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To improve the reliability, responsiveness, and productivity of the flex-route transit service, this paper investigates the vehicle
scheduling and routing problem under a dynamic operating environment. First, we discuss the new operating polices after the
introduction of intelligent transportation systems (ITSs), including automatic vehicle location (AVL) system, mobile data
terminal (MDT), and computer-aided dispatch (CAD) system. Second, a mixed integer programming (MIP) formulation is
employed to solve the offline routing problem. Third, an online scheduling scheme is presented to tackle different dynamic events,
such as dynamic requests, travel time fluctuations, cancellations of requests, and customer no-shows. Finally, simulation ex-
periments based on a real-life flex-route transit service are conducted to assess the influence of different dynamic events. The
results demonstrate that the proposed scheduling scheme is reliable for coping with various dynamic events, and our findings can
be used to guide the policy making of flex-route transit services.

1. Introduction

Currently, public transit systems play an indispensable role
in people’s daily life. High volume transit modes such as
subway and conventional bus lines can provide convenient,
rapid, and efficient service in high-density urban areas.
However, in many low-density suburban and rural areas,
these traditional fixed-route transit services are considered
to be inefficient and inconvenient due to the rigid itineraries
and infrequent intervals. Unsurprisingly, the dependency on
private cars is reinforced, which poses severe challenges to
environmental sustainability and social equity.

To address these challenges, many efforts have been
focused on providing new mobility solutions in these low
demand regions (e.g., sprawling suburban areas) to not only
meet the diverse demands of passengers but also improve
the quality of service. Among the many types of flexible
transit services, flex-route transit (also referred to as route
deviation [1]), mobility allowance shuttle transit [2], and
demand adaptive transit system [3]) is the most popular

operating polic [4]. This innovative service is a hybrid
public transportation mode that combines the low-cost
operability of fixed-route transit with the flexibility of
demand-responsive transit. Similar to the conventional
fixed-route service, flex-route transit has a base route with
several mandatory checkpoints located in high-density
demand zones. Typically, these checkpoints are assigned
with fixed departure times to serve regular customers and
are synchronized with other public transportation lines. On
the other hand, flex-route transit shares some common
features with demand-responsive transit because the ve-
hicles are allowed to deviate from the base route for a
certain distance (usually between 0.25 and 0.75 miles) to
serve curb-to-curb requests. Practical operation experiences
have shown that ridership and passenger satisfaction re-
markably increased after implementing flex-route transit
service [5, 6].

In practice, the passengers who need deviation service
are required to make reservations at least two hours ahead of
time. Therefore, most studies focus on fully static systems in
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which all the requests are known in advance and all the
unforeseeable events that may happen during the flex-route
transit operation are neglected [7-11]. However, real-life
situations could be more complex, and the distributions of
some accidents cannot be clearly identified. The pre-
determined schedule is likely to be modified in real time due
to dynamic events such as travel time fluctuations [12-14],
cancellations of requests, customer no-shows [15, 16], and
dynamic requests [17, 18]. All these unpredictable events
severely influence the on-time performance of the flex-route
transit and inevitably degrade the system reliability [19].
That may be the one reason why the application of this
innovative transit service is quite limited and far behind
prior expectations. Therefore, a flexible and efficient real-
time scheduling scheme is needed to tackle these practical
problems.

Recent developments in intelligent transportation
system (ITS) technologies, such as automatic vehicle lo-
cation (AVL) systems and digital communications, provide
solid technical support for real-time fleet management. In
particular, these technologies allow a dispatching center to
constantly track the real-time positions of the vehicles,
traffic information, and up-to-date information about
customer requests. In addition, advances in computing
power have accelerated the data-processing abilities so that
any schedule modifications can be processed and trans-
mitted to the drivers in real time. With the help of these ITS
technologies, the dispatcher is now able to quickly track
these dynamic events and adjust the schedule of the flex-
route transit in real time. A case study on real-life ITS-
assisted flex-route transit [5, 20] showed that the schedule
reliability was greatly enhanced after the implementation of
several ITS projects.

