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TITLE

MULTI-DAY, MULTI-PERSON, AND
MULTI-MODAL TRIP PLANNING SYSTEM

BACKGROUND OF THE INVENTION

The present invention relates in general to a personalized trip planner for
visiting desired locations (e.g., attractions, businesses, or other places of interest)
and/or lodging in a city, and, more specifically, to optimizing a visiting plan based on
various user objectives and user preferences potentially spanning a number of days
and locations.

Electronic and computer-based trip planning and navigation systems have
become common. Some systems include components that may be vehicle-installed or
are otherwise portable. The systems may offer a point of interest (POI) search as an
easy and quick way of searching for well-known destination points. POIs can include
hotels, restaurants, amusements parks, coffee shops, and the like. When a POl 1s
selected, the POI can be set as a final destination or a “waypoint,” i.e., an intermediary
point along a route being followed. However, routes and POIs are typically
constructed by a user on an ad hoc basis with little assistance in planning of extensive
trip agendas and no help in optimizing various aspects of a trip such as the best time to
travel or to visit the POls.

Trip planning has been expanded to take into account multiple modes of
transportation, as shown in U.S. patent 8,949,028, issued February 3, 2015, entitled
“Multi-Modal Route Planning,” which is incorporated herein by reference. Given a
specified starting point, and a specified destination, or end point, a variety of possible
routes and/or modes of transport may be possible between the starting point and the
endpoint. For example, in an urban area, one or more of walking, various modes of
public transportation such as buses, light rail, etc., bicycling, using a motor scooter,
driving a vehicle such as a car, etc., car sharing or other ride sharing, may be used to
travel from a starting point to a destination point. A route that incorporates more than

one such mode of transport, e.g., having different segments that are traversed using



10

15

20

25

30

WO 2017/160276 PCT/US2016/022427

different respective modes of transport, is sometimes referred to as a multi-modal
route. Various costs are associated with various portions of a route between a starting
point and an end point, including monetary and non-monetary costs such as travel
time, fuel expense, pollution emissions, parking expense, waiting time for
connections, etc. Some or all of these costs may be at least in part dependent upon a
mode of transport used for a route portion. U.S. patent 8,949,028 discloses
mechanisms for taking into account the mode of transport and other factors in
optimizing a route between a specified starting point and a specified destination point.
However, optimization of an overall plan for visiting various destinations has been
lacking, especially where a trip is desired spanning more than one day and/or visiting
multiple destinations including both attractions and accommodations with
consideration of different factors, such as weather, air quality, and destination visiting
hours.

Rapid urbanization is creating a myriad of transportation challenges in cities
around the globe. Many tourists and travelers go to unfamiliar places for multi-day
trips. To meet the growing demand for mobility while simultaneously managing
congestion, energy consumption, and negative environmental impacts, a variety of
different practices and business development have been employed. These include
limiting the number of licenses or levying vehicle taxes, congestion pricing, and
license plate rationing, as well as enhancing public transportation systems. But even
with these measures, traffic congestion and crowding are expected to continue to
increase in the future. Thus, people need a way to select and optimize their mobility
options.

As more and more people travel in urbanized areas, it is important to enable
personal mobility functions that allow tourists to plan a multi-day trip or for
family/friends to plan a multi-person trips together. A system is needed that provides
alternatives on how people can get from their origin to several destinations based on
their individual preferences (fastest time, avoiding traffic, only using a car, etc) and
other conditions (e.g., weather or air quality). Only subsets of the necessary

functionality have yet been available. No integrated approach has yet existed to
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provide multi-day routing options for multi-modal mobility that further incorporates

personalized/customized information and optimizes a trip for various constraints.

SUMMARY OF THE INVENTION

The invention provides seamless mobility for multi-day and/or multi-person
routing options. Users can conduct trip planning based on current transportation
options by integrating a plurality of mobility modes and services such as vehicle-
sharing (e.g., car-pooling), personal transport (e.g., private cars), public transportation
systems (e.g., trains, buses, subways), travel costs, travel times, travel conformability,
parking, restrooms, gas stations, weather conditions, air quality, accidents, as well as
other personalized and customizable information to provide routes and mobility
options for users to get not just from point A to point B but also to plan visits to
attractions and accommodations. As used herein, “attractions” refers to any desired
destinations including, but not limited to, recreational or cultural sites for tourists and
business sites (e.g., commercial, medical, educational, or governmental) for business
users (e.g., salespersons) or for any other users.

