MID-CONTINENT TRANSPORTATION SYMPOSIUM PROCEEDINGS 47

GIS-Based Itinerary Planning System for
Multimodal and Fixed-Route Transit
Network

QiaNG L1 aAND CARL E. KuUrT

This paper introduces a multi-objective linear programming model for  |n this paper, we propose a multi-objective linear programming
transit itinerary planning (TIP) with multimodal and fixed-route transit model for TIP and a corresponding two-phase heuristic solution
networks and presents an efficient two-phase TIP algorithm to find the 54, rithm, which is built on a transit network representing a multimodal

optimal path that has the least combination cost from a given originto a d fixed te t it svst The t h lqorithm is a heuri
given destination. The algorithm recognizes the inherent nature of the@Nd fIxed-route transit system. 1he two-phase algorithm IS a heuris-

multi-objective and time schedule constraint of TIP and considers trade-{ic Solution of the multi-objective linear programming model. The

off among multiple optimization criteria in the path selection process. first phase generates feasible path alternatives between given origin
In particular, the algorithm of K shortest path problem with multiple and destination points, with the aim of minimizing the total travel
time windows associated with time schedules is proposed in order totime including both travel and waiting time. The second phase is to
generate a set of path alternatives for evaluation and choice of the best, 5 ate these feasible paths and select the best path. The evaluation
e e o SuPPert Vet atemativs s based on  near sy uncion,wich takes
was developed. The GIS-TIPDSS was tested using data from a rea]t@ @ccount decision criteria such as number of transfer points, bus
transit network. headway or frequency, total travel cost, etc.

One of the purposes of the research is to integrate the developed
TIP model and geographic information system (GIS) technology.
The GIS-TIPDSS was designed and implemented within a GIS
INTRODUCTION environment, MaplInfo for Windows. GIS plays a key role in inte-

grating transportation data and analysis models. This paper describes
Pre-trip transit information systems (PTIS) are the important com- the development of the GIS application system and related with
ponent of advanced traveler information system (ATIS) and a components.
means of alleviating the uncertainty about transit schedules and
routes (). Pre-trip information can cover a wide range of cat-
egories, including transit routes, maps, schedules, fares, and morePROBLEM DEFINITION AND FORMULATION
PTIS utilizes this information to support itinerary planning and
helps travelers to make decisions on the itinerary path from givenconceptually, TIP finds an optimal path from a given origin to a
origin to destination, even if the trip involves multiple modes. destination with specific departure or arrival times subject to cer-
The itinerary decision may involve transfers among different tain constraints in a fixed-route transit network. The objectives
modes or routes and scheduling at the transfer points. This deof the routing problem may concern minimization of total travel
mands significant effort and time in a complicated multimodal time, number of transfers, number of modal changes, and trip
transit network. PTIS allows travelers direct access to transit routecost. The time constraint considers that a vehicle arrives at a
information and improves travelers’ travel time by providing the prescheduled transit station—called a time point—with a list of
optimal path between the origin and destination. PTIS may alsodeparture times and requires departure from the station at the
attract more potential passengers to use the transit system benext departure time. Therefore, the time constraint can be treated
cause of its user-friendly interface and efficient routing. as multiple time windows bounded by scheduled departure time

In general, transit itinerary planning (TIP) is a multi-objective  |ists.
decision making process. The solution is rather complicated be-
cause of multiple decisions, multiple criteria, and uncertainty.

The decisions depend on many factors such as in-vehicle travel
time, walk time, transfer time, number of transfers, reliable sched- yjodeling Multimodal Transit Network
ules, etc. Because tifie multi-objective nature of TIP and con-

flict criteria in problem solving, there may be no single optimal - A mytimodal transit network may include bus, metro, and subway,
solution, but rather a group of potential best solutions, from which here service routes are fixed and the departure or arrival at certain
the decision maker selects the best compromise in an heuristiGations is scheduled in advance and generally not subject to changes.
fashion. A derived network model must capture all possible fixed-route tran-
sit modalities and the interconnections among them. In particular, the
Q. Li, Transportation Center of Kansas University, Lawrence, Kansas network model must represgnt acces§|blllty between f';my two modes
66045. C. Kurt, Civil and Environmental Engineering, University of OF any two routes. The derived transit network consists of a set of
Kansas, 2103 Learned Hall, Lawrence, Kansas 66045. nodes representing prescheduled stations, or time points, a set of
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transit route segments connecting two nodes on the same route, anHEURISTIC SOLUTION AND ALGORITHM
a set of transfer links connecting two nodes from different routes.