In this paper, we study the vehicle routing and sched-
uling problem of flex-route transit under a dynamic oper-
ation environment. As an extension of our previous research
[21], an online scheduling model is developed to deal with
the various dynamic events, including customer travel time
fluctuations, no-shows, cancellations, and dynamic requests.
To the best of our knowledge, the dynamic scheduling
problem of flex-route transit has not been examined in past
studies. The structure of this paper is organized as follows.
The system structure and operating policy of the flex-route
transit system are described in detail in Section 2. Then, an
offline routing mode and an online scheduling model are
proposed in Section 3. In Section 4, we evaluate the system
performance under different dynamic events through sim-
ulation experiments. A summary of the findings and future
works is presented in Section 5.

2. System Description

2.1. Service Area and Demand. To simplify the modeling
process, the flex-route transit system is assumed to operate
within a rectangular service area of width W and length L
(see Figure 1). All the reserved pick-up/drop-oft points
should be located within the scope of the service area. There
are C checkpoints along the base route (denoted by c=1, 2,
..., C—1, C), which are located at major connection points
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or high-density demand zones (see Figure 1). The departure
times of the checkpoints are fixed, which can be regarded as
hard constraints for vehicle operations.

The flex-route transit service can respond to four dif-
ferent types of requests: type I—the pick-up and drop-oft
points are both at checkpoints; type II—the pick-up point is
at a checkpoint, but the drop-off point is not at a checkpoint;
type III—the pick-up point is not at a checkpoint, but the
drop-oft point is at a checkpoint; type IV—neither the pick-
up point nor the drop-off point is at a checkpoint. Type I
requests use flex-route transit as a traditional fixed-route
transit service. Therefore, they do not need to book the
service in advance. The other three types of requests are
required to make a reservation by calling or using the In-
ternet to schedule their non-checkpoint stops.

To accommodate possible deviation requests, the
scheduled running time between adjacent checkpoints must
be greater than the direct running time. The difference
between them is called slack time. In flex-route transit, the
slack time allocated for the deviation service in each route
segment is predetermined based on the expected demand
level. If the slack time between the checkpoints is not used
up, the vehicles must wait and experience additional idle
time until the scheduled departure time. In contrast, when
the predetermined slack time is not sufficient to accom-
modate the unexpected higher demand, some passengers
may be rejected (see Figure 1).

2.2. Operating Policy. In real-life operation, due to the low
demand level of suburban areas, the headways of flex-route
transit systems are usually more than half an hour [1].
Hence, unlike other demand-responsive shared-ride sys-
tems [22, 23], passengers are more likely to reserve a
specific trip based on the timetables rather than specify a
pick-up time window. As shown in Figure 2, each passenger
(except type I) needs to specify a desired trip, a pick-up
location, and a drop-off location with the reservation center
before the reservation deadline. The reservation center
provides the connection between the customers and the
dispatching center. It is responsible for recording the de-
mand information and dealing with some dynamic events
such as service cancellations, updating demand informa-
tion, and dynamic requests. Generally, the reservation
should be made between two days beforehand to one hour
earlier than the departure time of the trip. The requests are
processed on a first-come, first-serve basis. Once the re-
quest is received, the dispatching center immediately in-
forms the customer whether or not the request can be
accommodated. After the reservation deadline, all accepted
passenger requests collected for a given trip are used as
inputs for the offline routing model to calculate the optimal
routing plan. After finishing the calculation process, the
planned pick-up times are sent to the accepted customers
before the trip begins.

There are two common categories of data that need to
be treated differently. The first category of data, called static
data, consists of data that are relatively stable and do not
need to be updated frequently. Examples include the road
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network topology, customer demand, and information of
fleet, drivers, and timetables. Before the actual operation of
the service, the initial routing plan of the vehicle is cal-
culated by the offline routing model using the static da-
tabase. The second category is a dynamic database that
includes vehicle location, traffic conditions, and dynamic
events. During the operation, the AVL system provides the
dispatcher with up-to-date location information for each
vehicle via the global positioning system (GPS) equipment.
The dispatcher continuously monitors any operational
changes in the system and updates them in real time. Once
a dynamic event occurs, the dispatcher calls on the online
scheduling model to reschedule the planned route, and the
modified routing plan is transmitted to the drivers through
a mobile data terminal (MDT). Both the offline and online
models can be calculated using the computer-aided dis-
patch (CAD) system installed in the dispatching center to
obtain the initial routing plans and responses to dynamic
events in real time.

