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1. Introduction \
In recent times, public transit s the Uni mre facing stiff competition with private car usage. This prob-
lem has been recently echo t eral Transi istration (FTA) which recognized lack of first/last mile connec-

tivity as preventing many tial passenggrs ng the main transit such as bus transit, and light rail (Mattice,
2012). The problem is particul relevantin tx xt of first/last leg of the passenger travel- from a major transfer point
or transport hub to t Iadly known as ‘the first/last mile” access or connectivity). Policies which

h; I destinatig
d ion of Vehi

e Traveled (VMT), reduction of greenhouse gases and even an increase of “liv-

lore and evaluate innovative ways of providing safe, convenient and efficient public
ess the issue and improve the performance of their services.
a unique definition of performance of a transit system as priorities differ among stake-

Vehicle hour, the ratio of cost to fare box revenue and fleet fuel efficiency for the urban public
1982; Fielding et al., 1985; Badami and Haider, 2007; Quadrifoglio and Li, 2009). However, all
performance can generally be identified as a combination of operating costs (roughly directly pro-
aveled miles) and service quality, which can be expressed (for the most part) as passengers’ disutility: a
)ected waiting time, expected in-vehicle travel time and walking time (Chandra et al., 2011). Many other
important, but generally considered less significant.
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Feeder transit services have been identified as one of the possible solutions to provide the ultimate first/last mile access
for passengers, especially those residing in the residential areas. Many of these services operate in a demand responsive fash-
ion in these residential areas (Koffman, 2004; Potts et al., 2010) and their performance is dependent on factors such as driv-
ers experience, stop frequencies, shuttle types, and demand at every stop. However, one of the basic factors on which the
feeder performance depends is the street network design and its connectivity, as vehicles are potentially required to reach
any point in the service area to serve the demand. It is fair to say that, with all other factors being equal or comparable, con-
nectivity becomes an important measure of demand responsive performance. Intuitively, the higher the network connectiv-
ity, the faster and more efficiently vehicles are able to serve customers and the better the feeder transit performance.
Therefore, a relationship between the road network design (and its connectivity) and the transit performance would be very
desirable to have for properly planning and enhancing transportation mobility in the residential areas. However, it is not
trivial to describe or estimate this relationship. Current connectivity measures are not sufficiently accurate nor linked to
transit performance, as it will be shown later in this paper. @

The primary purpose of a street network system is to connect spatially separated places and provide movements fro €
place to another. The nature of these connections varies depending on the structure and design of the street networ
from being one to many, direct to indirect or even divided among the kinds of connections to support diffegen
travel. Qualitatively, these connections are expressed as the “connectivity” of the street network and influencg
bility of potential destinations in a community. Connectivity has important implications as its quality influ he effi-
ciency of public transportation, travel choices, emergency access and adds to the ‘livability’ of a comm

There are a number of attempts from researchers and practitioners to identify a good way to proper& e street con-

nectivity with ‘connectivity indices or indicators’. Block length, block size and blogk densities are used aSgome of the ways to
measure street connectivity (Handy et al., 2003; Frank et al., 2000; Cervero a kelman, 1997 h€ requirements for

the block length, size or density is only restricted to pedestrian and blcycl eCtions. Plan effsively use a ‘connec-
s the seg tWeen two nodes or inter-
indg @ f sing this ratio does not

tivity index’ defined as the ratio of number of links or edges (usually
v1ty It is @ quite easy to visualize that with

sections) to the number of intersections (Dill (2004)). But the c
incorporate the link length information which intuitively affg€ts co

ame values of connectivity index
012). For example, there are four links

the connectivity index definition above, two different stree yste could havg the
depending on the way street link segments are construgted ( and Butler&
and four nodes each in Plan A and Plan B of Fig. 1 Wlth l connect1v1ty i % afue of unity.
Peponis et al. (2007, 2008) introduced the concep \ h’ and ‘directt distance’ as the measure of connectivity

applicable to GIS-based representations of street neti
is defined according to a metric threshold y as th
union of all paths for which the road segme
denoted by R, (P;, 6, 1, o, 1) of a point P; is defi

s and fractions of road segments covered by the

eldength he roa
apgth ‘s’ is les qual to the threshold. The ‘directional distance’
ording to a dire®iortal threshold 6 and a metric threshold yu as the length