In addition to representing physical elements (e.g. route segmentue to the considerable complexity of the TIP model, a heuristic
and transit stations) of the transit network, the network model alsosolution is regarded as a natural approach for solving the prob-
must consider the characteristics and activities of the fixed-routelem. To develop the heuristic solution for the TIP, the TIP is con-
trips. Different virtual links, called transfer links, are added to the sidered as consisting of the following two major related sub-
network graph to represent the following activities: access from problems:
traveler’s origin to a feasible transit station, waiting for a bus or a . A K-shortest path problem (KSPP) for generating a set of route
train, boarding/alighting a bus or a train, walking between two transit  alternatives between given origin and destination.

stations for transfer, etc. - A route choice problem, where the generated path alternatives
Let G = (N, L) be a multimodal transit network, where N isthe  are evaluated based on a route disutility function and the best
set ofn nodes and L is the set ofdirect links (i, j), connecting compromise is selected.

node i to node j in the network. Each distinct node represents The composite heuristics were developed to obtain the best-
specific route station and is assigned a route ID. The networkcompromised solution by combining route’s alternative genera-
model includes two types of links, specifically: tion with route selection. The first step identifies K shortest paths
1.Route links, which correspond to segments of transit routeson the network between given origin and destination using a
between consecutive prescheduled transit stations on themodified label setting technique. Then, the best-compromised
routes. path is selected in the set of the generated path alternatives based
2.Transfer links, which represent transfer time from one station on the optimal criteria.
to another, plus alighting/boarding time at the two stations.
Each link (i, j)iL has a weight associated with it given by the
time (cost) required to travel or transfer from node i to jIN. In wjodified K Shortest Path Algorithm
particular, let .?be the weight representing the sum of time (cost)

traveling from node i to node j if the link (i, j) is a route link, or gjng the mathematics notation in previous section, let o and d
the sum of the time spent on transferring and dwelling if the link be given origin node and destination node, a path from node o to

@i, J) is_a transfer Iink._ ) node d is an ordered sequence of nodes and links, namely, {n
Basically, we consider three attributes related to the travel cost,, (n, n), n, (n, n), n, (N N, N, = d}, where niON, (n
) 1 1 i 1 1 LR _1! L 1 1 -

namely, in-vehicle riding time, average stopping time represent- n) OL for any i = 1, 2, ..., k-1. Let Pdenote the set of paths
ing estimated stopping time at unscheduled transit stops or Un+,,m ode o to node d in G (N, 1) and TIP= {tp)). t(p)
) I D B

expected stops, and riding fare converted into time units. Simi- t(p)} denote the set of corresponding path times (costs). The

Iarly,_ by _definition of trans_fer link, the trans_fer cost includes objective of a single shortest path problem is to determine a path
yvalklr_lg t!me from one station to Qnother station _and the bogrd- p,; 0P, , for which t(p )< T(P,) holds for any path i1 P,
ing/alighting time. The representation of the transit network with | '

. . ; ; f one requires not only to find the dominant shortest path but
weights allows one to search optimal paths, taking various COStS4 50 to determine the second. third ta K" shortest path
into account. ' LB

between a given origin and destination, the shortest path model
extends to calculate K shortest paths listed by non-decreasing
order of the objective values. So, the KSPP is to determine a set of
P ={p, P, ..., p} 0P , such that:

t(p)<t(p,), forany pO B (1)

< - )

As mentioned before, the TIP, specifically, the two-point optimal t( pk) a t( P )’ for any R . Bj Efj
routing problem with multiple time windows, can be formulatedasa  To tackle the KSPP with time constraint, a modified KSPP
multi-objective integer programming problem given a set of optimal algorithm with multiple time windows was developed. The model
criteria and constraints. Basically, the following optimality criteria identifies a set of feasible K shortest paths, which considers riding
are considered in the mathematical programming model: time and stopping time along a link, and waiting time at node.
- minimizing total travel time, including riding and dwell time; Basically, this KSPP model is a modified version of label set-
- minimizing total waiting time occurring at prescheduled nodes; ting KSPP algorithm2). Shier's @) study indicated that the la-
- minimizing path disutility cost caused by transferring activities.  bel-setting algorithm required the least computation time for low