3. Vehicle Scheduling Model

3.1. Offline Routing Model. A mixed integer programming
(MIP) formulation is proposed for the offline routing
problem. We define a directed graph G=(N, A, T) to de-
scribe the vehicle routing network, where N represents all
the stops for a trip, A = N” is the set of arcs, and T'= (t;j) is the
matrix of the travel time associated with A. The objective of
the problem is to determine the optimal path without vi-
olating the constraints.
The system parameters are defined as follows:

C =number of checkpoints

Q=maximum vehicle capacity

No=1{1, 2, ..., C}=set of stops at the checkpoints

0; =scheduled departure time of checkpoint i Vi € N,

K= Kryper UK ypern U Kpypern U Kpypery =set of all
accepted requests



IS = C+|Kryypen| + [Kpypern| + 2 X [Krpype v | = total
number of visiting stops in a trip

N, ={C+1, ..., TS}=set of non-checkpoint stops re-
served by passengers

N = NyUN,, =set of all stops
A =set of all arcs in the network

q; = number of passengers boarding (g; > 0) or alighting
(g;<0) at stop i
t;j=rectilinear travel time from node i to node j
Vi,jeN
dwell_n= dwelling time at every non-checkpoint stop
dwell_c =dwell_n dwelling time at every checkpoint
ps(k) =pick-up stop of each request k Vk € K
ds (k) =drop-off stop of each request k Vk € K

The decision variables of the model are as follows:
x;;=1{0,1} V (i, j) € A=indicating an arc (i, j) is chosen
(xl-j =1) or not (xl-j =0)
t_dep; = departure time of stop i, i=1,2, ..., TS
t_arr; =arrival time of stop i,i=1,2,..., TS
w; = vehicle’s passenger load at node i,i = 1,2, ..., TS
Pk = pick-up time of request k Vk € K
dy = drop-off time of request k Vk € K

Given the above definitions, the problem can be for-

mulated as a mixed integer linear program in which wy and

wy are the costs of the passengers’ in-vehicle time and the
operating cost of the service vehicle.

mian<Z(dk—pk)>+wV< Z ti]-xi’j>, (1)
keK

i,jeA

subject to

TS
Z x; =1
i=1

(2)
TS
Z xp =0,
i=1
TS
Z xci =0,
i=1
- (3)
Z xic =1,
i=1
TS TS
Yxip=Yx;=1, i=N/H{LC} (4)
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x;=0, VieN, (5)
Y x;<IVI-1, WVCN, 6)
i,jev
t dep; =3, Vie N, (7)
Wy =4y (8)

wizw; +x;9, - MQ(1-x;;), V(i j)=A (9

toarr;>t_dep; + x;t;; — MT(I - xij), V(i j) = A, (10)

ijlij
t_dep;, =t_arr; +dwell.n, VieN,, (11)
t_dep; >t_arr; + dwell_c, Vi e Ny/{1}, (12)
0<w,<Q, VieN, (13)
P =t-deppy, VkeK, (14)
dp =tarryy, VkeK, (15)
di,>p. Vkek (16)

The objective function (1) minimizes the total cost of
two factors, namely, the in-vehicle time cost of all pas-
sengers and the driving cost of the vehicle; this definition
incorporates the costs associated with the transit opera-
tors as well as the service quality of the system. Con-
straints (2) and (3) address the special case of the
incoming and outgoing degree of the first stop and last
stop, respectively. For the first terminal checkpoint, there
is no incoming arc and one outgoing arc; for the last
terminal checkpoint, only one incoming arc is allowed,
and there is no outgoing arc. For other intermediate
nodes, constraint (4) indicates that the incoming/out-
going degree of each node is equal to 1. Constraint (5)
forbids the self-connection of each node. Constraint (6)
ensures that no illegal subtours are contained in the
optimal solution by eliminating all the loops that make the
other points disjointed. Constraint (7) guarantees that the
scheduled departure times of the checkpoints are fixed.
Constraint (8) ensures that for the first terminal check-
point, the vehicle’s passenger load is equal to the number
of boarding passengers. Constraint (9) defines the vehi-
cle’s passenger load at each node as the passenger oc-
cupancy at the preceding node plus or minus the number
of passengers boarding or alighting (depending on the sign of
gj)- Constraint (10) defines that for any two nodes that have a
connection, the arrival time of node j should be no later than
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the departure time of node i plus the travel time between the
two nodes. We let MQ and MT be a sufficiently large number to
ensure that constraints (9) and (10) are irrelevant when there is
no connection between the two nodes. Constraint (11) makes
sure that the departure time of every non-checkpoint stop is
always equal to the arrival time plus the dwelling time. Since
there may be some idle time at each checkpoint, constraint (12)
guarantees that the departure time of the checkpoint is always
later than the arrival time plus the dwelling time. Constraint
(13) ensures that the vehicle capacity is not violated during the
operation. Constraint (14) establishes the equality for each
request between the pick-up time and the departure time of its
corresponding node. Similarly, constraint (15) establishes for
each request the equality between the drop-oft time and the
arrival time of its corresponding node. Constraint (16) ensures
that the pick-up time of each request should be scheduled
before the corresponding drop-oft time.