Iy e metric % denoted by R, (P;, 1) of a point P; (as the origin)

of all road segments and fractions of road sgg ts which aiig re than p metric distance, and no more than ¢ direc-
tional distance, away from P;, subjec d thyeshold a a ratio r for defining very small line segments. However,
looking closely at these measures ctivity one c‘g\d hat they lack a closed form expression for defining the con-
nectivity index for any gene he Gam efined in detail later under the Section 3). Other connectivity
indicators that exists in K is partic 1 in quantifying connectivity for a particular street network but
does not include provisions idership deman ny passenger utility. Derrible and Kennedy (2009, 2010a, 2010b) stud-
ied the metro transit network'®ystem a in some sense there was a link between the connectivity and transit

performance. Ho ro rails ha a ks that they follow as a travel constraint and hence, do not bear very close
resemblance to fl b1 1 other modé ansit which use streets.

The purpose o&sztudy is toftdentify ald test a new connectivity indicator, simply defined, easily computable and prop-
erly able to e relatidhship between connectivity and feeder transit performance. We are revising and expanding

the de, e cor‘in icator’ in Lam and Schuler (1982) which depends on certain number of given travel

t1me demand p pwever, neither the street network layout nor the passenger demand density distribution

VS tO aCCOUl’lE

Plan A Plan B

Number of Links = 4
Number of Nodes = 4
Ratio (connectivity index) = 4/4 =1

Fig. 1. Same connectivity index values for two different street plans.



S. Chandra, L. Quadrifoglio / Transportation Research Part C 30 (2013) 67-80 69
2. Methodology

We consider a residential area served by an on-demand feeder bus service providing residents with transportation from/
to their home to/from a major transit terminal. Passengers are able to book their rides by means of an internet/phone service.
One or more ‘on-demand bus-stop’ node is assigned to each link of the road network. The maximum distance from any home
to its closest on-demand stop is within the recommended walking capacity of the passengers which is usually 5 min of walk
or approximately 1200 feet (O’Sullivan and Morrall, 1996). Assigning ‘on-demand bus-stop’ nodes helps both the bus oper-
ators and the passengers in serving at designated points along the cross street link when there are multiple requests made
for service at that link. The on-demand nodes bus stops are not placed at the intersections. This is because mid-block bus
stops are preferred for design as they minimize sight distance problems for the pedestrians and also help create less pedes-
trian congestion at the passenger waiting areas (Fitzpatrick et al., 1996). Demand could arise anywhere within the service
area following some spatial/temporal distributions and is assumed to be assigned to the closest stop (see Fig. 2). The overall@
service time is reduced when there are multiple requests made for service at that link. The shuttle departs from the termi
at pre-set intervals. Immediately before the beginning of each roundtrip, customers’ service sequence is scheduled b e
algorithm, so the route is constructed and the passengers served. ﬁ

vehicle riding time and waiting time, assuming negligible walking time). Intuitively, all these terms are d
fast the shuttle is able to serve customers.

The expected in-vehicle riding time (denoted by E(T,4)) and waiting time (derfgted by E(T,,)) fo er tran51t service
can be related to the cycle length (denoted by C) using the following equatio adrlfogllo an 09),
C
E(T, = 1
(Tr) = 5 (1)
C

E 2

(Tw) = (1 +2) 5, 2)

where o is the portion of passengers going from home totermi 1 — o the tlon traveling from terminal to home.

In a given service cycle, a given set of on-demand nodesNsay n, is scheduled 1ce (starting at the terminal denoted
by i = 0 and returning back at the same terminal i =n + e total distance eled is D = 31 odi;.1, where, d; ;.1 is the
shortest path between any two consecutive stops i i hus, the @length C is expressed as

C ( + nt) (3)

where t is the average dwell time spent p and ge speed of the shuttle.
If N is total number of potential on— tops wishi @ prvice area (with n being a subset of N), the sum of all the

shortest paths among all potential @ denoted b

N N
T=>"> dyj#

i—1 j=1

It can be easily seen th e total trave
different every cyc

The operator oljective{total di d
T. The level of O compon e too, in fact, by using Egs. (1)-(3) and knowing that D = fT,

crmigal
Street 1 One of the On-
demand Bus-stop

Nodes on Street 1

[] Demand Area assigned to a
Stop

--- Shortest Street Based
Distance

————— Euclidean Distance

Street 4

Fig. 2. On-demand bus stop nodes on cross street links.
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an@_%eg+m) (3)
EGMﬁJlgm<g+nO; (6)

Both the expressions for average riding time (E(T,4)) and average waiting time (E(T,,)) in (5) and (6) are both directly pro-
portional to T.