A first example of a use case of the invention is optimal planning of a
multi-day trip for out-of-town visitors. When tourists come to a new city, they usually
want to find a place to stay first. Based on the attractions to be visited and users’
budget, the invention will optimize the location for users to stay and the travel routes
using personal preferences and real-time data such as traffic data. The system can
recommend both routes and appropriate indoor and outdoor activities based on
weather and air quality conditions.

A second use case example is optimal trip for car-pooling (or a multi-person
trip traveling separately) to a recreational activity for friends. Each of the users may
independently use the system to obtain the route/mode of transport and arrange a
meeting at the same destination.

A third use case example is similar to the first case except that family or
friends from out-of-town may stay with family or friends during the trip (i.e., the place

to stay is fixed in advance). The system can be used to plan individual (e.g., one-day)
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trips during their stay which can be optimized for time of visit to an attraction (e.g.,
when the attraction is less crowded or when travel times are best).

When the trip actually begins and the users are engaged in the various
modes of transportation, a mobile device (e.g., smartphone) or a device mounted in a
vehicle (e.g., car) can be used to link to the optimal planning system to assist in the
execution of the trip. For example, if the plan involves picking up some friends along
the routes, a human machine interface (HMI) on the device tells the user the optimal
pickup location and sends a notification to the friends to let them know when and
where the vehicle will arrive. The HMI could display parking lots available near the
destinations and how many park spots are available. The system could also
communicate with the attractions, hotels, or restaurants when the users are
approaching, which will help the attractions manage the volume of visitors.

In one aspect of the invention, a multi-modal trip planning system
comprises a planning graph representing a plurality of nodes interconnected by a
plurality of transit arcs. The nodes include waypoints and trip destinations, the transit
arcs include alternate transportation modes, and the nodes and arcs have associated
time-variable costs. A user interface is configured to specify a plurality of user
objectives within the trip destinations and to customize a plurality of user preferences
for a multi-modal trip. An optimizer is coupled to the planning graph and the user
interface configured to modify the planning graph according to the user objectives and
the customized user preferences. The optimizer compiles a plurality of permutations
of visiting plans within the modified planning graph which satisfy the specified user
objectives including routing to a plurality of trip destinations. The optimizer
compares the permutations using mixed integer programming or constraint
programming to identify at least one optimized visiting plan having a lowest aggregate
associated cost (e.g., shortest travel time) that also satisfies a plurality of constraints
determined by the customizable user preferences. Then the user interface presents at

least one optimized visiting plan to a user.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 1s a block diagram for a multi-modal planning system.

Figure 2 1s a block diagram of a general architecture for the trip optimal
planning system.

Figure 3 depicts nodes and arcs of a planning graph.

Figure 4 depicts a modified planning graph to reduce computation for
optimizing a planning request of a user.

Figure 5 is a block diagram of basic functions for one preferred
embodiment of a trip optimal planning system.

Figure 6 is a flowchart showing one preferred method of the invention.

Figure 7 1s a flowchart showing a method of collecting travel-related data

for monitoring and estimating costs associated with elements in a planning graph.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The invention provides an integrated approach for providing a personalized
trip planner for travelers for multiple days and stops, e.g., to get from point A to B and
then from B to C and then from C to D, and then D back to A. It satisfies their
preferences and uses their personal information and route environment (e.g., weather,
traffic, number of companions, monetary budget, or government regulations) to plan a
trip. The main components of the invention include accommodation location
optimization, multi-day routing optimization, personalized information,
customization/user preferences, route environment, cloud computing, and a user
interface (e.g., a mobile app for a smartphone or an in-vehicle interface.

For multi-day and/or multi-person trip optimization, a corresponding
planning graph is used to represent an existing public transportation network
(optionally with car-sharing or car-pooling routes). The planning graph captures
various service attributes such as availability, wait times, travel times, transfer times,
number of passengers in the specific public transportation, and fares. The graph can
be constructed using data from public resources and from private connections with

service providers or governmental authorities, for example. Historical data is
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maintained to calculate average travel times over various legs within the network,
travel time associated with specific time periods, and other time-variable costs
associated with the nodes and transit arcs in the planning graph. Real-time data and
historical data are used to forecast travel time (including traffic or weather information
which may be obtained from other providers such as weather forecasting) and other
attributes (i.e., costs) for using respective parts of the planning graph.

