Innovative Operating Strategies for
Paratransit Services with Zoning

Wei Lu, Chung-Wei Shen, and Luca Quadrifoglio

Paratransit services constitute a large industry that provides transpor- services, has shown a steady, undesirable decrease and is h @
tation services to disabled and elderly customers across the country. it was 15 years previously.

Demand for these services has been growing since the Americans with Demand-responsive services operate according to v.
Disabilities Act (ADA) was signed into law in 1990 and will continue to policies. Maximum service time windows (for picku
grow in the foreseeable future. Rather than adopt a centralized operat- may be of different durations (usually betwee:

ing strategy, some large transit agencies use decentralized zoning for
easier management and better overall reliability (i.e., higher percentage
of on-time performance). However, this strategy is inefficient, because a
service provider’s vehicle is not allowed to pick up customers outside its
own service zone. This ban hampers ridesharing and increases the empty 3
trip miles driven. To address this issue, the study reported in this paper jes " ntrol strategies as opposed
explored innovative ADA operating strategies that allowed service pro- ider a whole, large, unique geo-

viders to serve both trips of cross-zonal customers in need of round trip
rides. Three innovative policies were proposed. New algorithms were
developed to incorporate the proposed strategies into the insertions heg-
ristically. Simulation experiments on the basis of data in Houston, Texas,
and Los Angeles, California, were conducted to quantify the perfor
improvement over current policy. Results showed that, without sac
to customer levels of service, the best of the three policies an
significantly reduce the inefficient empty trip miles by upgg

result, the policy could save up to 6.8% in assigned ve @
apSavings in ndependently managed zoning. Zones are served and indepen-

the total mileage by 8% ; these results implied a s

operating costs with a reasonable level of service intained. o ently operated by different providers. The pickup location of each
ustomer determines the zone and its service provider. Vehicles are,

however, allowed to traverse zone boundaries to drop off cross-zonal

customers. Los Angeles County, for example, adopted this zoning

strategy.

2. Zoning with transfer. Zones are served and operated by differ-
ent providers. The pickup location of each customer determines the
zone and its service provider. Cross-zonal customers need to switch
vehicles at specific transfer locations. However, to do so requires coor-
dination and synchronization between providers, to ensure transfer
customers an acceptably short wait time. Boston, Massachusetts, San
Diego, California, Chicago, Illinois, and the Twin Cities in Minnesota,
for example, adopted this operating strategy.

service area is divided into “zones.”
ning strategies have been adopted by transit
ates. Some systems may refer cross-zonal

passengers to ta

Others ave hybrid operating policies. These operating choices

ca 1ghificant impact on overall service performance (/). The
n zoning strategies (Figure 1) are as follows:

cate a reversal in thig trefid
a year are requested FOm
type of service has

tripled over a
on, lexas, ab @

paratransit tQ t

Operating costs have risen even
by six times in the same 15-year
between passenger miles and vehicle

Smaller and independent zones are easier and less costly to manage
than others. They ensure better on-time performance to passengers,
and in general they lead to higher job satisfaction by call center per-
sonnel and drivers, who are more likely to be assigned to a limited and
familiar driving range than in another kind of system. However, this
apparently simplifying strategy comes at a price in terms of operating
costs, level of service, or both. Demand-responsive services such as
y these rely heavily on efficient ridesharing to reduce their cost. A major
Taiwan. Corresponding author: L. Quadrifoglio, quadrifo@tamu.edu. part of the operating costs of these services is incurred by empty trip

) ) miles (i.e., miles driven by the vehicle with no customer on board).
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D.C., 2014, pp. 120-128. adopted, cross-zonal customers need to be dropped off outside their
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FIGURE 1

their destination but is not allowed to pick them up outside of its own
service zone. This zoning strategy clearly prohibits some ridesharing
and increases the number of empty trip miles driven, which eventu-
ally increases the costs of these services considerably. Cross-zonal
customer transit requests can be as high as 30% of the daily demand
(Los Angeles County). Further, customers whose pickup and drop-off
locations are in different zones must rely on two providers for their
round trip, with potentially different booking rules and potentially
reduced level of service.

