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@ xpenditures, including transit agency budgets. The challenge is

ppovide public transport services that minimize operating costs while

aining a service quality that is comparable to that of the dominant

ode, i.e. the private car. The strategy to achieve this usually relies on
esting in new infrastructure. Where this is neither possible nor convenient,

*Corresponding author. Email: marco.diana@polito.it

ISSN 0308-1060 print: ISSN 1029-0354 online
© 2009 Taylor & Francis

DOI: 10.1080/03081060903119618
http://www.informaworld.com


http://www.informaworld.com

378 M. Diana et al.

other ‘physical’ characteristics of the systems are improved, such as the
creation of reserved bus lanes.

In this paper we explore an alternative way of lowering the operating costs
of a transit service, by focusing on the different ways it can be organized.
Most services are in fact fixed-route (FIX) services operated by a fleet of
vehicles that run with pre-defined paths and schedules. However, since the
1970s, a different form of public transport system has been theorized afd
experimented with, that is usually termed ‘demand responsive transit’ (DRS
Our paper studies whether a DRT service would compare favorabl
traditional FIX service with respect to distance traveled, and th @

costs, within different urban contexts, for different sepwi i O
demand levels, using a simulation methodology approa€h. In@ companion
paper we draw further comparisons between the two kin

ice from
point of view of emissions of pollutants, by using§ghe same methodol
presented here (Diana et al. 2007).

A DRT service is a public transportation se whic

)
book their trip in advance. The operator th€n ts the r and
schedules the vehicle paths to serve the @\ . Large systems Were initially

envisioned as a less fuel-consuming a ive to tradiglonal large buses,
e USA,@ he flourishing
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considering the then oil crisis. Now
market niche of airport feeders,fhe tems are m sed to provide a

mobility service to those th t use traditignal public transport lines,
such as elderly and disajplg ple. Q
Only a few papex @ a-eompariso FIX and DRT services

from this perspective.

introductory, fraeWork comparing the perfor-
mance of differenérms 0 transit is provided by Diana and Pronello
s

(2004), who dgy: an experme an to determine the best system in

le rymfiing and "with a large set of scenarios. This
builds on th&&, y proposing a new and more rigorous

It problem of comparing service qualities
b and es. Diana (2003) has developed a detailed

tidh to ung : public transport running would be affected if
al eventi @
tituted oy a DRIgS
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prvice in the city of Turin (Italy) were to be partially

S ervice. However, the results of this study cannot be

sily g lized, since they refer to the specific situation of that city
concerning th the service organization and the demand patterns.
Qugdrifoglio and Dessouky (2004) proposed a comparison between a FIX

a fixed and flexible hybrid transit solution, applying a
o@elogy based on a weighted multi-term objective function, partially
to the one used in this paper. Over the years there have been many
er papers that, broadly speaking, have drawn comparisons between fixed
and flexible route services, although their focus is on more general economic
aspects; see for example, Daganzo (1984) and Aldaihani et al. (2004) or
Chang and Yu (1996) for a review.
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In the next Section we describe our simulation framework, defining the
idealized service areas and the characteristics of travel demand. The systems
studied are then presented in Section ‘Competing transit systems.” Section
‘Performance comparability of the systems and virtual travel time’ describes
how we can establish equivalences between different public transport
systems with respect to level of service, which of course must be kept
constant in order to draw meaningful comparisons. In Section ‘Expe
mental design,” we present our experimental design and present ou u
We then present our conclusions in the final Section.

The simulation framework “ ,
In this section we present the framework in wi i’ perform

road network and demand distribution, 4 r to @
operational contexts and appreciate their i@e on the rest

Service areas and road networks 6 &

The three cases under inves@ are the following

e Case G. A squ off) 25 km?
divided into 1 re sub-areas wi
in the middle o ch. The roadyne

connect\ing%stops (Figu‘r

nfedge L =5km), evenly
of 0.5 km and a bus stop
is represented by a grid

0.25 km
0.5 km

Figure 1. Case G: service area and road network.