To consider integrated transit and vehicle-sharing services, the transit graph
may include nodes and arcs corresponding to such vehicle-sharing options. For
tractability, a trip from one vehicle-sharing station to another is represented with a
single arc that represents the “optimal” route between the arc's end nodes. Optimal
routes are obtained by evaluating all possible nodes during the multi-days. For street
routing, an open-source map such as the one provided by OpenStreetMap.org can be
used to model the road network. Other transportation modes are included using other
existing sources to represent parallel arcs between respective nodes.

With the multi-modal transportation graph, the invention solves for the
shortest paths between public transit nodes using different cost metrics, such as travel
time, number of transfers, walking distance, reliability, comfortability, travel expense,
or using a combination of the cost metrics. Because a planning graph under
consideration could be large, irrelevant nodes and arcs are removed to reduce the
problem size and/or pre-process some intermediate information, such as candidate
transfer points, to further improve computational time. Both user objectives (e.g.,
travel dates, starting and ending locations of trip, and desired attractions) and user
preferences (e.g., transit modes, air quality index, type of accommodations, and travel
services) can be used in generating a modified planning graph.

User preferences can include personalized information identified by the
system based on past behaviors (or trips). For a new user, the preferences may be
initialized with default values. With use, the default values are overwritten with
newly learned preferences, or the user may customize various preferences via a user
interface. User preferences may apply for all trip planning performed by the user or

can be customized for one particular trip being planned. When planning a particular
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trip, the user specifies one or more trip objectives via the user interface. The specified
user objectives may include the number of travel companions, budget constraints, how
many attractions they would like to visit, specific attractions or types of attractions to
visit, or traveling style (relaxed or tight) that are desired. Users may also specify if
they have any transit passes (unlimited bus and/or subway rides, discounted
student/senior passes, etc.) or attraction passes.

The user objectives and/or user preferences can either increase or decrease
the weighting (i.e., costs) for certain nodes or arcs or may force certain choices within
a specific trip. For example, the user could specify the type of transport they are
willing to take (e.g., subway only, or subway and shared vehicles), what attractions
they would like to visit, waypoints along the route (i.e., locations of friends to be
picked up), their optimization preferences (e.g., minimize time, number of days, or
some combination of preferences), how far they are willing to walk or bike, or if they
will not drive if the weather is bad. Alternatively, when a user does not specify a
preference, the invention can automatically make suggestions based on other users
who have similar profiles.

Given the personalized information, user preferences, and trip objectives,
the invention modifies the planning graph by removing nodes and arcs representing
transportation services for which the user is not willing to take and/or changing the
costs for associated arcs (e.g., a transfer penalty, wait time cost, travel time cost,
parking costs) to reflect the user’s preferences.

The invention can be implemented in a web-interface to allow the user to
access a personalized trip planner on the go with a wireless mobile device (e.g.,
smartphone, in-vehicle navigation system, or laptop). A mobile app (such as a
smartphone app) can access a user’s current location, allow them to interactively enter
preferences/objectives, store previous preferences or routes, store standard
information (e.g., a home location), link to other websites, access car-sharing
locations, and interface with cloud computing solution for performing computationally
intensive procedures to optimize a trip plan. The information could be displayed on

an in-vehicle interface including the number of visitors currently visiting identified
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attractions, parking availability, route, traffic, weather, air quality, and the locations of
friends.

Cloud computing may preferably be used for providing a controller network
with the software necessary to perform the computationally intensive algorithms and
to store and access public and private databases (e.g., public transportation traffic
data) as needed to maintain the planning graph. The cloud could also be accessed by
the mobile device to re-optimize a trip in the event that one leg of the trip could not be
completed.

Optimization for trip plan may preferably include the hotel location, daily
routes, and departure and arrival times which are determined subject to various
constraints such as budget, total trip cost, weather conditions, visiting time and
waiting time for each attraction, and starting and ending time for each day.
Optimization is a very challenging problem since the hotel location and routes are
discrete choices while daily schedules are continuous choices. The invention uses
mixed integer programming as will be described in more detail below.

