedittar

Home Activity: h,=0.03,« =700, p=0.01,y=1.0,U,=10 £.
Work Activity: « =720, 5=0.01,y=1.0, U,=30 £.

_ 0.035 0.09
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FIGURE 2

Marginal Utility of Activities, Demand and travel time profilesfor combined

and separate modelling cases
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In the separate modelling case, to find out the utility for the MC; the MU of home and
work activities are integrated over the half-day period, starting from midrégnd end at 12
noon. For the EC utility, the remaining day is considered i.e. start at 12:00 noon aatl Ex@0

mldnlght The utility of activity scheduling for both these trips is given as
720

V, J'v t)dt + jv t)dt + AR , for MC (20a)
i+R
1440

v, = jv t)dt + j "(t)dt + AR, , for EC (20b)
720 +R

The travel times for the MC and EC are derived from the Point-queue model and for both
these trips two fixed point problems are solved independently, unlike combined horkéenor
For this numerical test, eight departure periods each of 30 minutes duratiorcovesidered for
the morning trip as well as for the evening trip. At the supply side the time intescainsidered
as 1 min, as we need to feedback the travel times into the demand modelotbdnest travel
times were averaged for 30 min duration and then fed into the demand modete3iiés
obtained are shown in figure 2 as demand and travel time profiles. The figure shaitbere
are absolutely no differences in the demand distribution and travel time grofilgeparate and
combined modelling cases. The possible explanation of this phenomenon lies within the MU
profiles used in this experiment, which are the major source of obtaining wtilifi@s finding is
further strengthened by the following analytical proof.

Analytical Proof

We start our analytical proof with equations (19), (20a) and (20b), with the assumipébthée
MU of home and work activities follows any general form and they are onbeddent on time-
of-day. We can rewrite these equations as

For overall ut|I|ty of schedullng of the tour
1440

jv t)dt + jv t)dt + jv t)dt + AR +AR, (21)
i+R +R;
For MC
vizj' t)dt + jv t)dt + AR (22a)
0 i+R
For EC
j 1440
v = [V ()t + J'v'h(t)dt +AR, (22b)
T +R

where, T is an arbitrary time that followéi + R )< T < )and indicates the time-of-day up to
which MU profile of work activity is integrated for the MC and the remainingtjor of it is
integrated in the EC in order to gain utility from the work activity.\Wd (21) is compared with
(22a) and (22b) then we can clearly write as

Vi =V +V, (23)

Now we will prove that when the MU of home and work activities are taken as aifumct
of time-of-day then there is no difference in the modelling of MC and EC sepgaratgbintly,
provided that equation (23) holds. Mathematically it is equivalent to say that
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1440
gij = di (24)

j= (X ¥ Ry +7y)

where, q ;) is the demand predicted for an alternative j() using (21) andg; is the demand

predicted from the separate modelling of the MC for an alternativ&@ng (22a) Equation (24)

can be written in the probabilistic terms as
1440

P = P (25)

ij i
j:(X+Rx+r‘;v)

where, R; is the calculated probability for an alternativg [) and p, is the calculated

probability from the separate modelling of the MC for an alternativkit is supposed that MNL
model is used to calculate the probabilities shown in (25) then we can writd@assol

14240 exr(VI i ) B exp(v;) (26)

1440 -

X+ Ry *Tw z ex[{\/i i ) iexp(vi )

i=1  j= (X+Rx+r\'~

Now consider the left side of the above equation, we will show that with the use of (23) and
some application of algebraic operations, the left side of (26) is equal to its raghtldsing (23)
we can write down the left side of the equation (26) as

1440 exd ) 1440 exr{V +V, )
= Z 1440 = 1440
(X Ry+7y) z z exp(\/i ]_) (X Ry z z exp(v LV, )
i=1 = (X+Rx+r\‘,v i=1 = (X+Rx+rw

By using properties oéxp,we can write down further as

_ “Z“f’ exr(V ) exr(V ) . F(Vi) “Z“f’ exdv )