6
ich w K
simulation analyses, defining the assumptions aboufythe service are
demand. We will consider different urban structfr h one @n
i
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e Case R. A circular area of 25km? (with a radius r=2.82 km),
composed of a central sub-area with a diameter of 0.51 km and by
five concentric and adjacent rings with the same width of 0.51 km
(ring 1 being adjacent to the central sub-area and ring 5 being the
outer ring). Each ring is evenly divided in 32 slices. As a result, there
are 161 sub-areas and in the middle of each there is a bus stop. The
road network is composed of 16 straight roads connecting the 10 sto
along the same diameter and the middle stop, which is commog
roads. On the outer edge, the spacing between the termina @
two adjacent lines is about 0.5 km (Figure 2a).

e Case RR. The same configuration as case R, but i it onal
circular roads connecting the 32 stops in the middle of e@ch ring. The

, 6. , 12.89, a

in these roads

igure 2b).

Case G (grid) is a good approximation S citi ad
networks are roughly designed as a grid, an@yit isS¥probably theSflost studied
D

in research dealing with the optimal ‘ f public

lengths of these roads are, respectively, 3.2
16.11 km; while the spacing between st
respectively, about 0.1, 0.2, 0.3, 0.4, and 0,

because it is mathematically easier (¢f Adadhani ef al.

can be seen as a good starting poj T thore realistid @ ses, for example,

by dividing an urban area eral regions in whic®demand is nearly
a

i
constant and then apply @ alysis to &egion. The ring-radial
network RR can rep @} h ssic m@o& uropean style’ city and

— r=2.82 km —

Figure 2. Cases R and RR: service areas and road networks.

O

©
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is still of interest when urban sprawl processes have not completely reversed
territorial dynamics. The intermediate R (purely radial) case is more an
abstraction, but it has been considered because in many cities the public
transport configuration is strongly monocentric, whereas services between
peripheral sectors are weaker and more problematic. We have chosen to take
this phenomenon to extreme consequences by eliminating any service that
does not pass through the center. Of course, it would not be wise to organt

a DRT service that can move only along radial lines, so it ¢
interesting to study a hybrid situation between R and RR, in whic are,

used only by DRT services. O
Demand K

For Case G, demand is uniformly distributed acromwhole service a

therefore, each sub-area has 1/100 chance to be s a pick- up
off point.
For Cases R and RR, the demand distg s shape and

linearly decreases from a maximum in t er to zero on theWguter edge.
Thus, the distance from the center of

emand poinglis drawn from a
symmetric triangular distribution +2.82] e@ orientation of
babili

>

each is drawn from a uniform n [0, 2n]. B of the geometry
of the service area and the as artitions theapro ty that a demand
point (either a pick-up @ ofi) wo 1d the central sub-area is
2.33%; while the prol : the 32 sub-areas located
in ring 1-5 is, respecti 40) .67%, and 0.27%.

In all cases, dem d p01 nefl to the nearest bus stop in the
grid and wela that tripy ONg and destinations are statistically

independen 1, we will rom consideration requests having

d we a$ atic environment, with all demand known in

pick-up p off assig thé’same bus stop.
The ral distrib‘ii% demand is modeled as a Poisson process

cling, both temporal and spatial, is clearly a
lificati be modified and refined accordingly in future
search luding applied case studies. In this paper, we focus on simplified
but reasonablg modeling assumptions, making sure that the same set of
drawn from the above distributions, are used to test and compare
ng transit system, to guarantee a meaningful comparison.

ompeting transit systems

All vehicles in both systems are assumed to move at the same operating
speed v =20 km/hour, which also includes the time spent for customer
boarding and disembarkment.
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Traditional fixed-route (FIX) bus services: configuration, distance traveled,
transfers, and waiting time

In this section we derive the expected values and variances for distance traveled,
and waiting time experienced by customers for each of the three cases described
above. The values calculated analytically have been verified by simulation.

Case G

There are 20 lines (10 horizontal and 10 vertical) covering the who o

stops. Each line is 4.5 km long and passes by 10 stops. All‘rll are

assumed to have the same headway /g, which depends et Sime Vehicles

in each line move back and forth between terminals logated af) the edges.
It is possible to derive the distribution of disgance veled by

service customers by enumerating all the possible pi®@k-up/drop-off pas
the demand. The resulting average distance tra its vagancdaafec

Eld;] = 0.667L
Varld;] = 0.