3.2. Dynamic Events. In reality, some dynamic events may
happen during the operation of the flex-route transit service. In
our study, we consider four kinds of uncertain events which are
summarized as follows. Other rare events, such as vehicle
breakdown or traffic jam, are not considered in our research.

(1) Dynamic requests: customers call for service after the
reservation deadline of the trip. The pick-up or drop-
off points are randomly distributed over the service
area.

(2) No-shows: customers do not show up at their pick-
up points.

(3) Cancellations: customers cancel requests before or
during their reserved trip.

(4) Travel time fluctuation: the travel time between two
sites varies due to the changing travel speed.

3.3. Online Scheduling Model. Recent advances in infor-
mation and communication have facilitated real-time fleet
management. In our assumed flex-route transit system, the
real-time location information for each vehicle can be
provided by the AVL system. The up-to-date status of
customers (such as before service time, on board, serviced,
and no-show) can be transmitted through the MDT. Cus-
tomers’ dynamic requests and cancellations can also be
accommodated by the reservation center via telephone or
through the Internet. The offline and online models can be
executed using the CAD system. With these technologies,
the vehicle routing and scheduling can now be performed
dynamically, introducing greater opportunities to reduce
operational costs and improve customer service.

Figure 3 shows the framework of the online scheduling
model. In this model, all the events are also sent to the event
queue and are processed based on the first-come, first-serve
policy. During the operation, the dispatcher continuously
fetches one event from the event queue and processes it
based on the event type. After finishing the online calcu-
lation, the dispatcher sends the updated routing plan to the
driver through the MDT and informs the reservation center
on how to respond to the customers. The specific scheduling

schemes for the corresponding dynamic events are described
in the following sections.

3.3.1. Dynamic Request Events. In a partially dynamic en-
vironment, a number of real-time requests, which are not
known to the dispatcher at the time of planning, are revealed
gradually after the reservation deadline. All the dynamic
requests are assumed to be immediate requests that wish to
be served instantly. To accommodate these dynamic re-
quests, an insertion heuristic algorithm was adopted to
insert these requests into the initial routing plan determined
by the offline routing model. The dynamic requests are
processed in time order, and the routing plan is updated
immediately when a dynamic request is accepted.

Specifically, once a dynamic request is received, the
algorithm first checks the feasibility of the insertion. Assume
that the requested new stop q is located between checkpoints
n and n+ 1. The algorithm tries to insert the stop into any
two consecutive stops a and b that are scheduled within
checkpoint n and # + 1. If any of these insertions can meet
the slack time constraints and vehicle capacity constraints
mentioned in equations (7) and (13), the requested new stop
is accepted; otherwise, the requested new stop is rejected. It
is worth mentioning that type IV passengers need to check
the feasibility of both the pick-up point and drop-off point,
and only when both stops are inserted successfully can the
request be accepted. Since there is likely to be more than one
feasible position, the next step is to determine the best in-
sertion position with the minimum incremental costs. The
incremental costs of inserting the new stop g between any
two consecutive stops a and b can be calculated by the
following equation:

AF = wy, x At + wg X AR+ wy x AA, (17)

where At is the extra travel time of the vehicle after the
insertion (calculated by equation (18)), AR is the sum of the
extra in-vehicle time of the passengers caused by the in-
sertion, AA is the sum of the extra waiting time of the
passengers caused by the insertion, and wy,, wg, and w, are
the corresponding weights.