The original centralized strategy (still used in cities like Houst
for example) may have several drawbacks, primarily linked to poten-
tially extended geographical size, yet it is the one that most mini
operating costs and maximizes level of service. The study re

this paper proposed the use of zoning solutions to oveg€on
drawbacks of the currently adopted strategy to ma1 ating
efficiency and a level of service close to that of trahzed

strategy.

LITERATURE REVIEW

In this section, a review is pre of the paratrgnm% g
problem, more formally known as¥e dial-a-ride P),
which is a special kind o cle routing prob

that involves the det @f routes and -3

to transport travele, ick

problem has beeg
researchers ha

. se of ity
(2) d Berbeglidie
i jo rnodehng

as the ridership of the provider increased (5). Wilson and Hendrickson
reviewed the earlier models that predicted the performance of flexible
routed transportation systems (6). Paquette et al. suggested that further
study was needed to better understand the trade-offs among costs and
the quality of different operational policies in dial-a-ride systems (7).

Most common paratransit operating strategies.

© @
00

Coordination of paratransit services increa e 1y efficiency
and productivity but mobility. An evaluatio: dt indicated
that about $700 milfion per year could - N ed to transportation
providers int e , ion of successful coor-

sportation would be likely
to red ce ~ rag€ of Tidesharing and a lower
i dill et al. introduced the integrated
roposed that s8fe part of a journey might be carried out
by a d-route servig@ . A¥daihani and Dessouky proposed a sys-
x@d routes within a pickup and delivery problem
fning formulation of the cooperative pickup
and delivery prd ith time windows was analyzed by Lin, who
conclud t the cooperative strategy might achieve savings in total
1 es used (/2). It was shown that zoning with transfers
services provided noticeable improvement in efficiency,
nimum service standard was maintained (/3).

analytrcal and simulation methods are two applicable tools
evaluate the performance of practical management strategies. The
ppr0x1mate analytical model of a demand-responsive transporta-
tion system was first proposed by Daganzo (14). It did not consider
the explicit time window for each customer. Fu provided an analytic
model to predict the fleet size and quality of service measurements
(15). Li and Quadrifoglio developed an analytic model to determine
the optimal service zone for feeder transit service (/6). However, they
assumed that trip origins and destinations were distributed uniformly
over the service area. The analytic model is a powerful tool for para-
metric analysis of the system. However, it is extremely difficult to

build a closed-form expression of the problem.

Simulation methods have been applied to the evaluation of per-
formance measurements on dial-a-ride systems (/0). Simulation
also has been used to compare the performance of dial-a-ride sys-
tems and fixed-route bus systems (/7). With the use of paratransit
data in Houston, Shen and Quadrifoglio performed a simulation that
showed the adoption of a decentralized strategy increased the total
vehicles used and the empty backhaul miles driven, compared with
a centralized strategy (18).

Paratransit services operate not only in the United States but all
over the world. The literature indicates that in different places in the
world these services all face similar challenges, such as regulation,
integration, and the central problem addressed here, namely operat-
ing cost (19, 20). The literature also shows that researchers have
looked at the cost problem from a variety of perspectives, but thus far
none has investigated the innovative scheduling policies proposed
in this paper.
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(a)

FIGURE 2 Key difference between operating strategies.

PROPOSED OPERATING STRATEGY

The innovative operating strategies for paratransit services proposed
here have some similarity with the independently managed zoning
operating strategy already described, with a fundamental difference:
providers that serve a given zone can pick up out-of-zone passengers
in need of a return trip to that zone. This means that cross-zonal pas-
sengers can use the services of the provider that operates in the zone
of their pickup location, and be dropped off out of their original zone
(which already is currently done). However, these customers may
take their return trip with the same provider and not be forced to use
the provider that operates in their destination zone. The concept is
illustrated in Figure 2.

gin 1+ to the destination 1— (in another zone) and later needs a r
trip from Zone 2+ (same location of 1-) to 2— (same locati
In Figure 2q, the independently managed zoning operatifigstrat@gy

would have the first vehicle (which belongs to the le; g Apne 1)
pick the customer up at 14 and drop him or her off at | % ly along