(1
(2)

omers whiel Sill need a line

transfer to reach their destinatioyf -up point cdomly be in any
of the 100 stops in the grid. %responding drop-0ff’can be any of the
other 99 stops (since lﬁu ing th st@igned to the pick-up).
ach stop d is served by two lines:

Each line passes by
a horizontal line and aNgftical one. Theref n a pick-up stop, there are

949 =18 stops which, if®hosen as dromyofth*would allow the customer to
avoid a line r%yince bothgse ops would be served by the same
line (either herizo or verti gts, the portion of ‘no-transfer’ (ntg)
and ‘trans &G) custome N

. = 9=18.2%, (3)
Q \%t6=81/99=81.80/0. )
M e hg 1 or all vehicles in the network and assuming no

the lines, no-transfer customers will have to wait a

2
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e at their pick-up (whichever comes first) and then switch to the
t their transfer stop. Hence, they will have to wait A5/3 at their
top (that is the expected value of the minimum waiting time
n the horizontal and vertical line, both having a U[0, 4] distribution);
wever, they will have to wait sg/2 time at their transfer stop (at this point,
they cannot choose the line anymore). Therefore, their total expected waiting
time is hg/3+hg/2. The average waiting time WTs; and its variance
(analytically derivable by conditioning) are given by



14:54 23 July 2009

Downl oaded By: [Di ana, Marco] At:

Transportation Planning and Technology 383

he  (he hg\ 3+ 2
EIWT,] = nig 6 41, (26 126\ =27 ey, 09730, )
2 370
Var[WT,] =0.145h. (6)

Case R

There are 16 lines, each one of them following a diametric road, abo
km long and passes by 11 stops, one every 0.51 km. All the lines are
to have the same headway /g. Vehicles in each line move back
between terminals located at the edges.

Given the demand distributed as described above (Se nd ) we
can derive the distribution of the distance travele stomers
enumerating all possible pick-up/drop-off pairs. Ngte th y radial tgi
are possible. The resulting average distance travz% customers
variance are

Eldg] = 0. 984r

Var| R] = Q
No-transfer customers need to pick-up a ff in the same
diameter, thus served by the sa stomers hav ir pick-up in the

middle stop (2.33%) clearly a nsfer (regardless of where their drop-off
stop is, since all lines %ﬂlddle) s having their pick-up

anywhere else (100263 %) also need a transfer if their
drop-off stop falls in ¢ same diametgr, will happen 97.67%/16 +
2.33% =8.43% of ghe tim& Thereforg tion of no-transfer customers
is 2.33%+9\6% 43% —1&d transfer customers are 100-

10.56% = wever, th& > the no-transfer customers actually

includes th s having pic rop-off at the same stop, which are not

considerg assumptio 72% of the total. After subtracting them
afg AMiZing the Q\%have

ntg =9.9%, 9)

tp=1—ntr=90.1%. (10)

No-&customers will wait an average time of /iz/2 at their pick-up
stop; ematpder will need a transfer in the center point and they will wait
@ of 2 x hp/2 =hg (note that in this case, customers do not have a
£ 10

gtheir boarding at pick-up, like in Case G). The average waiting
JW'Tg and its variance are therefore given by

h
E[WT,l =an3R+thR = 0.95hy, (1

Var[WTgl =0.1814,". (12)
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Case RR

In addition to the lines of Case R, there are five more lines; each one follows
one of the five ring roads. All the diametric lines are assumed to have the
same headway /i, The ring lines instead have different headways, namely /4,
ho, h3, hy, and hs, from the inner to the outer line, respectively. The values

clearly depend on fleet size.
Demand is distributed as Case R, but the road network is more cov%
ic

However, we can still derive the distribution of the distance traveled
additional reasonable assumption that customers, when facing
among different possible paths from pick-up to drop-off,

first
minimize the number of transfers needed and then t istance O
traveled (‘least-transfer’ policy). This means that customers pifigfer a longer K

path if this makes them avoid a line transfer, sucly as u ly a circ
line from pick-up to drop-off in the same ring, insté&using two diagagt
lines with a transfer in the middle stop, even tho, latter o 'or@
slightly shorten the total trip (with respect togi , not ne ily timfC)
Under this assumption, the resulting averagg distance travele C

and its variance are D
Eldygl % K (13)
Var[d 487, O (14)

s@t mer wi ul@ this case much higher
t dditional& nes. After enumerating
0

nsfer customers’ ntzg:

mers

(15)

Nlgr B3
7o W
which includgs 9.9%#0f them usi & diametric line; 2.4%, 5.9%, 6.8%,
4.3%, and %)f them USi@i ircular line, respectively, in ring 1, 2, 3,
nser