At =t .+t — oy +dwell n. (18)

Once the best insertion with the minimum incremental
costs is determined, the new stop is inserted into the route,
and the updated vehicle routing plan and schedule will be
sent to the driver immediately. Meanwhile, the decision
regarding the acceptance and the scheduled pick-up time of
the dynamic request is also sent to the customer.

3.3.2. No-Show Events. In practice, some customers may be
absent without giving any advanced notice when a vehicle
arrives at their reserved pick-up points. A previous study [5]
indicated that customer no-shows are frequently observed
during the actual operation of flex-route transit services.
Therefore, it is necessary to consider no-show events and
update the route dynamically.
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FiGure 3: The framework of online scheduling model.

During the operation of the flex-route transit service,
once a no-show event is detected, the driver sends a data
message (for example: “no-show”) to the dispatching center
through the MDT. The dispatcher checks the drop-off point
of the absent customer in the route. If the drop-oft point is at
a checkpoint (i.e., type III passengers), the current routing
plan remains unchanged. Otherwise, the drop-oft point is
deleted in the current routing plan without changing the
visiting sequence of the other stops. After determining the
visiting sequence, the next step is to update the time schedule
of the vehicle. More specifically, the schedule of stops before
the deleted drop-off point remains unchanged. For the stops
after the deleted drop-off point, if it is a drop-off point, the
vehicle departs immediately after the customer is dropped
oft. If it is a pick-up point, the vehicle has to wait at the stop
until the planned pick-up time of the customer. This scheme
can save the unnecessary travel distance of the vehicle and
the in-vehicle time of the passengers onboard. Meanwhile,
the on-time performance of the service is also guaranteed.

3.3.3. Cancellation Events. There are two kinds of cancel-
lations that should be treated differently. If the customer
cancels the trip before the reservation deadline of the trip,
the request is removed from the static database, and the
optimal initial routing plan is calculated using the rest of the
demand. In contrast, if the cancellation is made after the
reservation deadline (i.e., a real-time cancellation), it may
affect the scheduling and routing of the vehicle. In particular,
once a cancellation event is received by the reservation
center, the dispatcher first removes the non-checkpoint
pick-up and drop-off stops in the initial routing plan and
then reconnects the remaining stops with the shortest dis-
tance. Similar to the scheme of no-show events, the vehicle
departs immediately after serving the drop-off passengers
and waits until the previously notified pick-up times at the
pick-up points.

3.3.4. Travel Time Fluctuation. In the offline routing model,
the travel time between any two stops is calculated based on
the location coordinates, average travel speed, and road
networks. However, travel speeds are rarely constant in
reality but are instead subject to many stochastic variations,
such as random fluctuations in travel demands, frequent
interruptions of traffic controls, and unpredictable occur-
rences of traffic incidents. These travel time fluctuations

inevitably affect the on-time performance of the flex-route
transit system, but it can only be known to the dispatching
center when the vehicle arrives at the stops. In our study, we
assume that the vehicles are operated based on the following
schemes.

(i) For the non-checkpoint pick-up points, if the ve-
hicle arrives earlier than expected, the vehicle has to
wait for the customers until the planned arrive time.
If the vehicle arrives late, passengers would expe-
rience a waiting time and the vehicle would depart
immediately after picking them up.

(ii) For the non-checkpoint drop-off points, regardless
of whether running ahead of or behind schedule, the
vehicle departs immediately after dropping off the
passengers.

(iii) For the checkpoints, if the vehicle arrives early, it
needs to spend additional idle time at the check-
point until the scheduled departure time. If the
vehicle arrives late, passengers who need to get off
may experience excessive in-vehicle time and the
passengers waiting at the checkpoints also experi-
ence a delay. After serving the passengers, the ve-
hicle departs immediately.

Although excessive in-vehicle time and waiting time due
to travel time fluctuations have a negative effect on perceived
service quality, a workable balance between on-time per-
formance and serving route-deviation requests is difficult to
achieve. In our study, the service time fluctuation is not
taken into account because it can be considered as part of the
travel time between two stops.