Hence, a desirable Connectivity Indicator (C.I.) of a given network should logically also be proportional to T to be a good
predictor of the transit performance.

2.1. Expected shortest path

When comparing different network configurations within a given service area for planning purposes, the simple us @
as C.I. would be good only if N is a constant among all options. However, it would be desirable to define a C.I. as ge a
possible and not necessarily dependent only on N. Different network options might in fact have more or lesg m@nd
stops and this should not solely influence the transit performance estimation or prediction. Thus, we need toj#
factors (besides the dependency from N) that influence performance, which is easily done by defining the aver @ kpected)
shortest path (denoted by S,) that directly impacts C.I. If demand is assumed to be distributed uniformly 3
then it can be easily seen that S, is given by

Sa=T/[N(N - 1)] (7)
It is fair to say that uniformly distributed demand or population among s could be po . uch cases, with egal-
itarian distribution of streets having sufficient number of stops and eaclin stop at g8 ndard¥wvalking distance, the
distances between stops will be a good way to measure C.I. Howevd re gef emand might be unevenly

tle during service than the others. Our C.I. definition takes into the demandgistrib®tion dimension in addition to the
network topology. The links and stops are therefore moreyritical®heh others fo &verall transit performance. As an intu-
itive example, links connecting stops relatively far from others but wit emands should not be considered as

ds. Let A be theyd@mand rate in the considered service area

important as links connecting pairs of nodes with high€r :
and let /; be the demand rate at the on-demand stopsi(Si written i’]\' i, i.e. summation of all demand rates over
b

N nodes). The likelihood for a pair of nodes i and onsecutivy (and the shortest path d;; between them to be
actually driven by the vehicle) is proportion product of the and rate J; and J;. We can therefore express the
expected shortest path between any two a network
1 > i .. . e
S - ZZ(;LI /1 — )vi )7 VLJ € {Q ) }vJ#L \ (8)
which reduces to (7) for uni d. Thus, a &taking into account spatial demand distribution should be related
to (8). V'S
The uniform distribution ofgemand dgg %‘e that every on-demand node gets the same ‘demand rate’ (i.e. 1). The

assumption is that if mand is spg Wniferm distributed over the area, the demand rate that each node receives be-
comes proportiona*to®thefarea surrou e node. Thus, when the node distribution is not uniform across the service
area, each node gets a different ghare of d

and rate. Thus, formula (7) is only used to show the validity of formula (8)
for an extrenQ sult wh the demand rates are assumed to be ‘equal’ in value for the nodes.
;M@&(?@

ose of

i ve the best possible performance and hence, would be superior to any other real street network,
the uni ly ributed demand assumption. Theoretically, in a given area of length L and width W, the smallest

ortest path distance (denoted by S.,;,) is calculated by assuming Euclidean paths among all pair of points
e et al. (1993):

/L2+W2 L2 <W+ /L2+W2> W2 <L+ /L2+W2> +L5+W5_ (L2+W2)5
W .

ion 1s to define an ideal network with “perfect” connectivity, which would allow an on-demand

3 tew "

L

+ oL In LW (9)
The above expression in (9) will never be practically possible, as no real network can achieve it. A more realistic, yet still
ideal, computation for Sy,;; would consider rectilinear paths among demand points. Studies show that grid street patterns
with relatively short block lengths are preferred for better connectivity as they provide plenty of route options for trips if
covered by walking, transit or by using a private vehicle (Kostof and Tobias, 1991). It is in fact intuitive and accepted that
maximum transit performance is reached as this layout provides multiple route options. Many residential street patterns
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follow the grid-form of street networks. An example of a grid street pattern is shown in Fig. 3 below from the town of Hemp-
stead (with block length s ~ 350 feet), a residential town fifty miles northwest of downtown Houston, TX, and there are sev-
eral such grid networks as examples all around the cities and towns in the US.