4, and rtion of stomer #zp is the complement

Q D) iy, =70.0%, (16)
M include § using all possible combinations among two
&netric liges (2d%Y or using a diametric line and one of the circular
ifies (spedilically 16%4%, 17.8%, 10.1%, and 2.3% for line, respectively, in

d 4).
0 e above information, we can also calculate the usage of the lines,
he probability that a request drawn from the assumed demand
Buitén will make use of each of them for its trip. After normalization,
ges are as follows: 60.8% for the diametric lines considered altogether;
%, 14%, 9.9%, 3.9%, and 0.4% for ring line 1, 2, 3, 4, and 5, respectively.
This would allow defining the average headway /izg, which we will later use

C
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as a measure of the service quality and is calculated in proportion to the
usage of the lines as follows:

hpr=060.8% x h;+ 11% x h; +14% x h, +9.9% x hy+

3.9% x h, +0.4% x hs. (17)

Finally, we can calculate the average waiting time W7 zz. Each line will
have an expected waiting time given by half of its headway. By considering

the possible requests and rearranging all the terms, the resulting
given by

E[WTgg] = 0.52h,+ 0.094h, + 0.12h, + 0.084h; + 0.034h, + 0 @

The variance of WTgp is analytically derivable by cofiditiona
since it is a cumbersome function of the headways, we
but we will provide its values along with the others\ Section ‘Performa

of the fixed-route (FIX) system’ (Table 2).

The waiting times WT derived above in a cases r
overestimated especially for high headway i98fsince tr mers
usually adjust their arrival times at thei -Up stops accotging to the
service schedule. However, in our mode represents th€ entire time from
the moment a customer would be e picked ¢ moment the
pick-up actually occurs. Most o (@w may be s t home/office or

nd n

any other comfortable locat K ot only_ at t us stop. For a
meaningful comparisog e@nse the s m@ng time definition for
the DRT service in t @’ section. &

At the end of_ this tion, we Jxa emphasize that we are not
attempting t%i e optimd@nsit service for each of the above
cases. For exgmpleai”is well kn the optimal configuration of a bus
system in % is not the
grid m ent (New,

asSumed, being L-shaped paths across the

b aef often dc ch as timed transfer systems), especially for
ic g transfer times. Our goal is rather to provide

10,9} ¢ ly public transport assets that can be observed when

. In addition, schedule synchronization
ilar to the one we introduced. Those assets are the

ctory overview, Kim and Barnhart (1999) and Ceder (2002) for a
ore updated state of the art review or Baaj and Mahmassani (1995) and
Ceder et al. (2002) for applied studies.



386 M. Diana et al.

Demand responsive transit (DRT) services

As an alternative to the FIX services described above, we consider a DRT
system operating in the same area and serving the same demand for each
case. DRT systems are ‘many-to-many’ types of service without pre-defined
paths or schedules that can serve requests between any origin/destination

pair without vehicle changes, while allowing ridesharing. While DRT
systems (such as Paratransit) are generally door-to-door services, i
study we assume that customers walk to the closest stop in the n
order to simplify our comparison between the services, since tot
time will be the same for both systems.

Scheduling DRT systems is a known NP-Hard probl t rations
Research literature: problem instances of realistic size @annotfibe solved to
optimality within a reasonable computational timge. M uristics ha «
thus been developed to give approximate solution be able to 0
these systems. For the purpose of our s1mulat1 1 n
heuristic presented in Diana and Dessouky (2 re it hag

to as ‘Algorithm 1.
We assume a static environment, th requests ?Q g dispatch

O

center before starting the schedulin ustorners ¢ to book their
ride specifying the origin, destinat umber of paf and pick-up
time. Trip origin and destinatio ny stop on tf d network of the
case considered. The operat or negoti the maximum ride time
MT and the maximu M W at *;; @p point. MT and MW
control the quality o stem Tighteni

ities of sharing a ride, thus

to the customers, but Wgcreases the p@
increasing both umber of % i¢les and the kilometers driven,

14:54 23 July 2009

ensures a higher quality

[Diana, Marco] At:

and ultimate ratlng co defined as follows:

w&' DT+ b, (19)

% ride time from pick-up to the delivery point,

Downl oaded By:

t |
attempts to minimize fleet size by progressively lowering the
number_of d vehicles, until some request cannot be served without
ing Qome of the constraints. The final schedule defines the paths that
vehicles will have to follow through the given street network in
g Serve all requests in due time. Vehicles can stop and be idle while
for customers at any node of the street network, provided that no
stomers are already onboard.
The calculation of distance traveled and waiting time for DRT services is
dependent upon the setting of the parameters a, b, and MW, and cannot be
simply analytically derived as done for the FIX case, but has to be computed
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by simulation. This will be done in Section ‘Simulations and performance of
the demand responsive transit (DRT) system.’