4. Result Analysis

4.1. Simulation Settings. In this section, numerical experi-
ments are conducted based on the MTA Line 646, which
operates under a flex-route policy in Los Angeles County.
This line has been widely regarded as a benchmark and
testbed of flex-route transit for comparing and evaluating
different system settings, models, and solution methods
[2, 8, 10, 11, 24, 25]. The default parameter values are
shown in Table 1. Line 646 has three checkpoints that are
evenly distributed along the base route. A constant vehicle
speed of 25 miles/h and Manhattan distances are assumed
in calculating the travel times between the stops. The
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TABLE 1: Parameter values.

Parameter Value

L 10 miles

w 1 miles

C 3

0 12 passenger/trip
vV, 25 miles/h
Wy $60/vehicle/h
wg $20/passenger/h
Wy $15/passenger/h
wr $30/passenger/h
dwell_n 0.3 min
dwell_c 1 min

T, 40 min
/1211501 0.1/0.4/0.4/0.1

operating cost of the service vehicles and the values of the
customer cost indicators are set based on the National
Database of the US (2010) and [26]. The cost of the idle time
at checkpoints is assumed to be twice the cost of the waiting
time. The system is designed with an expected demand level
of 0=12 passengers/trip. For each trip, the requests are
generated based on the expected demand level and pre-
defined type proportion. The non-checkpoint pick-up or
drop-off points are uniformly distributed throughout the
service area. In the simulation model, each request is
assigned a sequence number in each trip to indicate the
order of the reservation time. Based on the theoretical
model proposed in [11], we can derive the single-trip time
of the flex-route transit T, as 40min. Therefore, the
scheduled departure times of the three checkpoints are 0,
20, and 40 min.

4.2. Simulation Results. To average out the effects of ran-
domness in the request generation, 1000 replications of a
single-trip operation were run to provide statistical estimates
of the system performance for each kind of dynamic event.
The offline routing model was solved by GRUOBI (version
9.0) through the YALMIP platform to achieve the optimal
results [27].

The system performance of the flex-route transit service
is evaluated using the following indicators: (1) the riding
time (R), i.e., the average riding time per passenger, in-
cluding the vehicle running time and service time at each
stop (also equal to the in-vehicle time minus the idle time);
(2) the waiting time (A), i.e., the average waiting time per
passenger at stops; (3) the idle time (I), i.e., the extra waiting
time on-board per passenger if the vehicle arrives before the
scheduled departure times; (4) the rejection rate (Rej), i.e.,
the fraction of passengers rejected by the system; (5) op-
erating cost (O,), i.e., the operating cost per passenger for a
trip (it can be calculated by equation (19), where T is the
average operation time in one trip and 6, is the average
number of accepted passengers per trip); and (6) system cost
(F), i.e., the sum of the operating cost per customer and the
average customer cost, which can be calculated by equation
(20).

7
wy X T
Op="— (19)
accept
F=0,+wgxR+wyxA+wyxI (20)

4.2.1. Dynamic Requests. To explore the effect of dynamic
requests on the operating efficiency, the degree of dynamism
(DOD) is used as an index in our experiments. The degree of
dynamism is defined as the ratio between the number of
dynamic requests N, and the total number of requests N,;:

Nd
DOD = —<. (21)
Ntot

For a fixed number of total requests received per trip, we
vary the DOD from 0% (pure static scenario) to 100% (pure
dynamic scenario) to generate different numbers of static
and dynamic requests. The simulation results in Table 2
illustrate that with the increasing DOD, the riding time R
decreases from 15.76 min to 15.60 min and then stabilizes
after DOD =75%. This trend is mainly caused by the de-
creased number of accepted passengers and the fewer de-
tours that are taken by the vehicles. For the same reason, the
idle time I is also considerably increased. In contrast, the
waiting time A increases dramatically with the increasing
DOD. This is because in scenarios with a high DOD, the
dynamic requests may be frequently inserted before the
prebooking requests or even before some dynamic requests
that have already received the scheduled pick-up time. This
unexpected delay inevitably deteriorates the reliability of the
service and degrades the service level of flex-route transit
systems. It is interesting to see that the rejection rate first
experiences a gradual increase and then deceases after DOD
is higher than 50%. This finding is not in accord with our
common intuition that “better routing can be achieved when
more information is known.” When the system is highly (but
not fully) dynamic, there are some advanced requests
assigned to the routes. Hence, the route with assigned stops
is less flexible for rerouting, and the detour to the accept
dynamic requests is constrained by these determined visiting
sequences. The same phenomenon was also observed in
scheduling demand-responsive transport services [17]. In
general, the system cost F increases with the increasing
DOD. The system performance can be improved by 1.2%
when all the online requests turn into static requests. This
suggests that the insertion heuristic is myopic compared to
that of the offline routing model, which can provide an
optimal solution with all the requests information available.
Hence, lowering the DOD may be a more attractive policy
for transit operators to improve the system efficiency.