A cross-zonal customer needs to be transported from his or her \
{0

likelihood to correspond to an empty tripsdgiveybecause this vehd

is not allowed to pick up other ¢ n@he right-sid 2.
Similarly, the return trip of the @ St ccurs in a v, &
belongs to Zone 2, which makc8ya on

of the arrow that goes from 2— to {
segment of the trip that is

of the trip from the depot in
ot be empty, because other

thepro
it i
LoSAngetes.
with other ridesharing customers, although n m here). T
dashed portion of the arrow from 1— to the dﬁin e lhasa IQJ?\

that affects nearly all cross-zonal customers coul
on the performance measures.

ALGORI %IPTION@ :
introduced to distribute the cus-

In thin, e alg

tomersWm@’different zoneS¢ccording to the corresponding policies

propo8ed. The simulgtion el also could serve customers in a
ic scenario, %Ch booking requests were made not only

before the servide datg also during the service date. The insertion

algorithm used ¢ and schedule the customers also is described.
A basi@one model is described first to illustrate the logic of

olicies. The model is then extended to four zones, and
w they can be applied to actual cases in Houston and

asic Two-Zone Model

Three new policies were proposed to distribute interzonal customers
into different operation zones. They are described here, along with
the old policy, still widely used by operating agencies. The logic
behind the redistribution of customer trips was to construct more
efficient routes through a reduction in “deadhead” mileage as much
as possible.

1. Old policy. Each trip was assigned to the zone according to its
pickup location (e.g., for an interzonal customer, the first trip was
operated by Zone A, and the return trip was operated by Zone B) as
shown in Figure 3.

Zone A

Zone B

FIGURE 3 Two-zone customer distribution (P = pickup location; D = drop-off location).
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2. New policy. Both trips were operated by the zone generated
by the customer. In the case shown in Figure 3, the operator was
Zone A for both trips under the new policy.

3. Alternative 1. The two alternative policies distribute the cus-
tomers according to their proximity to the border of the two zones,
and assign a customer’s return trip to one of the two zones to which
he or she more naturally belongs. As is shown in Figure 3, if the
distance between the pickup location and the border (L1) is less
than the distance between the drop-off location and the border
(L2), the return trip is assigned to Zone B, which intuitively is the
more efficient carrier of the customer than Zone A. The operator
of the first trip remains Zone A, because the pickup location was
generated there.

4. Alternative 2. This policy is the most flexible one of all. It is
similar to Alternative Policy 1, with a slight difference: the initial
trip and the return trip are assigned to the zone to which the customer
naturally belongs (i.e., the zone that has a larger portion of either of
the trips in it), as described in Alternative Policy 1. In Figure 3, both
trips are assigned to Zone B.

Four-Zone Model

The two-zone customer distribution model was extended to the four-
zone model. The whole service area was divided into four zones,
namely the northern region (N), the eastern region (E), the western
region (W) and the southern region (S), as is shown in Figure 4. For
zones that have common borders (e.g., N and W, W and E, W and S)$

the customer distribution follows the same logic as in the two-
model for the four policies. Distribution for the zones not clo!

each other (i.e., N and S), is tricky, as the following desc
the four policies shows.
The old policy and the new policy in a four-zone % ow a
Policy 1,
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[i.e., (X1 +X0> X2 + X0)] (Figure 4). This geometric relationship
provides a simplified way to compare L1 and L2. Alternative Policy 2
extends naturally from the two-zone model. It remains the most
flexible policy of the four.

Pseudocode

The algorithm for trip distribution and insertion is summarized as
follows. This algorithm incorporates dynamic insertion.