Performance comparability of the systems and virtual travel time

To compare the systems in terms of total distance traveled, we need to make
sure that the two systems provide an analogous service to customers, so that
m,

a potential efficiency gain would not come at a cost in terms of Qv
service quality level, which we will refer to as the performance of tQ

Customers using either one of the services would face a wag ¢ at
their pick-up stop and a ride time spent onboard. FIX S tomers
will have additional waiting time at their transfer st@p. N at DRT

customers would generally have a longer ride time, becase of rideshari %‘

however, they would never need a transfer. We Qigregard other possi®
sources of noise, such as the comfort onboar hicle or an@
element that could influence customers’ perce t%d opinj b e
service performance.

Hence, we can measure the performgmeg f either one of thgystems by
the following function Z;, for each c ri=1 to representing the

virtual travel time and defined as 6 O
Z;=RT, &WT,-—I—G)Z @
where RT; =d/v is ri @ ”1s distan & ), WT; is total waiting
‘ eﬁ

(20)

(¢)

time, and 7;={0, 1} indicates whether in ransfer or not. 7; =1 with

probability tg, tge or Rz (T;50 8 ability ntg ntr, or ntgpg),
depending oﬂh% network #f0 omer drawn by the corresponding
assumed dep@nd disfribution a Mg’ the FIX service; while 7; =0 for all

sirtte there are no transfers.

customer, &the DRT sg&g1
The @ ts' @; and r ded to obtain a uniform and meaningful
V #which isf@ in ride time units. A lot of research has been

ing correct estimations of them and different

meteorological conditions, security concerns at bus stops, or
rpose and the activity patterns of travelers (Evans 2004, Evans and
004, Vande Walle and Steenberghen 2006). On the basis of two recent
(Guo and Wilson 2004, Wardman 2004) and taking into account that

our idealized framework, we do not consider the above disturbance effects,
we assume ®; =1.8 and ®, =10 min, meaning that a unit of waiting time is
perceived by customers (on average) to be about 1.8 units of ride time and that
the discomfort due to a line transfer can be compared to 10 min of ride time.

A
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The following mean value over all customers served provides an
indication of the overall performance of the system considered:

1Y
7= 7. 21
NZ ! ( )

i=1

Thus, the two systems can be considered comparable in terms

performance if their Z values are similar when they serve the sa §
customers. Q

Experimental design O
For each road network case (G, R, and RR), we build a 2 faglorial desi

where the two factors under control are service qualigy and demand dens

hence, we create 12 operating scenarios. In each 0, we first ¢
the distribution of distances traveled, waiting ti time, It y
i

the resulting Z; and its mean Z for the ce; the form
simulations of the DRT service, properlysag|8sting the parametyg «, b, and
MW, defined in Section ‘Demand respo % ransit (DRTSservices,” in order
to have an overall performance (mefsused®By the Z va % t is analogous

to the FIX service, ensuring in glfis a proper comparifon of services.
The first factor considercgsi vice quality,gghich 1S 1dentifiable by the
mean headway of each k @G, hg, an ,@fact, a smaller headway
provides a better ser ' ality™to custom ering the overall waiting
time and vice versa. WeNecall that when, set e levels of the factors for a
2% factorial designgit is wiSe to copsider Widg/tanges for each variable. Thus,
the two levele%ay considerd % about 5-7 min for the high-quality
t 27-30 amipfo®the low-quality service level. These

service level @nd
represent g &\e values tyypi eficountered in most urban bus transit
% i FIX fleet sizes needed in each case:
1%nsider a service with one vehicle/line and
icT8S/line; in Case R, we consider a service with one
one with five vehicles/line; in Case RR, we consider

e clogiWise and one counterclockwise) in each circular line and a another
case wi W vehicles/line in the diametric lines and 2, 4, 6, 8, and 10
i (half clockwise and half counterclockwise) in each circular line,
, from the outer line to the inner line, to better respond to the
demand distribution. The resulting headways for each service

uration are shown in Table 1.