1440 1440

~(X+Ry+7y,) z ex;{V ) .ex;{Vj ) A z z ede ) .ex;{Vj )

i=1 ](X+RX+TW =l j= >(+R><+fW

since ZZ@,-bw = ZaVZhN
3 ety

= explV, )| PR _ o) _ Right side of the equation 26

; exr(Vi ) z exr(Vj ) iZl:exp(vi)

= X+ Ry +1y,

The above analytical proof shows that equation (23) plays vital role in detaching the MC
and EC in a combined model. Equation (11) also suggest that utility of choosing depamiaire t
for MC and EC is independent to each other, this is the consequence of using only time-of-da
specific MU for home and work activities. As in these MU functions assumes that one unit of
activity engagement at time-of-day t will always yield the same tyfilirrespective of the
activity start and end times. This suggests that only time-of-day specifioiidtivities are not
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enough to model scheduling of home-work tour, therefore, it is necessary to loakHer
possible alternatives to measure utility of participation in an activity.

Model Refinement

In the activity scheduling literature it has been found out that time-ofaiyendent MU is
criticised by various authors, as it does not incorporate the activity fatgusatiation effect
which is a very likely phenomenon for most of the activities. This implies tieutility derived
from one additional time unit of activity participation diminishes with incregsiuration. This
is also in line with the basic principle of economics. If MU of an activity is takera function of
duration for scheduling of home to work tour, then it is very obvious that it interlinksititiey
of MC and EC as both utilities are dependent on each other. And the combined utthiy wfur

cannot be detached into two parts as shown above for time-of-day specific MU function,

therefore, equation (23) would not hold in this case. Yamamoto et al [16] and Bha¥lianal
[17] presented duration based MU profiles for activities that follows a ltdgaic function, with
an argument that these utility profiles are in line with the economic theorymingshing MU.
According to them, utility of an activity, for example work is given by

VW(TW):TIW In(fw) (27)
This gives MU function for work activity as
V)= (o) (28)

w

where, r,, denotes the duration of work activity amg is the scaling parameter.

Although, the duration based MU of activity is able to addresses the short comirgs of t

time-of-day dependent MU, but it should be noted that relying entirely on durationd béldeor
modelling scheduling of the home-work tour is not practicable as in that case indwvitione-
of-day preferences in participating work and home activities are compligiebred. Therefore,
both of these ingredients are important to accurately model the scheduling of hoteewor
Recently, Ettema et al [11] argued that time-of-day dependent MU functimmoped in the
literature are continuous in their nature. These functions neglect the faschtsh of the every
day activities are not flexible in terms of time-of-day, e.g. work ando®| arrangement and
opening hours of stores are the constraints that play vital role in determining tréugzloé the
various fixed in time activities. They mentioned that schedule delay formulairesented by
Small [18] is efficient to deal with such discontinuities, as it is assumetkhieae exist a certain
preferred start time of each activity, and deviations from that time resalinegative utility and
these are termed as early and late arrival penalty. Moreover, Etteah@ld{ estimated a model
to empirically test their approach for home to work tour. It has been shown inethéts that
some correlation exist between parameters of time-of-day and duration Maspdbfiles which
shows that time-of-day component also implicitly address duration dependency. Fatber
parameters of schedule delay are found significant only for work activityalis telatively less
flexible nature than other activities. They concluded that there are rathde seldtionship
between the components of the utility and trips, which may partly overlap anelaterr

Based on the above, we can conclude that the scheduling of whole-day activity pattern is

dependent on the types of activities actually involved in the pattern. Andlitado the nature of
these activities because of which different components shows their signifiratineetotal utility
measurement e.g. non-flexible nature of work activity causes significanceheftisle delays
parameters and fatigue-less nature of home activity in comparison to othbomat-activities
cause irrelevance to duration component. Therefore, modelling schedulesiref &ctivity
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pattern is specific to the nature and type of activities involved in the whoterpafl herefore for
the Home-Work tour scheduling model, the following is proposed