Assuming an ideal infinitely dense grid network, the term S.,;;, would more simply be expressed using Gaboune et al.
(1993) by St  as,

min = (L+W)/3, (10)

which is, of course, higher with respect to (9).

More rigorous values for S,,;;, might be calculated, taking into account actual constraints, such as, for example, the min-
imum allowable block length s, which would cause the grid not to be infinitely dense and Sy, to increase, but would not be
easy to compute.

The purpose of defining Smin or S;,,;, (computed with (9) or (10), respectively), allows us to have a value for it for an id @
network with “perfect” connectivity. Any other network serving the same area would have S > Sy, (or, S > St

min )

2.3. Connectivity indicator

In order to have the C.I. directly (not inversely) proportional to on-demand transit performance and to
identifying a “perfect connectivity” to be equal to 1 (as most indicators are defined), we finally define j

Connectivity Indicator(C.I.) = Syin/S =

where L and W are the length and width, respectively, of the ag€a whi
mand rate at the on-demand stop i with A4 = Zi'lv/li (i.e. summation of flemand rateghof all Modes fromi=1 toi=N)and dj is
the shortest street-based path between nodes i and j. An mple lation fo indicator is included in the Appendix A
for reference. \ é
In other words, the connectivity indicator proposed r evaluation o performance can be simply defined as
the ratio of a standard distance constant to the efﬁ%’ ected dist between stops/nodes for a given network. The
Sm

standard distance constant in the numerator of (1 ‘migd ossible average distance among stops located
on a given network. This is different from the Ve expected or@v distance (S) in the denominator of (11) which is
completely dependent on the actual proximi @/0 stops/nodges oMthe same network. This definition ensures that ideal
networks with “perfect” connectivity wo eaCle . real network with shortest paths calculated over ac-
tual available links would have C.I. lessjtha equal t®L

We'd like to emphasize that ide i precise ab n instead of the ones proposed above would not be a crucial
step for the purpose of imprq ‘@udy, as Smh&ves as a constant multiplier within the C.I. definition. Its value is

gi

important to evaluate how4
comparing multiple network @

network ith respect to a defined ideal case, but would not be crucial in

ptions among €ac r, as all would have Syin.

The proposed C.I. in i E;) is ve® easy tos€d % any street network system and should be a very good predictor of the
1+ 1%e A 1

on-demand transit Qr her the C.I. the better the transit performance. The proposed connectivity

Fig. 3. A grid section of the street network system of the town of Hempstead, TX. Source: Google Earth.
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indicator in (11) is also robust enough for analysis of DRT systems operating in a downtown area as well. For this the only
change would be to replace the distance (d;) term in the connectivity indicator of (11) with travel times between on-demand
nodes. This would make the indicator applicable for use for any given street system whether in downtown, residential or a
mix. The problem, however, would be in obtaining travel times or speed of the DRT shuttle between nodes which would
make the indicator not so simple to use as in its present form.

3. Other connectivity indicators

Most common currently available indicators to measure connectivity that we already mentioned earlier are better sum-
marized below. We will compare our proposed C.I. against these two in the next section for validation purposes.

3.1. Gamma index

the vertices. A node is formed due to an intersection of two or more links in the network. The end point of a
as that of cul-de-sac or a dead end is automatically counted as a node. Going by the definition of Gammagi

the Gamma index the greater connected should the network be and vice versa.
IIQ to the total number

dex value the greater the
ever, a simple example (see

3.2. Transportation planning indicator

The connectivity index in transportation planning is measured as the rd
of intersections in the network. For this connectivity measure used i ﬁ‘
connectivity of the network. Intuitively, the link to node ratios 1d

Fig. 4) taken from Dill (2004) clearly shows that this ratio carfibe gré@ter than 1 (pumbeRf links = 9, number of nodes = 8
Ratio = 9/8 = 1.13). Similarly, there can be several other ngtwor might exis%: could have link-to-node ratio greater
than unity. \ O

4. Simulation results and discussions @

The aim of the following simulation analy emonstrat ustness and the applicability of proposed C.I. (Eq.
(11)) for some reasonably assumed data s arameters @urted to simulation to demonstrate the robustness of
the proposed indicator since passenger d distribugio is random in nature and simulation is often the most
preferred approach in assessing perf of such®j nsit services that are demand responsive (see Fu (2002),

from 7.5 to 40 min and seg mand of pdssenger per day within a rectangular area of L =2400 feet,
W =2100 feet and s = 350 £€