Unfortunately, it is very difficult and expensive using current density or sparse networks such as transportation networks. The
solution methods to deal directly with the multi-objective integer modification of the KSPP model is related to addition of multiple
programming model. There are two major reasons for this. First, thetime windows as time constraints. A vehicle that arrives at a
problem formulation cannot be solved directly in a reasonable amountprescheduled node requires departure only at one of scheduled
of time because the routing problem is an NP-hard problem, anddeparture time list. As a result, a waiting time may occur.
there are no known polynomial time algorithms for the exact solution ~ The modified label-setting algorithm solving the KSPP itera-
of the problem. Second, the optimality criteria include multiple objec- tively is presented in detail below. Assume for a given directed
tives with complicated and even conflicting constraints. There may transit network G(N, L), a timetable storing schedule list, a pair of
be no absolutely optimal solution; rather a best-compromised solu-origin o and destination d, and a travel time matrix Tijg‘- dre
tion may be preferred. Therefore, a heuristic approach was takeravailable. For each node i, two k-vector labels, arrival time and
instead of directly solving the mathematical programming models. departure time, denoted by

Formulation
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A ={a% & ...atandD = {d* d?...,d4}, i ON, are attached. waiting time associated with the specific entry link, and path-based

The entries of Aand D are listed in increasing or at least non- disutility cost. After the K shortest path model takes care the first two

decreasing order, respectively. The two k-vectors represent the earli-optimal criteria, this evaluation algorithm will select a path with mini-

est arrival and departure time, second earliest arrival and departurenized disutility cost.

time, up to the Rfastest path starting from node o to node i. Each ~ The algorithm for path evaluation and selection is simple. For

entry of the two k-vectors and corresponding node have two statesgach generated shortest path, the value of the disutility function

permanent or temporary. Initially, all entries are set to temporary. If all associated with the path is calculated. The comparison between

entries of k-vector of node i become permanent, the k-shortest pathghe values of the disutility is performed. Finally, the best optimal

from node o to node i are found and node i is set to permanent. Inpath is selected in the K generated paths.

order to speed up the calculation and manage the labels efficiently, the

minimum labels of Dare maintained in a priority queue, specifically,

abinary heap, Q ={qq,, ..., g}, where grepresents the minimum  DEVELOPMENT OF GIS-TIPDSS SYSTEM

value of temporary labels associated with a node departure label

vector. Once all entries of Dector become permanent, the searchof pesign of Transit Itinerary Planning Systems requires a com-

k-shortest paths from the origin to destination is complete. The entry pter tool such as GIS that can integrate and maintain large-size

values of 4 indicate the k shortest travel times in increasing order. - spatial transportation databases from different data sources and
can conduct and support spatial and temporal analysis. Particu-
larly, GIS has the ability to model and refine large-scale net-

Algorithm Steps works and control quality of information flow among various
models. To integrate TIP model and GIS technologies, the func-
Step 1: Initialize network. For all node 00N, setA={e, o, ..., tionality of a GIS system needs to be extended or modified. The
o}and O ={, o, ...,0} A ={s, o, 0, .., 0}and D ={s, key to the successful integration is the design of spatial network
o, 00, ..., 00}, where sis the starting time at node o. Inseitt databases and associated management tools to meet the various
the priority queue (o= 5) and set d permanent. Then, set all ~ spatial and temporal functions needs of TIP.
entries except entries of node o to temporary. GIS-TIPDSS was implemented on a personal computer and
Step 2: Let | = gassociated with node n* for each node j intended for potential transit users. There are three main mod-
adjacent to node n*; 2a: If | +n,g< any Ar = {ajl, a}z, a}k}, ules consisting of the GIS-TIPDSS: input module, TIP module,

replace the first encountered entry"Yavhich greater than | + and output module. The input module includes preprocessing
dy. by (I +d,); 2b: If dt () < g™ < dt(j), replace the corre- passenger information and loading transit network. The TIP
sponding g“ in D, with di(j). Otherwise, g‘ =0, indicate that module performs the two-phase itinerary planning and produces
no scheduled departure time in time list is available when ve- the best-compromised path. The output module includes post-

hicle arrival at node j at timef“aZc: If updated value ofjfﬁis processing the results from TIP module and displaying the best
smaller than node j's entry in the priority queue, replace node path. Input and output modules were designed and developed
j's entry byql“and reorder the queue. using the MapBasic provided by Maplinfo. The routing module