> For the home activity; MU based on time-of-day would be the most significant.
So the overall home patrticipation activity can be given as

vh= j;v”‘ (t) dt+.[l440 V' (t) dt

J*+R;

> For work activity; duration based MU function and schedule delay constraints
specification would be the most significant i.e. the utility for work activisy given by

VW:(.[LRIV'W(i+Ri +1) dt]+g(i+Ri - a)

where,Vv'" (i+R +t) is the duration dependent MU function, s is the activity start time and t is

the current time at which utility is measured for this activity. Another figrcin the above
expression,g(i+R —a) represent the scheduling cost posed on an individual in the form of

penalty, herea represents the preferred start time of an activity. Therefore, iardaace with
the above MU and utility specification for home and work activity, the complete hoork tour
utility can be given as a combination of above

Vi | =J‘;V'h(t)dt+Uij+R VY(i+R +t) dtj+g(i+Ri —a)+J‘jjA:V'h(t)dt (29)
+ AR + AR,

The following section presents and discusses the results obtained from the numerical
experiments conducted with the model proposed in (29).

NUMERICAL EXPERIMENTS

Analysis of the model with Dynamic Tolls

To conduct this experiment, it is assumed that the arbitrary dynamic tellsiduced to reduce
congestion on the link at peak periods. This has been done by adding a term (in momésr
for the MC and EC in expression (29). The same setup is followed as presented in tecalim
example proof. Figure 3 represents the dynamic tolls assumed in this erperifthe utility
expression shown in (29) is used here with the same assumption of differenteparsras
mentioned under the numerical proof above with the difference that MU of work gctsvit
considered here as a function of its duration and its functional form is take®8asvith the
parameter, = 18£-min and preferred start time for work activity is taken as 0830am eqjtial

parameter value of early and late arrival penalties, -0.04£/min.

It is revealed from figure 3 that when there is no toll the middle departursgse
contains higher volume of traffic and when dynamic tolls are introduced inramerahat higher
demand departure periods have higher value of tolls, then as a result of this\fime has
been shifted towards early departure periods in the MC and in the EC it is stoftibe later
departure periods to a considerable extent. This suggests that peak is dispersiedrsigriue
to the introduction of tolls and as a result individuals change their departure timerder to
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balance the trade-off between overall travel cost and benefits gained thpautgtipation in
work and home activities. Further to that, significant differences arednioteéhe travel time
profile for the MC, i.e. for without toll case the peak travel time is equivateraround 40 min,
and with the induction of toll this has been reduce to significant extent i.e. aroundri2&o the
additional travel cost individuals are paying in terms of toll, is basicaljuceng there travel
time to a significant extent, however it is also noted that the average duratiworkfactivity is
increased to approximately 15 minutes (i.e. 8.44 hours to 8.70 hours) when tolls are
incorporated. It is therefore, useful to examine the change in the componentstpffutiction
to better understand the complicated trade-offs involved in the process whenidyo#dsiare
incorporated. For this purpose, table 1 is shown which represents the calculatiamitpf
components for both with toll and without toll cases.

Morning commute == Without toll demand Evening commute == Witnout toll demand
1600 - == ai(clrhhrgll demand 25 1400 - = v ith toll demand 17
— =

—Toll{£)

1400
1200 -
1000 4
£ 800 A
00 4
400 4
200 4
04

1200
1000
800
600
400
200

Demand (veh/30
Demand (vehi/30
min)

200- 2:30- 300- 330 4:00- £30- 5:00- B30-
630 700 T30 &00 &30 900 930 10:00 230 300 330 400 430 500 530 600

Departure periods Departure periods
40
= Witholt toll
E a0 With tol
@ Morning
__E: . commute Evening
5 X commLte 1
1
=
ol ! /J |
= 10 :
I | | 1 1 | 1 | 1 ] | | |
o 120 240 360 480 B00 720 840 960 1080 1200 1320 1440