Quadrifoglio et al. (2007) and Gug@ 2010)) An & d feeder service running for a range of cycle lengths varying
d 3
ini

um block sumed to be put in operation in ten different street network pat-

terns from different parts of lm City, FL aftd %}tead TX (see Fig. 5)
The proposed indicatgr is cofstructed - ch that any other appropriate value of distance (s) between on-demand
nodes selected by u be used t6 e street connectivity specific to assessing performance of DRT. Care should be
taken in maintai iformi an@e separation among on-demand nodes distributed along all streets of the net-
work such tha ‘&ivsenger h walk for more than 1200 feet to reach an on-demand stop. Also, this distance separation
should be sa o networks When compared with each other for performance evaluation of DRT. The shuttle opera-
tional &i i [ 9 pm and the passengers make service requests generated from a typical travel de-
man IS the U rs as shown in Fig. 6 (Data source: Santos et al.,, 2011). Since the actual cumulative

> ‘o—o

. B
Ratio =9/8 =1.13

Fig. 4. Link-node ratio connectivity.
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Fig. 5. Examples of existing street patterns.

0\ : B =Terminal/Transit Station

probabil ensity (derived from real travel time data) was difficult to invert for generating passenger request times, the
assumed cumulative density in its linear form was used (see Fig. 6). By using the above assumptions we obtain an average
demand of 20-22 passengers per hour. This is typically found in practice from call-n-ride systems operating as demand
responsive service (Potts et al., 2010). The value of Sy,;;, computed using (9) for these equally sized areas is 0.151 miles.
The requests for service are accepted between 6 am through 8:30 pm on phone or internet, are randomly assigned as
pick-up (home to terminal) or drop-off (terminal to home) and are spatially uniformly distributed. The sequence at each cy-
cle is computed by using insertion heuristic (Quadrifoglio et al., 2007). Insertion does not guarantee optimal routing, but it is
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Fig. 6. Cumulative density functions for US work-trips (Santos et al., 2011).

nearly optimal for most scenarios, especially in our applications where the demand nodes to be seque
each cycle. The basic steps underlying the algorithm are as follows (adapted from Li and Quadrifogli

Suppose there are n number of passengers Py, P5, Ps,...,P,, and let T; < T, < T3 Q. . .<T,, represen i .
terminal or origin point of the trip is denoted by Q. The insertion algorithm build tomer se osing the minimum
additional distance (or time) at each insertion step. The following are t @ of steps@
. Insert P;: QP;Q is the only possible route (say, Ry).
2. Insert P,: Set of possible routes is QP,P;Q, and QP;P,Q. Get tlle routg R with the minimiam DRT running distance (or time)
among the two possible routes. Say, R, is route QP;P,Q.

3. Insert Ps: Set of possible routes is QP3P1P,Q, QP;PsP,Qpand QPP,PsQ. Get te R3 with the minimum DRT running
distance (or time) among the three possible routesQ 0

[y

4. ...
n. Insert P,,: Assume the route R,,_; is generate, i ting P,,_1; P, to the route R,,_;. Find the route R, with the
minimum DRT running distance (or time: on@the n pos& S.

isfgomputed using Dijkstra’s algorithm coded in MATLAB
ost between an origin vertex and a destination vertex
as been widely used for vehicle routing problems (VRPs)
o in the context of demand responsive services as well (see

The street based shortest path distanc any two no
R2008b. Dijkstra’s algorithm is used t path o q
through a set of vertices (Dijkstra, 1 ). kstra’s algeuithm
in finding shortest paths betwee in a networ r&
Uchimura et al. (2002) and ). &\/

In computing the transif§gesformance, wgco ice quality as the key factor as the operating costs are almost con-
stant between the consideredqgompeting net 1 assumed to use the same vehicle type. As noted earlier, the service
quality can be expres as passengersgd &a weighted sum of expected waiting time and expected in-vehicle travel
time, in the ratio ON /%ardman, s%  cost of transfer time is not included in the disutility function as there is only

ved a ]

a ‘single’ transferghvol t the @rminalNE}fs transfer time is eventually equal for all the street networks selected for sim-

O

—

the ten networks.