One embodiment of the invention is implemented within the context of a
multi-modal route planning system 10 as shown in Figure 1. A vehicle 11 (such as a
motorcycle, motorized bicycle or scooter, automobile, light truck, medium or heavy-
duty truck, aircraft, or watercraft) includes a vehicle computing device 12.

Computing device 12 may include or be communicatively coupled with one or more
computing devices or controllers included in vehicle 11 for monitoring and/or
controlling various vehicle components, such as an engine control unit (ECU) or a
transmission control unit (TCU).

Computing device 12 is generally configured for communications on a
controller area network (CAN) bus or the like. In addition, computing device 12 1s
configured for wireless communication with a remote server 13 via a communication
network 15. It may also communicate with one or more mobile user devices 14 via
network 15. Various wired and/or wireless networking technologies (e.g., cellular,
Bluetooth, wired and/or wireless packet networks) can be included in network 15.

Computing device 12 may receive and/or store vehicle data 16, e.g., from one or more
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data collectors 17 and/or a human machine interface (HMI) 18, such as an interactive
voice response (IVR) system, a graphical user interface (GUI) including a touchscreen
or the like to receive user input relating to a route or selecting a route. Computing
device 12 may also provide outputs to HMI 18, e.g., to display a route or routes or to
provide real-time guidance instructions.

A routing module 20 (or respective portions thereof) is generally included
in the programmed instructions stored in and executed by vehicle computing device
12, mobile device 14, and/or remote server 13. Using data received in devices 12, 13,
and 14 (e.g., trip parameters 21 and route attributes 22 obtained from HMI 18 and data
collector 17), routing module 20 may generate one or more routes and/or potential
routes for a user, e.g., multi-modal routes that may include vehicle 11 and/or other
modes of transport.

Data collectors 17 may include a variety of devices. For example, various
controllers in a vehicle may operate as data collectors 17 to provide data 16 via the
CAN bus relating to vehicle speed, acceleration, state of charge, fuel economy, or a
vehicle identification number (VIN). Modules or sensors on vehicle 11 can
communicate with other off-board systems to provide or collect other data 16. For
example, a global positioning system (GPS) may provide vehicle location to obtain
weather, temperature, or air quality data. The location can be used to identify route
conditions such as traffic, parking availability, availability of specific lanes, etc., to
computing device 12, e.g., via a wired or wireless connection.

Parameters 21 may include user preferences for route generation and/or
selection, such as choose fastest, choose most economical, relative weighting factors
to be given to optimizing variables (e.g., fuel costs, time of travel, weather conditions,
parking availability, etc.). User data 16 and/or parameters 21 can include data
collected from HMI 18 or another HMI on the user’s mobile device 14 or another
networked device.

A remote data source 23 represents the collection of real-time information
relating to the variable conditions associated with potential routes, transportation

infrastructure and congestion, weather, availability of accommodations, and other
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factors. Data may be collected in General Transit Feed Specification (GTFS) format,
such as may be obtained from various sources via the Internet specifying schedules
and other attributes of one or more public transit systems relevant to a geographic area
of a planned route. Collected data can include historical and/or real-time (or near real-
time) traffic and other types of data, which is stored via server 13 in a data store 24.
Data store 24 prepares all the necessary inputs to be used in an optimization
algorithm. Data store 24 may also receive vehicle data 16 and parameters 21 from
computing device 12 in connection with the process of route generation under control
of server 13, for example.

Once a route or trip has been generated and selected by a user (e.g., travel
times, directions, places to stay, schedule for visiting attractions, budget), the resulting
route attributes 22 are stored. Attributes 22 may describe waypoints between different
travel segments, opportunities for using service facilities, and other helpful data. As
discussed further below, waypoints and destinations may be represented as "nodes"
and segments may be represented as "transit arcs” in a planning graph. Exemplary
waypoints/destinations include transit stations (e.g., bus, light rail, etc.) refueling
stations, restaurants, accommodations (e.g., hotels, campgrounds), and tourist
attractions. Route segments include road segments, light rail and/or bus segments
(e.g., from one bus stop to another, from one rail stop to another, from a bus stop to a
rail stop, etc.), and pedestrian segments.