Minutes past midnight

FIGURE 3 Demand and Travel Time Profilesfor Without Toll and With Toll Cases

Table 1 revealed that if the individual chooses the departure period 4 (465 minstes pa
midnight) for the MC and departure period 4 (945 minutes past midnight) for the EGashtoh
spend around 11 more minutes at work due to the reduction of travel time of the same extent
when tolls are incorporated. So the benefits are two fold, reduction in travelalong with the
more utility gains by indulging in work activity for same amount of time. If wensider an
individual who has chosen departure period 5 for the MC and departure period 4 for the EC; due
to the toll of around 2£, the saving in travel time is around 18 minutes (1.39£) which bzedlti
to gain more utility of around 0.73£ at work location. On the other hand it is benefocihe
employer, as workers are spending more time at work location. The similatsegre reported
by [10] when they analyzed the effects of congestion charging on work duration.

This analysis is carried out with the assumption that individual wages aiibléexhich
is a very rare case in the reality, however, it is possible to analyse #eefaam the model in
which individuals wages are fixed i.e. by assuming a MU function for the wotivigcthat
represents the uniform MU for a fixed duration. Another way thorough which theaserin
work duration can be explained is through modelling the home-work tour for thee eméiek,
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constrained with the fixed number of work hours per week and at the same time indikiaieal
a provision to participate in other one or two activities once in a week (i.e. shgppi
recreational) for the same additional amount of time individual have spend at the watiofoc
due to tolls. At present, the developed model is considering a typical working day ofeile w
however, it can be extended further on the above mentioned theme to model thevertdays
with one or two additional activities along with the home and work activitiesddy this notion
the further work is underway as it will extend the model further with the incotpmraf more
dimensions i.e. additional activities, sequence of activities and route choice.

TABLE 1 Utility Function Analysisfor the Experiment

. Travel Cost
[} ® Home Utility (£)
o £ £ — Early and Late
£o 29 B Work Arrival Toll (£) Total Work
= g5 3 Utility Penalty (£) M E TC Utility Duration
52 |2 | B e . . £ :
s o g Before After (€3] (min) (min) ® (£) (min)
53 |53 work work
[a} [a}
Early Late M E
465 945 164.0 13.25 13.508 110.00: -0.65 -- 29.04 10 -3112 - - 132.98 450.9p
465 1005 247.2 13.25 12.110 112.25¢ -0.65 29.0 12.8f7 -335 - - 1330 510.9
495 945 39.22 13.90 13.508 108.58% - -0.790 33.16 10 -345 - - 131.84 416.8
495 1005 68.9 13.90 12.110 111.00¢ -0.90 33.1 12.8f -3|68 - - 1323 476.9
465 945 111.9 13.25 13.508 110.43: -1.10 18.1. 10 -2p5 L.5 0 1324 461.9
465 1005 98.38 13.25 12.180 112.63 -1.10 - 18.1 10 -2|25 .5 1 132p1 521.
495 945 150.7 13.90 13.508 109.32 - -0.43 15.81 10 -2J06 R.0 0 1323 434.1
495 1005 151.0 13.90 12.180 111.65 - -0.4q3 15.8 10 -2]06 R.0 1 13264 494.

0 00 oo © W W N'U

M = Morning Commute
E = Evening Commute
TC= Total Travel cost of the tour, using value of In-vehickavil-time equals 8 pence/ minute

Model Sensitivity with Different Dynamic Traffic Performance Models

To conduct this experiment no changes have been done at demand side of the modehand
numerical setup mentioned above. The changes made are related to supply sideoailieed
model. The experiments were performed using the linear travel time matdgldivided-linear
travel time model [23] and Point-Queue model [22]. Figure 4 show results of this exgrérah
equilibrium.