S[Eq. Proposed CI Transportation Gamma index Resulting transit Std.
(8)] [Eq. (11)] planning connectivity performance dev.
index
Calculated Calculated Revised/ Calculated Revised/
scaled scaled

1 75 0241  0.627 1.253 0.922 0.429 0.803 0.570 0.053
0 66 0246 0.614 1.212 0.892 0.417 0.779 0.580 0.054
3 0 47 0355 0425 1.064 0.783 0.370 0.693 0.638 0.085
4 27 28 0.624  0.242 0.964 0.710 0.346 0.647 0.925 0.057
5 12 13 0222  0.680 0.923 0.679 0.364 0.680 0.546 0.033
6 64 58 0309 0.488 1.103 0.812 0.381 0.712 0.633 0.049
7 25 25 0279  0.541 1.000 0.736 0.362 0.678 0.587 0.064
8 25 24 0.249  0.607 1.042 0.767 0.379 0.708 0.575 0.039
9 65 54 0414  0.365 1.204 0.886 0.417 0.779 0.775 0.050
10 65 50 0254  0.594 1.300 0.957 0.451 0.844 0.580 0.049
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ulation and thus, its inclusion in the disutility function is redundant. The performance values were obtained from an average
of ten replications for each of the ten networks shown before in Fig. 5. The simulation output is tabulated in Table 1. The
resulting performance reflects the disutility of an average passenger expressed in terms of “hours” followed by its standard

deviation.

(1) We would like to remind the readers that the on-demand nodes act as the ‘intersection’ in our study since the demand
responsive shuttle can only stop at these designated nodes and nowhere else. Not even the points where two streets appear
to crisscross. This is a reasonable assumption for two reasons. First, the demand responsive transit usually operates in a res-
idential community with low-demands and these kinds of services are generally door-to-door with average location of the
stops at the mid-point of a street. This literally means that the shuttle does not stop at the intersections for serving passen-
gers. Second, the dwell time for pick-up/drop-off of a passenger at a street is much higher as compared to a standard stop-
ping time of approximately 2 s at the intersection (having only Stop signs) as warranted/required by traffic rules within a

residential community. However, for Gamma index and transportation planning C.I. we will count the crisscross point off

two or more streets in a network as an intersection and compute the number of links thereof. For example, there is a si
link between two on-demand nodes a and b and no intersection in (I) of Fig. 7. The image in (Il) of Fig. 7 has threg IMaks
a@es
nd

among the ‘three’ on-demand nodes q, b, and ¢, and one intersection - the links emanate from the intersection ta
a, b and c. Similarly, the number of links in (III) of Fig. 7 is four, the emanating links from the intersection towargshg

d. The number of on-demand nodes and intersections are summed together to represent the ‘total number of Ng hat go

into the calculation of link to node (i.e. total number of nodes) ratios for the networks.

The revised/scaled values in Table 1 are for comparing the variation of the performance versus C.I.
and transportation planning C.I. on the ‘same’ chart as for the proposed C.I. Othe
charts (one each for Gamma index and planning index) just using the ‘Calculat

the variation of DRT performances versus different connectivity,
Table 1. The network numbers are displayed beside the data p@ints.

We seek to identify which and whether our C.I. and t
nectivity — better performance”. It can be deduced from
index increase along the horizontal x-axis, the disutili
sponding to a better performance). Gamma index a
utility for the networks used. Thus, the relationshi
transportation planning index is extremely e

‘b@

etwe

measure of connectivity is used from the gra

othe

n the p

is clearly sh

Cat

ollow the 1
8 that as the tr.

ot follow with
ning con

@&M
ry concepts.or

mma index

&eloped two more
vised/scaled values

&{l expected relationship “higher con-
ion planning index and the Gamma

xpected and intuitive decrease (corre-
jvity index show an unpredictable trend in dis-
of other networks and their Gamma index or
erformance cannot be very well related if the
hat obtained by transportation planning index.

d

3

Number of On-demand Nodes =

Number of Intersections = 1
Total Nodes = 4

Number of On-demand Nodes = 4
Number of Intersections = 1

Total Nodes = 5

Number of Links = 4

0.95 4
0.9 4
0.85 4
0.8 4
0.75 4
0.7 4
0.65 4
0.6 4
0.55 4
0.5

Disutility

e Gamma Index

an

—— Proposed CI

= -0 - Tranportation Planning CI

(1)