The other factor is demand density, which is expressed by the Poisson
arrival rate A of customers requesting the service. We consider A =2 requests/min
for the low demand level and A =50 requests/min for the high demand level.
The low demand level corresponds to approximately 4.8 requests/hour/km?>
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Table 1. FIX service quality settings: headways (min).

Case Headway Low quality (q) High quality (Q)
G hg 27.00 6.75
R hr 30.77 6.15
RR hy 30.77 6.15
hy 9.67 1 93
hy 19.34
h3 29.00

hy 38.67
hs 48.34
hRrr 27.05 6 54

headway of 30 min, before reaching @ 1 limit, which we
assume to be about 85 people. In fa heavily loaded

system, which is Case R, since 1 inimum m’of lines (16) and
only one transfer point. We h wn in SGCUOE ase R that about 90% of

customers use two hnes U 1sh their tri eby there are 5400 trips
per hour to serve ave A= 5& s/min, which is about
338 people/hour trave {5 on each line icle cycle time, given our
operating speed v =20 our, is 3041 a 30 min headway, each bus
will thus hawg %y about 8* at maximum, assuming that all
passengers d when t s crossed.
Zj%&under of & we refer to the above described 12
i h the fol tation: (a) the initial letters 1ndlcate the

shown in the third column of Table 1) and a
1 € quahty scenarlos (headways are set as shown in

(within our 25 km? service areas). This value is typje ncountered

be indiCated with either a ‘L’ for low (A =2 requests/min) or a
‘H’ for_high'@ =50 requests/min).

ce of the fixed-route (FIX) system

he above headway values (Table 1) and recalling that L =5 km for

se G and r =2.82 km for Cases R and RR, we can analytically calculate
distance traveled d, waiting times W7, and the quality function Z for each
scenario, by using Eqgs. (1)«(21). Their expected values are summarized in
Table 2 along with their variances. The variances of Z (last column) were
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Table 2. FIX service: distance traveled, waiting time, percentage of transfers, and
virtual travel time.

E[d] Var[d] E[WT] Var[WT] E[Z] Var[Z]

Scenario (km) (km?) (min) (min®) £ (%) (min) (min?)

L, 3.33 272 209 105.9 81.8 55.7 474

s

R
R

L, RR

q 222 118 230 1694  70.0
_Q_L,RR

R H
R H 222 1.18 5.6 16.7 70.0

obtained through simulation. We also include the perc
customers in the sixth column. Note that the and level does
influence the figures.

i Simulations and performance of the dem Qnszve transit g ') system
E At this point, we run the simulatio e DRT syst The goal is to
g adjust the DRT parameters «, W to pro @ omers with a
o service comparable to the corr&v FIX syste terms of perfor-
e mance, measured by Z. ally spe , the setting of these
é parameters can be ar everal c& tigns of the values of the
& parameters may prov esired Z values. ®floWgyer, we tried to follow logic
.§ and use reasonable assumptions to set @n each scenario, we fixed the
~ maximum W, or the DR W equal to double the FIX
f headway, w ponds to 1mum possible waiting time for a
§ customer usRRIX and ne sfer in Cases G and R. This is not the
E

8

since t t a unique headway, but for uniformity
we follew me rule and we set MW equal to double the

e MW values for the DRT service by doubling

t€d in the second, third, and last row of Table 1 and

RbeAdway va
@ding them to earest integer.

Two ¢ parameters must then be set, namely ¢ and b from Eq. (19),
ich defineSgaximum ride time MT. We chose to take b equal to the above
i ,, ximum wait time MW, and we run several trial and error

atio

adjusting the last parameter a, until the values of Z for FIX and
d&"hot differ more than 10%. In doing so, we also maintain the same a
vatgeor DRT systems operating in the same road network and at the same
vice quality level, even though at different demand levels; that is, for
example, the DRT parameters will be the same for scenarios G_q_L and
G_g_H; similarly for the other pairs. Each DRT simulation was of two hours

G q L,G qH

G_QL G QH 3.33 2.72 5.2 6.6 81.8 27.6

R_q L, R_gH 2.78 091 29.2 171.2 90.1 70.0

R QL R QH 278 091 5.8 6.8 90.1 27.9 59
S
Q_
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duration and the number of scheduled requests was 240 for smaller problems
and 6000 for larger ones.