It is revealed from figure 4 that travel times obtained from the point-queue Inaoeléower
than other two models. Higher travel times are obtained when linear tiavelnodel is used.
Divided linear travel time model provides moderate values of travel times. i$hisie to the
inherited properties of these models, as it is already mentioned in theliterthat point —queue
model underestimate the travel time when there is no congestion on the road becaoseadili
always gives travel time equal to free flow travel time of the link unlegkow to the link
exceeds its capacity [12]. Linear travel time model estimate the highlele of travel times
because the structure of the model is such that it calculates the travel timeefancoming
vehicle at a particular time by considering all the existing vehicles eritik at that time, even
when there are few vehicles on the link. Therefore, this model overessnti@tvel time when
there is no congestion on the link and this effect propagate further whichg@siigher values
of travel time. This property of the linear travel time model is termed@uble counting effect in
the DTA literature [12]. Divided linear travel time model presented by Murj {4@ result of the
modification proposed in the linear travel time model. This model addresses ¢nestimation
problem exists in the linear travel time model, as in this model the link v&ded into two
sections and traffic is supposed to propagate the first section with the free flad.sp#en

int
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traffic reaches the second section of the link whose free flow travel tmmedommended to be
eqgual to the time interval at the supply side, the flow propagate according to thetliaeel time
model. This results in consideration of congestion effects of the vehicles mislcond section
which is the limited part of the whole link. All the supply models considered herdiragar
models i.e. travel time increases linearly with the flow, however in pralcterms it is observed
that travel time follows a convex curvilinear path. This is still an activeaasf research that a
model would need to be developed which fulfils all the desirable properties of DitlAalows
change of travel time in accordance with the empirical observations.

Morning commute B Foint-queue mode! Evening commute B Foint-queue model
2000 O Linear travel fime 3000 O Linear travel time
1500 o Divided linear trave time 2500 0 Dwvided linear trave time

2000
1500
1000

1000

Demand (vehi30 min)
Demand (veh/30 min)

500
’ 500
0
6:00- 630- 700- 7:30- 800- 830- %00- 930 2:00- 230- 300- 330- 4:.00- 4:30- 500- 5:30-
6:30 700 T30 800 &30 900 930 10:00 230 300 330 400 430 500 530 6:00
Departrure Periods Departrure Periods
70 Foint-queue

w— | in2ar travel time
Civided lingar travel timg

o] e\

G! T T T T T T T T T T T
1 121 241 361 481 601 721 841 981 1081 1201 1321

Travel time {min)
[#%)
[a=]

Minutes past midnight

FIGURE4 Demand and travel time profilesfor different supply models

CONCLUSIONS AND FUTURE RESEARCH

This paper reported an integrated model for scheduling of activities andidivsupposed to do
in a given day with the representation of road network congestion effects.ererig
mathematical illustration of the developed model is presented for a simpliesion of the
home-work tour. It has been found out that when MU of an activity is considered astaofuat
clock-time only, the model detached the MC and EC i.e. the effect of any charige MC are
not transferred to the EC. The numerical and analytical proof of this has besanped in the
paper. This finding supports the utility specification presented by Ettema[gijllt has been
noted that duration based MU which represents the activity satiation effeat isnportant
ingredient along with the time-of-day representation, in order to propetlgrate the two
commutes in the home-work tour. The results from the numerical experiments subijestine
model is behaving well and vyielding prediction as per expectation, as the mibolek ahe
dispersion of peak when dynamic tolls are introduced. The analysis of the dtihigtion
presented for the dynamic toll experiment was useful to examine the comati¢aff involved
in the process. Introduction of toll seems to have a direct effect on travel bué is found out
that individuals are utilising that time in participating home and work ac#igitio gain more
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utility. The increase in work duration seems beneficial not only to individual buttlier

employer as well. The™ numerical test suggested that a care should be taken for the choice of

dynamic loading model at the supply side as this would potentially effects the bxesalts
obtained from the model because of their inherited properties.

In the future, research work would be carried out to presents the mathematidal

numerical illustration of the developed model for any realistic medium size nletwih
complex activity pattern. The model could be further extended in various whysigorporation
of secondary and tertiary tours within the framework of the proposed model, (2) inatiggoof
activity location and mode choice, (3) linking the proposed model with an actyaheration
model to develop a full activity-based model with supply component, (4) theoretieahination
of the convergence pattern and stability of the solution and (5) development of antexpeted
generalised package that would be further user friendly and practically aplidor any
reasonable sized road network and activity centres within it.
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