Fig. 7. An example for calculation of number of links and nodes.
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On the other hand, Fig. 8 shows that there is a direct monotonic relationship between our proposed C.I. and the transit
performance between any two diverse residential areas. Therefore, the C.I. is a good predictor. Note that, more realistically,
actual demand would not be uniformly distributed across the area (as assumed for simplicity), but likely somewhat evenly
distributed along links and stops. This would change the C.I. values and the standing among networks, but would maintain
the desired monotonic relationship.

We further show the C.I. effectiveness with another more intuitive example comparing two different networks which
have the same exact number and location of nodes and the equal demand at all the nodes. The two networks shown in
Fig. 9 (labeled (I) and (II)) have exactly the same layout with the exception that one of the links connected to the depot from
a node (Z) in network (II) is missing. The demands at each of the nodes of the two networks are equal. This might reflect a
situation in which a decision needs to be made as to whether add a new link to the network. All distances between two
neighboring nodes is approximately 350 feet with the whole service area enclosed within a square buffer of length
L =700 feet and width, W =700 feet (though this could be hypothetical but it suffices as an example). All the remainin@
assumptions such as the travel times, disutility functions and average shuttle speed of 20 mph are same as with the pre
simulations carried out across the ten networks before. The C.I. values as well as the DRT performance (disutility) usi %

have almost identical street layouts and with equal demand distributed over the nodes in reality.
Higher C.I.s correspond to lower disutility values (and higher performance). €his information
e

fore it is even

%JE quite useful for
put in operation.

t layout options can

the transit agencies to assess a transit system’s performance for a given netw
The C.I is easily computable for a given demand and approximate geomet h
be evaluated with respect to their related transit performance withouf f

4.1. Effect of demand distribution

In the earlier simulation analyses the demand was asstfiged to be concentra

ing a non-zero demand rate value (1) attached to it. Thi simply becaus demands that get concentrated on stops/
nodes proportional to the land area or catchment area I o them. The purp®Se of this section is to capture and validate

out proposed C.I. with respect to uneven deman ions. In thij rd, network (6) is further analyzed for perfor-
mance with four different sets of demand patt The¥street linl& ns are maintained as the one used earlier over
network (6). However, demand is distributed ly at the on d nodes depending on their location. The image in
Fig. 10 shows four different portions of thern k identifie 108ps - (A-C) and, radially placed nodes on three street
segments (counted together as a grou d by (D&.

d

E the stops/nodes with every node hav-

<o,
®

C.L = (Syn/S) = (0.049/0.079) =0.620

Performance (Disutility)
Demand = 60: 0.14
Demand = 80: 0.15
Demand = 100: 0.16

O =700 ft Z  ®c a Z  ®c
® E @ ®
O b :
\ J
Y
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C.L = (Smn/S) = (0.049/0.093) =0.526
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Fig. 9. Network performance for identical nodes with equal demands.
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sented through the\h%‘ﬁg. 11 fofSd t total daily demands of 1 = 200 passengers.

Different deman@ distsi#utions within en network (6) correspond to different values of the connectivity indicator,
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treet system.
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Fig. 11. Disutility versus Connectivity Index variation for different demand distributions.
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5. Conclusions

Feeder transit services have been identified as one of the possible solutions of the first/last mile issue for improving tran-
sit performance. We have proposed a new Connectivity Indicator (C.I.) able to predict on-demand transit performance, as
there is a need of such tools. Currently, there is no indicator as of today in literature that can exclusively gauge DRT perfor-
mance for a given street network system. The most widely used street connectivity index in transportation is the general
accepted one from transportation planning perspective which is inadequate and is potentially faulty for performance predic-
tion of DRT.