Server 13 may comprise a controller network with a large computational
and data storage capacity which may generally be represented as a cloud.
Communication network 15 represents one or more mechanisms by which the user’s
mobile device 14 or in-vehicle computing device 12 may communicate with
server/cloud 13. Accordingly, network 15 may be comprised of various wired or
wireless communication mechanisms, including any desired combination of wired
(e.g., cable and fiber) and/or wireless (e.g., cellular, wireless, satellite, microwave, and
radio frequency) communication mechanisms and any desired network topology (or
topologies when multiple communication mechanisms are utilized). Exemplary

communication networks include wireless communication networks (e.g., using

- 10 -
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Bluetooth, IEEE 802.11, etc.), local area networks (LAN), and/or wide area networks
(WAN), including the Internet, providing data communication services. User mobile
device 14 may be comprised of any one of a variety of computing devices including a
processor and a memory, as well as communication capabilities. For example, user
device 14 may be a portable computer, tablet computer, or a smart phone that includes
capabilities for wireless communications using IEEE 802.11, Bluetooth, and/or
cellular communications protocols.

In the embodiment of Figure 2, the invention provides a trip optimal
planning (TOP) service using a {ront-end website or server 30 accessible via a
network connection from a user device 31. Website/server 30 interacts with cloud
computing resources 32 in a configuration that performs multi-modal trip planning. In
order to include various services and destinations/attractions in the trips/visits to be
planned, website/server 30 and cloud resources 32 communicate with electronic data
systems of service providers 33. In order to maintain current conditions and estimates
of future conditions affecting travel routing and service accessibility, a suite of public
and private data sources 34 are coupled with computing cloud computing resources
32. A user such as a tourist for a multi-day trip or an individual planning a family trip
or a meeting with friends operates user device 31 to access website/server 30 via a
web browser or via a mobile application. In order to provide a robust and accurate
planning function, cloud computing resources 32 continually interact with data
sources 34 and service providers 33 in order to establish a primary planning graph
taking into account the availability and usage levels (i.e., congestion) of various
transportation modes, routes, and available support services such as refueling, parking,
restrooms, food, and others. By interacting with websites/server 30, the user is able to
customize various user preferences such as preferred modes of transportation and
times of travel (which could be designated for general use in current and future
planning activities or for planning a particular trip). For a particular trip request, the
user further specifies trip objectives such as number of companions, monetary budget,
attractions or types of attractions or places to visit, and traveling dates. Based on the

objectives and preferences provided, the TOP system uses appropriate algorithms to

-11 -
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find the most convenient location to stay, recommended routes, transportation modes,
and times of indoor or outdoor activities or attractions during the trip based on certain
constraints, such as weather conditions, a date range for a trip, visiting hours, and
starting and ending locations.

Figure 3 represents a simplified version of a small portion of a primary
planning graph 35. Planning graph 35 takes the form of a relational database within
cloud computing resources 32, for example. A plurality of nodes representing
potential destinations and/or waypoints for a trip include nodes 36-44. The nodes are
joined by various transit arcs each representing a respective transit mode such as
motor vehicle roadway, subway, railway, or pedestrian walkway, for example. Each
arc and node may further include a corresponding associated time-variable cost. As
used herein, an associated time-variable cost refers to a relative weighting factor for
optimizing (i.e., comparing) different trip plans which may include but is not limited
to monetary costs.

An arc between nodes 36 and 37 has an associated cost C(t). Every arc has
an associated time-variable cost since each one at least has a corresponding travel
time. Most nodes would have an associated cost (such as associated cost Cs(t) for
node 38 and associated cost Co(t) for node 39) representing costs like parking fees or
wait time or traffic (passenger volume) for public transportation, but some nodes may
not include any cost. Typically, each cost varies with time so that future values must
be tabulated or estimated based on historic data for storing in graph 35. Many costs
may vary according to the time of day or the day of week since the usage of transit
arcs reflect patterns of human working/leisure activities.

Although nodes and arcs are tagged in Figure 3 with one associated cost
function, each node or arc typically includes several associated time-variable costs for
different parameters such as travel time, fuel cost, travel expenses (e.g., toll fees), and
any other such parameters to be used for optimizing a trip.