Step 0. (a) Generate customers according to the prespecified da @
ent
f

tribution and (b) distribute the trips of each customer to diff
zones according to different policies;

Step 1. For each of the zones, set i =0 (i represents b
vehicles used), while for unassigned trips not equal t cach
depot, generate one empty route from it, (b) chogse p in the
unassigned trip list, (c) check all possible inseor feasibility,

(d) if more than one feasible insertion is fi t the one that

minimizes the addifional travel distancgstig existing route, and
(e) update the e of the inserted\o and delete the trip that
is just inse m tle unassign
Step sibI€ insgti n@be ound, set i =i+ 1 and
a;

e
ecord the b schedule after all the static requests

have Been inserted;

4. Within &che time period: (a) generate dynamic
customers wit d probability and (b) distribute the trips
of each dynam@mer to different zones according to different
policies;

tep each of the zones (j represents the number of exist-
ing@@ut ile dynamic trips are not serviced: (a) choose the first
i unassigned trip list, (b) check all the possible insertions

of the existing (or newly generated) routes for feasibility,
sert the trip into the first available route, and (d) update the

similar manner as in the two-zone model. For
customers are still assigned according to their i to the bord i
of the two zones (pickup zone and drop-offé@one the four-7% hedule of the inserted route and delete the trip that is just inserted

case, the geometry indicates that L1 >@

*

\2

N
N
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from the unassigned trip list; and
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FIGURE 4 Four-zone customer distribution: (a) Houston and (b) Los Angeles.
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Step 6. If none of the existing routes can accommodate the
dynamic trip, then generate one empty route, let j represent the
number of existing routes, then set j =j + 1 and go to Step Sa.

SIMULATION EXPERIMENTS

The Manhattan (rectilinear) distance was used to calculate the
travel distance between different locations. For example, A(x;, y;)
and B(x,, y,) were two points that either were the pickup or the
drop-off location, respectively. The travel distance between A and
B was calculated as |x; — x| + [y; — y5|. The Manhattan distance
commonly is used in urban road networks, which follow a grid
pattern. Although it was an approximation, this estimated travel
distance was verified to be reasonably close to the actual travel
distance in the literature (/). In any case, an update of the results
is under way, with the use of more accurate, actual network dis-
tances. No traffic jams were assumed in the system. As a result, the
travel time between two points was only a matter of travel distance
and vehicle speed.

Customer Generation

To evaluate the effects of the customer distribution policies, round
trips (i.e., the initial trip and the return trip) were generated for each

customer. For each trip the following information was gatheregs
pickup and drop-off locations, requested pickup time, number o

passengers, and whether or not a wheelchair-accessible vehicl
needed. The pickup and drop-off locations, and the pickug t

presumably were random but chosen from a distribution offfocatign
and trip start times. The simulation model could hapelig i

requests randomly generated during a simulation. I
model, customers in general were divided into

1. Static demand. Passengers who boo
started, typically 1 day before the servi

2. Dynamic demand. Passeg
after the service started.

Transit agencies usuall uire a certain arg
ahead of the requeste&)i tiine. In this stue

set to 30 min. For th&whol
dynamic dem ed with a

*

rithm ran the ¢ sertion first to get' @basic schedule and then
to deal4i 3 requests ould require the fleets to be
resct&

a eters
The followir @ parameters were used in the simulation:

e Mchiclc@avel speed: 25 mph;

° ime of each customer: 1 min;

o Tim&yrindows: 20 min, minus and plus the requested time;

e Maximum ride time factor: 2.5 (i.e., ratio of actual ride time
divided by direct ride time, mandated by law);

e Unlimited number of vehicles available;

® Van capacity: four wheelchairs or 10 ambulatory persons;

® Cab capacity: one wheelchair or four ambulatory persons;

L
ts before the se \
Ehl
ked seats or&
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® Dynamic demand generation probability: 0.05. (i.e., 5% of
total requests are dynamic);

® Service time period: 24 h (i.e., paratransit service responds to
customer demand 24 h a day); and

® Minimum advance request time: 30 min; customers must book
trip at least 30 min before pickup time.