Step 3: Set the entry of Acorresponding to | permanent. If all ~ was coded using Visual'C
entries in A, become permanent, remove the node n* from The input and output modules provide interfaces between the
the priority queue. Otherwise, replace node n*s entry in the GIS-TIPDSS and users. Since MaplInfo provides the GUI develop-

priority queue by next remaining temporary label ip &nd ment platform and common parameter standards, the user-friendly

reorder the queue. GUI is incorporated well into the GIS-TIPDSS system. The general
Step 4: If the removed n* = d, stop iteration. Otherwise, go to principle of the GUI design is that the GUI utilizes the MapBasic

step 2. program to maximize the use of built-in Maplinfo utilities. The users

At the end of this iteration, the arrival time vector at node d or passengers can enter all the information pertaining to a desired trip
(A,) gives the minimum total travel time, second minimum total such as origin/destination addresses and either arrival or departure
travel time, third, up to'k required from origin o to node i by going  times, etc. The input module processes the passenger’s input infor-
through only the schedule and path feasible nodes. mation. The process includes finding feasible and accessible transit

stations closest to the given origin and destination and with the earli-
est departure time and then passing the info on routing module.
Paths Evaluation and Selection Based on the time and date required for riding service, the input
module will load available transit routes with corresponding time
In the real world, transit passengers choose the best path by considschedule table. The following are the basic steps:
ering not only the usual link-based shortest criteria but also non-link Step 1: Locate the origin and destination on the map using the GIS
based factors, which could affect their path choice, such as average address geocoding;
headway (frequency) along the path, total number of transfer pointsStep 2: Identify the nearest transit stations to the origin and des-
along the path, and total path cost (e.g. fare). Itis difficult and even tination locations;
impossible to implement the path-based attributes into the link-basedStep 3: Check the feasibility of schedule time of the selected
cost functions for shortest path calculation in label setting shortest stations and determine the proper departure time at starting station.
path algorithm. This is why the objective function is presented as  The TIP module is the key component of the GIS-TIPDSS. It
three separate optimal criteria: link-based travel time, node-basedcalculates and recommends the best-compromised path based on the
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requirement of passengers. From the input module, the passenger’srigin and destination was about 6 seconds. By testing the real net-
spatial and temporal information is passed on the TIP module. An work, it was demonstrated that the two-phase TIP algorithm is ca-
optimal path is produced from the TIP module. pable of producing an optimal path solution in a real multimodal
The path planning proceeds as follows: transit network within a reasonable time frame.
Step 1: Calculate K shortest paths from the origin node to the desti-
nation node, minimizing in-vehicle riding time and waiting time.
These paths are stored in ascending order with respect to totalcQNCLUSION
travel time along path;

Step 2: Set k = 1 and Set p*o5; retrieve the R shortest path, |, his paper, the TIP was modeled as a multi-objective routing-
calculate_ the dlsutl_llty function over the path, and then store g|action problem. The heuristic methodologies and algorithm
the function value in p*; were developed for generating the path alternatives and select-

Stef 3: Setk=k+1,1fk>K, gotostep 4; otherwise, retrieve the j,q 5 pest path by evaluating the alternatives. The algorithm is a
k® shortest path, calculate the disutility function over the path, 1, nhase procedure, which is designed to simulate the decision
if the value of the function < p*, replace the value of p* by the - making process for TIP. A GIS application for TIP to assist pas-

value of disutility function. Back to start of the step 3; sengers with itinerary decision making was developed.
Step 4. Take p* as the optimal path, and stop.

The result p* from the TIP module is passed to the output
module. The passengers get visualized best path between th@ EFERENCE
given origin and destination on transit network map.

The GIS-TIPDSS was tested using a real transit network, Las1. Kikuchi, Shinya.Advanced Traveler Aid Systems for Public Trans-
Vegas Transit Bus System. The network consists of 4336 stops portation Report DOT-T-95-07. FTA, U.S. Department of Trans-
and 549 time points. The average number of transit running routes_  Portation, 1994. _ _ ,
e_ach day is abou_t 85. The TIP_ algorithm was enhanced to con-"" ﬁ?oi%a\gé‘r']':l':nrg'cngs;rn% 'Eecztue'rcsl(’e\s/(t)l_sgnafﬂleggith;p.mgg_gl;twork
sider more complicated scenarios because of the case study. Thg. shier, D. On Algorithms for Finding the K Shortest Paths in a
average time needed to find an optimal path solution from a given  Network. Networks Vol. 9, 1979, pp. 195-214.