The primary planning graph may be continuously updated and expanded as
needed for providing trip planning services to a particular region, for example.

Optimizing a trip within such a large database, however, requires impractical levels of

-12-
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computing resources. In order to reduce computational load, an individual trip may be
optimized by using a subset of the primary planning graph. By way of example, after
a user initiates a trip planning request identifying nodes 36 and 37 as desired starting
and ending locations, a modified planning graph 45 as shown in Figure 4 is generated
by culling (i.e., removing) irrelevant nodes and arcs from primary planning graph 35.
In this example, it has been determined that only nodes 36, 37, 38, 39, and 41 are
relevant to a potential trip plan. Therefore, nodes 40 and 42-44 have been culled.
Moreover, the trip objectives or user preferences may eliminate certain modes of
transportation for certain legs of the route so that fewer than all the transit arcs
between the remaining nodes are included. In addition, user preferences may also
result in adjustment or modification of certain ones of the cost functions. For
example, a preference for or against a particular transportation mode may result in
upward toward downward adjustment of a cost C;(t) between nodes 36 and 37.

An implementation of the main functions of the trip optimal planner
according to a preferred embodiment are shown in Figure 5. Primary planning graph
35 is updated over the cloud using historic and real-time cost data 50. A user interface
module 51 interacts with a user in order to allow the user to specify a plurality of user
objectives within the trip destinations and to customize a plurality of user preferences
for a multi-modal and multi-day trip, and the objectives/preferences are stored in
block 52. Customized user preferences and a history of user activity (e.g., previous
trip objectives and results) may be stored in a user profile 53. Trip planning operation
1s centrally controlled by an optimizer block 55 coupled to user interface module 51
and to trip objectives and preferences 52. In the event that a user does not customize
certain preferences, then default preferences 56 may be utilized by optimizer 55 for
planning/evaluating a trip. Based on these objectives and customized or default user
preferences, optimizer 55 responds to a trip planning request by modifying planning
graph 35 to generate modified planning graph 45. Then optimizer 55 compiles a
plurality of permutations of visiting plans which are stored in block 57, wherein each
permutation satisfies the specified user objectives including routing between a

plurality of trip destinations/waypoints available within modified planning graph 45.
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In order to compare the permutations of the visiting plans to identify at least
one optimized visiting plan, optimizer 55 may use a mixed integer programming block
58. The mixed integer programming {inds one or more permutations with a lowest
aggregate associated cost from among all the permutations of visiting plans, with the
further requirement that each identified visiting plan also satisfies a plurality of
constraints which are determined by the customizable user preferences. After one or
more visiting plans are identified, they are transferred from optimizer 55 to user
interface module 51 to be presented to the user for either selection of one plan among
a plurality of plans and/or for execution of a selected plan. In another embodiment,
optimizer 55 may use constraint programming.

The comparison of the permutations using mixed integer programming and
identifying of visiting plans with a lowest aggregate associated cost which also satisfy
a plurality of user preference constraints is conducted as follows.

The objective 1s to optimize the trip plan including hotel location, daily
routes, and daily schedules subject to various constraints such as total trip cost (of
which monetary expense may be one element), expected weather conditions,
maximum visiting time and staying time for each attraction, and range of starting and
ending time for each day, the number of attractions or places to visit, and the days to
stay. This is a challenging problem since hotel location and routes are discrete
choices while daily schedules are continuous choices. In order to use mixed integer
programming, the following variables are defined:

the location listish ={hy,hy, ..., h; },
the visting datesare t ={rq + 1,79 + 2,...,1; + D},
the daily number of places visited are n= {nfo+1’nfo+2’ w4 D 1,
the visting routes are v = {Vto +1>Vig+20 - Vig+D }= {vfo +L1Vig 1,25 Vig+Dongg o py 1,
all possible visting plans are V = Permutation (v) ={v{,v5,..., v},
the daily trip timeis T = {Tfo+1’rfo +2:Trg+30 = Tty +D 1,
the daily AQI for visting route v is AQI%iSit (1),
. . n—l .
the daily trip distance for visting route v and location /4 : d i,n}z (nH=d ;z P ) + Z d™P +q"P
=1