The results of this simulation process are shown in Table 3. The second,
third, and fourth column show the values of the three above parameters;
whereas the following six columns report for the DRT service the same
information that is contained in Table 2 for the FIX service. The second to
last column provide the Z values for the FIX system serving the sa
demand considered for the corresponding DRT system; we note thg
figures are slightly different than the analytical values shown il
since they are calculated by simulation. The last colum@ s¥ the

differences in virtual travel time between the two service, enario.
It can be seen that the absolute values of AZ% are alllbelow§%, except in
one case, ensuring a solid comparability between the twogstess in terms
performance. It is interesting to note that the a Values vary substanti
across the different scenarios. Moreover, the sensiyifi Ztoaishi
scenarios with low service quality, particularl the t 1S
considered, where we had to set @ much mére sely in tain
comparable virtual travel times. A possi anation is that irw service

quality scenarios, the parameters » and ake on muchdarger values, due
to our assumptions. Each time a ulation i approximate

14:54 23 July 2009

solution to a combinatorial ogffimizagfon problem W o be found, as
described in Section ‘Dema nsive transi RT) services,” respecting
several different constras eir analytic f@nition see Dumas et al.
1991). Since the schee 1@ comstraints are dependent on «a, b, and
MW, if b and MW are Wose,” then the aya a greater chance to bound

the problem solutign and®ecome, th: ameter, to which the outcome
Z is more se@t% 0\
Distribuide time, &me, and virtual travel time
T Valuate th rability of the two systems, an inspection of
istrj \ e helpful. We show in the following charts the
i S ime for scenarios G_q_H (Figure 3) and RR_Q_L

Downl oaded By: [Di ana, Marco] At:

P”As noted earlier, this is expected, since DRT vehicles deviate from
ortest path from pick-up to drop-off of each customer, because of
idesharing. However, DRT customers do not need to transfer line like the
majority of FIX customers.

Figures 5 and 6 show different shapes of the waiting time distributions for
FIX and DRT, even though the means are comparable (see Tables 2 and 3). In
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MW Varl[d] Var[Z] Z(FIX)
Scenario a(—) b (min) (min) E[d] (km) (km?) (min?) (min) AZ%
G_q_L 1.0 54 54 7.90 27.6 683 55.7 +3.2%
G_q_H 1.0 54 54 7.02 19.% 569 55.7 —9.7%
G QL 1.7 13 13 5.52 .8 107 27.6 —3.3%
G_QH 1.7 13 13 5.55 104 27.6 —0.7%
R g L 1.1 62 62 7.34 @.9 1028 69.9 +2.7%
R_q H 1.1 62 62 8 2.5 796 69.9 —1.7%
R_ QL 4.5 12 12 16.8 197 27.8 —0.7%
R_QH 4.5 12 12 . 19.9 217 27.8 +1.8%
RR_gq_L 1.005 54 5 gﬁl ‘Z% .8 253 55.5 733 55.0 +0.5%
RR_q_H 1.005 54 5 .26 22.2 249 55.8 839 55.0 +1.1%
RR_Q_ 2.5 13 3.59 & 6.5 19 224 91 23.6 —4.7%
RR_Q 4.00 0 6.3 15 234 80 23.6 —0.4%

L
_H 2.5 13 e

6¢

T8 10 uniq W
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10% 7

5% |1 |H [ H limimimimiEi

1

A
oo LA LUUL I L S L I T — —,
36912151821242730333639424 85154576063
Class (min)
Figure 3. Scenario G_q_H: ride time dlstrlbutb %
particular, the distributions for DRT p (p much h1gh frequency in the

first class, due to the fact that our sd
requests with zero waiting time,

g algorith Vely inserts all
shifts them rd only if this is
1

needed to accommodate fur ips. This is e likely to happen when
demand density is hig e seen b o@ng the two charts. Note
that while DRT waiti e is referred to Zup stop only, the waiting
20% ry
18% —
OFIX
16% —
ODRT|

0%+-1h 417|J'I ||_|.—.