Demand Data Analysis

The actual demand data from Houston and Los Angeles were used

in Houston and by Access Services, Inc., in Los Angeles Count

to generate the test samples. The data were provided by METR(}%@
On

average weekdays, METROLIift and Access Services, Inc., p

about 5,000 trips. METROL.Ift used a no-zone strate r hypo-

thetical zones were generated according to the rule ! by
Shen and Quadrifoglio (/8). For Access Service zones
covered the service area. Only the northern, sqff castern, and

west-central zones were considered in the g gfause demand
in the Santa Clarif@ and Antelope VallgypZOtes was less than 5%

of the total dailypave@rage demand. Thg ire 41,241 trips within

a 5-day pe abl§y 1 shows t i[Jgaftrage number of trips

for each z g

To e distrj @ of ngeles County, the pickup

d distribution® h&forthern zone are shown in Fig-

ure SWhese distributions e used to generate the input data for
¢ sinulation modell Each square in the figures represents a 1 by

1 mile area. Thegfmb8counted in each square area (N) represents
the number ofat end in each area. Other zones had their
own distinct distf#®utions of pickup and drop-off locations.

InL les County, the service area was divided by six zones.
Ea its designated service provider. Providers could pick
n stomers whose trip origins were located within their ser-
iceNgea. The drop-off locations had no geographical restrictions.
e Sa shows that the pickup locations were all within the north-
rn zone. Figure 56 shows that the drop-off locations were mainly

1n the northern zone, although some drop-off locations were outside
that zone. The pickup time in the northern zone is shown in Figure 6.

Results Analysis

The performance of the policies was investigated from the perspec-
tives of cost and productivity and service quality. In terms of cost
and productivity, the number of vehicles and the total mileage were
the most straightforward indicators to use to compare the efficiency

TABLE 1 Daily Average
Trips, Six Zones in
Los Angeles County

Number
Zone of Trips
Northern 1,813
Southern 2,780
Eastern 2,253
West—central 1,402
Santa Clarita 144
Antelope Valley 273
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FIGURE 5 Disgribution of (a) pigktp and (
of diffeschg polieies. The got: nileage of each vehicle was
further Qiyided into two pa the travel miles with no pas-
gef@on board (e iles), and travel miles with passen-
e oard (nonempt§jtrip miles). Because it was possible that
les woulg#8 at thé®pickup locations earlier than requested,

t a pickup location was defined as “idle time.”
ice quality, customer wait time and ride time

exceed K =2.5 times of direct ride time.

The performance of alternative customer assignment policies
was compared on the basis of data from Houston and Los Angeles.
Ten simulation replications were run for each case. The results are
summarized in Table 2.

(b)

op-off location from northern zone.

Of the four policies, Alternative 2 had the best performance in
terms of the number of vehicles used, total mileage, and empty trip
miles. In Houston, Alternative 2 led to the use of 6.8% fewer vehicles
and 8% less mileage than under the current policy (i.e., old policy).
In Los Angeles, Alternative 2 led to the use of 3.6% fewer vehi-
cles and 5.2% less mileage than under the old policy. These results
implied a significant cost reduction once the proposed policy was
implemented. A careful look at the results revealed that the reduction
of total mileage stemmed from a reduction in empty trip miles (dead-
head miles). A significant 25% drop in empty trip miles occurred
when Alternative 2 was applied in the case of Houston. The drop
was a little lower at 18% in Los Angeles, possibly because of the
lower interzonal trip rate there. The significant improvement in the
total mileage did not lead to a sacrifice in service quality, which was
evident in the customer wait time.

<
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FIGURE 6 Distribution of pickup times for northern zone.\ O\
sharing, which in turn lowered the total mileage and
ofjvehicles needed to fulfill requests. The performance of

Statistical tests were conducted to further compare theggert promot:
mance of the four policies. Pairwise confidence intemgals Wgre

th
cost t y and Alternative 1 seemed quite close, because neither
mileage). sh tatistical edge over the other for almost all of the measure-
ervals of ngs in the two cases except for the total mileage in Los Angeles,

ose interya here Alt-1 was a better mileage saver than the new policy.

with asterisks beside the bracket indic ro is not in

interval, which means in the correspo of strategie re

is a statistically significant dif easuremer& CONCLUSIONS
S

(i.e., number of assigned vehicles, empty trip miles,
The numbers in Table 3 represent the 95% congfdt