The proposed C.I is defined to be between 0 (worst connectivity) and 1 (ideal “perfect” connectivity) and its values are
higher for scenarios showing better demand responsive transit performance. The C.I. is easily computable and this mono-
tonic relationship is very useful as higher C.I. means higher transit performance and serves as a useful tool for planning pur-
poses. Should alternative network street designs be available in a given service area, our index would clarify which desig@
would perform better with respect to a potential DRT service in the area. Comparisons performed by simulation vs. gtier
current indicators demonstrate the validity of the proposed C.I., which is also shown to work properly when varying
distributions within the same network. Q

Authors are aware of the limitation of this current research, as several assumptions have been made throyghgu
derivation, but also think this novel easily computable indicator may be quite useful after our successful valida N
tice, planners may use the proposed C.I. to evaluate alternatives street network configurations in comp 8 be imple-
mented in a given residential area and predict how well they would allow an on-demand transit ser rform within

the area. *
Appendix A Q @ 2

A.1. Example for indicator calculation

Consider a hypothetical continuous street (having a ynifor nd distribuﬁacross it) is enclosed in a rectangular
area of length, L = 1200 feet, and width, W = 800 feet. Si%ent on-dema eare placed along the street (shown in
Fig. A.1). Assume street-based distance (d;;, where, i = }and ] {1,2,. between any of two neighboring on-de-
mand nodes =400 feet. Thus, di; =dy3 =d34=dys5 = 400 ft. W the six nodes connected by the street, different
combinations of distances along the street can d, for 14 =dq2 + dy3 + d3g = 1200 ft (see Fig. A.1). Also,
assume the demand rate at each of the nodes i 1 passengers Az = 12 passengers per mile?, i3 = 13 passengers
per mile?, 1, = 14 per passengers mile?, 15 = sengers per J¢ = 16 passengers per mile. These demand rates
are proportional to the approximate shad€d aec@Shown gro n-demand node placed along the street (see Fig. A.1).
This follows from the uniform spatial d€ma ssumption is constant over the area enclosed within the rectangle. For
non-uniform spatial demand distr; On, the deman also be appropriated by the population surrounding the
node that could potentially @n node fo e

The sum of demand ra 7 = 81 p S¥

For L =0.23 miles, W = 0! iles, the vahle numerator of the C.I. in Eq. (11), Smin, iS,

6 L=1200 mlles)
[

S =800 feet (0.15 miles)

s o
Q5=15
_

Street

------ Residential Area Boundary
@® On-demand stop

Fig. A-1. An example case for indicator calculation.
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2 2 2 /12 2 2 /12 2 L5—|—W5— L2—|—W25
S = YL W7, L o In WHvLi+Wo | W oI Levl+Wr ( S 0.068 miles
3 L w 1502W?
For node i=1,
j=6
Z Zid1j = (12 x 400 + 13 x 800 + 14 x 1200 + 15 x 800 + 16 x 400)/5280 = 10.3 passenger-miles
j=1j-1
Similarly,

For node i =2,

= 9.77 passenger-miles 00

j=6
3" Jjda; = (11 x 400 + 13 x 400 + 14 x 800 + 15 x 1200 + 16 x 800)/5280 = (51600/5280)

j=14#2

For node i =3,

Jj=6

Z Aids; = (11 x 800 + 12 x 400 + 14 x 400 + 15 x 800 + 16 x 1200)/5280 = (50400,/5280) @

Jj=1j#3

= 9.55 passenger-miles
For node i =

Z Jida; = (11 x 1200 + 12 x 800 + 13 x 400 + 15 x 4 .. gzso_ 280)

= 8.86 passenger-miles K
O
3" Jids; = (11 x 800 + 12 x 1200 + 13 x % 400 +,16 @/5280 (45600/5280)

For node i =5,

j=1j#5

= 8.64 passenger-miles 0
For node i =6, 6
j=6 K x
Z Aidej = (11 x 400 +13 x 12% 00 + 15 x 400)/5280 = (46800/5280)

j=1j-6

= 8.86 passaglger- mlles

cator S, is,
j=6 ...
i Zj 1j#3 J 31 ZJ 1#4;”] 4j ZJ u#s) d5J Zj:lj#ﬁ;”]dGJ

+ 23 A— I3 + A4 A—Ju + 5 A—Js + 6 A— e )

V13955 14886, 15x8.64 16886
81—-13)  (81-14)  (81—15) ' (81—16)
124 1296 141.7)

The denominator of th

67 66 ' 65
+1.83+1.85+1.96 +2.18) — 0.137 miles

hus, from connectivity Indicator (C.L.) = (Syin/S) = (0.068/0.137) = 0.496
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