4.2.2. No-Shows. When a vehicle arrives at the pick-up site
and finds that the customer did not show up, the schedule
must be quickly adjusted and some wasted costs may be
incurred. In our study, the simulations were carried out by
varying the no-show rate from 0 to 20% with a random
distribution. Table 3 shows that with an increasing no-show



TaBLE 2: Simulation results under different DOD values.
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TaBLE 4: Simulation results with different cancellation rates.

DOD (%) R (min) A (min) I (min) Rej (%) O, ($) F($)

Cancellation (%) R (min) A (min) I (min) Rej (%) o, ($) F(9)

0 15.76 0 0.46 11.55 353  9.01
25 15.69 0.13 0.49 12.20 354  9.05
50 15.61 0.30 0.52 12.76 355  9.08
75 15.60 0.44 0.53 12.70 354 911
100 15.60 0.47 0.53 12.64 354 912

TaBLE 3: Simulation results with different no-show rates.

No-show (%) R (min) A (min) I (min) Rej (%) O, ($) F($)

0 15.76 0 0.46 11.55 3,53  9.01
5 15.70 0 0.50 11.55  3.67 915
10 15.66 0 0.56 1155 3.82 9.32
15 15.60 0 0.59 11.55 399 949
20 15.55 0 0.65 11.55 419  9.69

rate, the riding time R declines constantly. However, the idle
time I gradually increases. In general, the passengers’ in-
vehicle time, which is equal to the sum of the riding time and
the idle time, remains stable. This finding shows that al-
though the rerouting could save the travel distance for not
serving the drop-off points of the no-show customers, it
could not significantly reduce the in-vehicle time of the
passengers. Even worse, passengers who experience a pro-
longed idle time may develop a negative perception towards
the flex-route transit service. We also observe that the op-
erating cost O, increases with the growing number of no-
show passengers. This is because the salvaged operation time
could not compensate for the decreased ridership. As a
consequence, the system cost gradually increases with an
increasing no-show rate.

4.2.3. Cancellations. In this study, only a real-time can-
cellation is considered. Unlike cancelling requests in
advance, this kind of cancellation affects the scheduling
and routing of vehicles and needs to be adjusted in real
time. Table 4 indicates that the system performance in-
dicators show a similar trend to the no-show events. The
difference is that a real-time cancellation has a more
significant impact on the riding time R and idle time I.
This is because both the pick-up and drop-off points could
be skipped when the cancellation happens while the ve-
hicle can only skip the drop-off stops when the passengers
are absent. The saved travel distance also leads to a lower
operating cost O, than their counterparts of no-show
events. Overall, both the no-show and cancellation events
have a great impact on the system performance, and some
extra cost is incurred for both the customers and transit
operators. Therefore, customers who have a poor record of
no-shows or cancellations should be identified and added
onto a blacklist in practice to prevent the frequent oc-
currence of such events.

In Figure 4, we compare the system cost without a
dynamic intervention and those with a dynamic rerouting

0 15.76 0 0.46 11.55  3.53  9.01

5 15.60 0 0.56 1155 3.64 913
10 15.47 0 0.68 1155 3.77  9.27
15 15.31 0 0.77 1155 391 941
20 15.16 0 0.87 11.55 4.07 9.56

System cost ($)

9 i i i j
0 5 10 15 20

Cancellation or no-show rate (%)

—— System cost without dynamic intervention
—m-— System cost after dynamic rerouting (no-show events)

—A— System cost after dynamic rerouting (cancellation
events)

FIGURE 4: System cost with and without dynamic intervention.

scheme. We can see that our proposed rerouting scheme
could save the system cost F for both no-show and can-
cellation events. This is because after the dynamic inter-
vention, the unnecessary travel distance to reach the voided
pick-up or drop-off points is eliminated, which leads to a
lower operating cost O,. This finding confirms that more
high quality schedules can be generated under real-time
adjustment.