In Houston and Los Angeles, ings on performa
were similar. Of all of the perfo ce measures, { t fi¢xible In this paper, innovative operating strategies for ADA paratransit ser-
policy, Alternative 2, was gmperior to'the otheggfhreSpolmies. Again, vices are proposed. Specifically, three new policies are proposed
it was this policy’s ﬁi i at reduced t ad miles and to allow providers that serve a given zone to pick up out-of-zone

Q I Vehicles
\ mber of Empty Trip Nonempty Total Idle Time Total Customers
0 Polq Vehicles Miles Trip Miles Mileage (min) Wait Time (min)
Housto
232.5 27,140.3 48,863.1 76,003.4 9,720.9 74,795.2
227.1 22,444.7 50,759.6 73,204.3 11,877.2 74,707.6
ternative 1 225.2 22,629.4 49,823.7 72,453.1 9,836.7 75,135
Alternative 2 216.8 20,419.1 49,491.2 69,910.3 10,514.4 74,582.4
Los Angeles
Old 429.2 44,160.0 96,509.5 140,669.5 11,325.2 125,309.4
New 417 37,059.4 98,819.4 135,878.8 11,139.8 128,764.9
Alternative 1 417.2 36,975.7 97,427.8 134,403.6 11,175.6 127,105.5

Alternative 2 413.8 36,132.7 97,183.3 133,316.0 10,890.0 127,150.4
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TABLE 3 Pairwise Confidence Intervals of Measurements

Paired-t New Alternative 1

Alternative 2

Houston Data: Number of Assigned Vehicles

127

Old [0.70, 10.10]*
New
Alternative 1

[2.65, 11.95]
[-2.42, 6.22]

[10.85, 20.55]“
[5.76, 14.84]°
[3.91, 12.89]“

Houston Data: Empty Trip Miles

Old [4,238.27, 5,152.81]°
New
Alternative 1

[4,083.04, 4,938.71]"
[-626.44, 257.11]

[6,312.31, 7,129.95]"
[1,601.85, 2,449.34]"
[1,820.10, 2,600.42]"

Houston Data: Total Mileage

Old [1,781.16, 3,817.07]¢
New
Alternative 1

[2,597.12, 4,503.46]"
[-212.59, 1,714.94]

[5,202.47, 6,983.75]"
[2,391.59, 4,196.40]
[1,720.33, 3,365.30]"

Los Angeles Data: Number of Assigned Vehicles

Old [6.18, 18.22]°
New

Alternative 1

[6.77, 17.23]°
[-5.66, 5.26]

[9.50, 21.30]“
.89, 6.291*

©

Los Angeles Data: Empty Trip Miles

Old [6,479.35, 7,721.92]°
New
Alternative 1

[6,414.70, 749586
[—539788, %

Los Angeles Data: Total Mileage

Old [3,537.85, 6,043.51]" 4,968.63, 7,563.22]“
New .70, 2,639.79]*

Alternative 1

.37, 8,670.68]"
1374.85, 3,750.84]"
[248.56, 2,023.75]“

“Significant difference. :\
passengers in need of a return trip to that zon new polige
two of them base the customer assignmeni€deci

tive distance between pickup and drop-q re-
sented here, new algorithms w el@pedthat incorporatgd
proposed strategies into the on heuristic, and, in
models were developed to replicagg the paratransi 108s. To
evaluate and analyze the pmpposed Operatinggtrate omputa-
tional experiments Ne ted with th e simulation
model that was bujlif on t asis of gloustofyand

Los Angeles
Its showed

s on the re
s. In the stud:

QP A1

nt policy. Meanwhile,
oposed policies were about
e current policy. The results

ing Nard to save operations cost. The implementation
> might cause a reassignment in cross-zonal customers

cies would change the share of customers for each provider, and the
earnings would need to be transferred between providers accordingly.
This situation poses a major obstacle to the implementation of Alter-
native 2. Future research might include the conduct of experiments
in other cities.
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