15 3 45 6 75 9 10512135151651819521225242552728530
Class (min)

Figure 4. Scenario RR_Q_L: ride time distribution.
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20%

OFIX
ODRT

15%

10% 1— = — — —

5% 14

0% T T T T T T
1 2 3 4 5 6 7

Class (min) %
Figure 5. Scenario G_Q_H: waiting time distrghuti %

time for FIX customers includes the ck -up an fer stop (if any)
combined.
The distributions of the vi tr el time Z; (Flg 7 and 8) show a

close similarity between d DRT h1 s: therefore, not only
the mean values Z ar 3), but al\ stributions. This is true

OFIX
O DRT|

I hda

4 81216202428323640444852566064
Class (min)

Figure 6. Scenario RR_q_L: waiting time distribution.
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16%

14% I OFIX [ |
B _ ODRT,
12% 1 _ _
10% — — T = =
8% N HIHIH | Q
6% - — | H | H
4% - Iy B
29% - - — | H |
0% .I, T T T T T T T T
10 20 30 40 50 60 70 80 90 0 120 130 14

Class (min)

Figure 7. Scenario R_q_L: virtual travel tlme

for all the scenarios of our expenmer@an beyond ones that are
considered here.
To summarize, we can con&de t the above gs of the DRT

parameters a, b, and MT, a in Table 3 ure that FIX and DRT
systems would have v rJperforma @h considered scenario.

The unavoidable slig erences (a few "

f virtual travel time on

OFIX
ODRTH—

5 10 15 20 25 30 35 40 45 50 55 60 65
Class (min)

Figure 8. Scenario RR_Q_H: virtual travel time distribution.
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average) would hardly be noticed by travelers, also considering the degree of
approximation in determining the weights ®; and ®, in Eq. (20). We are
finally able to evaluate and compare the two systems in terms of total
distance traveled.

Total distance traveled
The computations of total distance traveled by FIX services are strai@tfo
q% i

ward and depend only on the geometry of the service area, des
Section ‘Service areas and road networks,” and on the headw

akle 1.
On the other hand, distances traveled for the D ee clearly O
dependent upon the particular problem instance. In le 4 fve show the K
sy b t

total distance traveled by vehicles of the two comp g

simulations performed in the preceding sectlon last column g8
the percentage variation of the DRT service co p o the F

For each scenario, regardless of dema
kilometers traveled by the FIX fleets a etween those travg
DRT services in the same scenario f ie. G_Q ) andhigh (i.e.
G_Q_H) demand density levels, e e RR i0s, where the
DRT service always performs b, erms of dls@traveled This is

O

consistent with the results r m Diana llo (2004), where
DRT services were fou d atively ore%ve in comparison with

FIX services in mon ic networ

quality (Q) scenarios allow
for a better perfogmance f the DR T c or example, the improvement
of the DRT@ ompared‘to rrespondmg FIX in the R_Q_L

Table 4. fo each scenario.

DRT A%
459 —43%
3290 +311%
666 —79%
5185 +62%
528 —18%
4800 +650%
667 —79%
7505 +135%
279 —73%
2501 +140%
400 —91%

3589 —18%
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scenario ( —79%) is more significant than the one noted in R_q_L (—18%)).
The same pattern can be noted for the other scenarios.

In more general terms, our findings are in line with the well-known fact
that DRT services perform best when the demand density is low and a good
service quality is sought.

Conclusions

urban contexts and for different levels of service q
Particular attention has been devoted to address the

adequately characterizing the service performagce 0 ic transp

systems that have radically different organizational s. Our metho

builds on past research to define an overall perfér of trapsit

from a customer’s point of view and allowsego ing diffé s
Results indicate that DRT services are mon@lve than th services
in minimizing traveled distances when and densityg is nO% too high
and a good level of service is so% articular, and responsive

services show better behavior in dial networ

However, caution should b8jta when deﬁm licies or taking
operational decisions. The e feas1b111ty uch a change should be
assessed, since the di

radical changg i orgamzat@ :
performance doe change

according to our methodology. A
the two systems in an operational
, a er factors, a demand-offer equilibrium
% re can be seen as a comparative analysis of
t considers the supply side. This analysis could
prehensive decision support system in order to

h would be comparing the two systems in a dynamic environment. In
is respect, the work of Diana (2006), which quantifies the loss of efficiency
in the scheduling process of a dynamic DRTs compared to the static case,
would help in developing such research.
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