4.2.4. Travel Time Fluctuation. The travel time that is es-
timated based on the average travel speed of the road seg-
ment is very likely to fluctuate in practice. Therefore, in our
simulation, we assume that the travel time t;; between point i
and point j is normally distributed with its mean £;; cal-
culated based on the average vehicle speed, and its standard
deviation o;; is defined as

0;j = nt;j. (22)

We vary 7 from 0 to 0.2, and simulation results are
shown in Table 5. It reveals that the riding time R and
operating cost O, are almost unaffected by the travel time
fluctuation. However, due to the frequent early arrival and
delay at both the requested stops and checkpoints, the
passengers may have to bear some unwanted waiting time
and idle time. These unexpected time costs can also be
reflected in the system cost F. In our experiments, we assume
that the time constraints of the checkpoints can be violated
in the dynamic operation environment. This is not a
problem for most cases, except when the checkpoint is
synchronized with other transit lines. In this case, some
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TaBLE 5: Simulation results with different travel time standard
deviations.

1 R (min) A (min) I (min) Rej (%) O, ($) F($)
0 15.76 0 0.46 11.55 3.53 9.01
0.05 15.78 0.06 0.50 11.55 3.53 9.06
0.10 15.76 0.14 0.56 11.55 3.53 9.10
0.15 15.74 0.22 0.64 11.55 3.53 9.16
0.20 15.78 0.33 0.70 11.55 3.53 9.22

passengers who are not served may have to be abandoned by
the designated vehicles to save the insufficient slack time. To
remedy the inconvenience, the transit operator should ar-
range another vehicle or give some financial compensation
to these passengers.

5. Conclusions

As the most widely used flexible transit services, flex-route
transit is a promising option to meet the diversified travel
needs in low-density areas and cover the first/last mile of a
trip. Most studies have focused on fully static systems in
which all the input is known beforehand and the vehicle
routes do not change once they are being executed. This
idealized assumption is fragile in real-life cases because some
dynamic events occur during the execution of the plan and
the predetermined schedule and route need to be adjusted
via online manipulations.

In this article, we study the vehicle routing and sched-
uling problem of flex-route transit under a dynamic oper-
ating environment. A two-stage scheduling model is
designed to address the prebooking requests and dynamic
events. In the first stage, an offline routing model formulated
as a mixed integer program is employed to build the initial
routing plan. In the second stage, an online scheduling
scheme is proposed to cope with the different dynamic
events.

Simulation experiments were carried out to evaluate the
influences of different dynamic events. The simulation re-
sults reveal that although allowing real-time requests can
improve the reservation flexibility of the system, more
prebooking requests can improve the system performance.
This finding suggests that the transit operator should en-
courage more passengers to reserve their trip in advance. A
possible incentive mechanism for stimulating the riders’
willingness to prebook is to reduce the transit fare for ad-
vanced requests or increase the transit fare for dynamic
requests. In addition, mobile-based applications can be
developed to provide real-time vehicle location of the ve-
hicles and the updated estimated arrival times.

We also find that although the dynamic intervention
could reduce unnecessary travel distances, the no-show and
cancellation events still have a substantial negative impact on
the operating cost of the transit operators. Frequent oc-
currence of these events not only leads to revenue loss but
also wastes the slack time, by which some rejected passengers
could have been served by the transit service. Therefore, we
suggest that the transit operator should identify the cus-
tomers who have a poor record of no-shows or cancellations

and add them onto a blacklist. In the near future, with the
widespread use of mobile payment technologies, deducting
the transit fare in advance may be a more efficient way to
prevent these events.

Moreover, the results show that the travel time fluctu-
ations lead to an increase in the waiting and idle time for
passengers. The influence is minor compared to other dy-
namic events. However, it is noteworthy that punctuality at
the checkpoints that are synchronized with other transit
lines should be guaranteed; otherwise, the delay at these time
points may result in missed connections for the passengers.

To the best of our knowledge, this is the first work that
addresses the dynamic scheduling problem of the flex-route
transit service. Future work will investigate the stochastic
vehicle routing problems of the flex-route transit service.
The inherent uncertainty of the inputs, such as demands and
travel times, will be considered in the planning phase.
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