2
V¢, VeioVei+l Vt,nt’h
1=
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the daily visiting cost for visting route v is CVISlt = Z czis?t ,
. L

the daily trip cost for visting route v and location 4 are cmp )= P Z trip +cMP
h,v: Vt i*Ve,i+l Ven,

visit

the visting time of ith attraction for vistingroute visay ~ (1,%;,0) =7; ; — 71 ;1

hes .
the daily waiting time for visting route v is awalt(t, T,)= Z a“za?t (t,72,;)s
. 4

the daily triptime for visting route v and
ny—1

location & is amp(t T,)= atrp (t,T,0)+ Z a™'P (t, T”)"‘a
’ ~ Vi,isVi,i+l

tri
P 1Tt

Permutations V are compiled by searching the modified planning graph for chains of
nodes and arcs that meet the user’s trip objectives. Some choices within the
permutations may be forced when the user objectives specify a certain requirement,
such as visiting a certain place or attraction on a certain day or time. Then, the
optimal trip plan is identified from the permutations using mixed integer programming
which calculates an aggregate cost of each permutation and inspects each permutation

to ensure that it satisfies the constraints as identified by the customized user

preferences.
y I0+D
Optimal Trip Plan: {h,v,t} = Min Z [ tlqp(t T, )}
Vv, T =ty 41
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t0+1 . .
Z C:;]lSlt (1) + cflﬁ (z)} < CO, trip cost constaint
r=tg+1

AQIYSIt (1) > AQIY, AQI constraint

ayisit, 0

; < aySlt (t,t4,0) < al-V IS1L, 1, visiting time constraint

wait (t,7;) < await, 0

subject to <a , waiting time constraint

T2 1'0, starting time constraint

[ < z‘l, ending time constraint
e

< < <
Tl‘,O = Tl‘,l = Tt’z S Tl‘,nt

where heh,ve V.

In addition to the very lowest (i.e., single minimum value) aggregate cost optimal trip,
several of the next lowest optimal trips can also be identified and presented to the user
as approximately equal visiting plans to provide the user with flexibility in making a
final selection. Final trip selection can also be performed interactively. For example,
an initial run may identify an optimal location to stay (e.g., hotel) for the trip, and then
the user may re-specify the trip objectives/preferences to evaluate all visiting plans
including that location.

A preferred method of the invention is shown in Figure 6. In step 60, a
primary planning graph is constructed and supporting data is maintained. A user of
the trip planning service is registered (or a previously registered user is identified) in
step 61, and the user is given the opportunity to customize a user profile including trip
preferences. In step 62, the user specifies trip objectives and any specific trip
preferences. A modified planning graph is generated in step 63 such as by culling
irrelevant nodes or arcs and/or by adjusting associated time-variable costs in order to
encourage or discourage choices or nodes or arcs in accordance with the user's
preferences.

In step 64, permutations of visiting plans within the modified planning
graph that satisfy the trip objectives are compiled. In step 65, mixed integer

programming is used to compare the aggregate costs of all the permutated visiting

- 16 -
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plans in order to identify optimized plans, and any visiting plans not within the user
constraints are eliminated from consideration in step 66. In step 67, the identified
plans are presented to the user. A selected plan is executed with real-time instructions
in step 68. Traffic or real time public transportation data 1s fed into the system to
modify the travel times by different transportation modes. Further updating or re-
optimizing of a plan may be performed either automatically or in response to user
request or real-time events, such as accidents or congestion, during plan execution.

Additional interactive services can be provided in connection with a
selected visiting plan. For example, based on an optimized route choice and known
user preferences for various services (such as parking preferences, preferred
restaurants and coffee shops), the user could be presented with relevant coupons or
other offers or could reserve the tickets or seats in connection with the services
available along the chosen route.

In addition to the pre-planning and real-time guidance during execution of
selected visiting plans, the users with their app-enabled mobile devices may also
provide a data source for collecting real time transportation data regarding usage and
actual costs for nodes and arcs being traversed in order to help construct the primary
planning graph. As shown in Figure 7, for example, when a driver turns on their
vehicle in step 78, mobile device having the TOP mobile app connects with an in-
vehicle driver interface system or module (such as the Ford SYNC system). Once the
mobile device is identified by an application link in the vehicle system in step 71, the
display on the driver’s mobile device is blanked and control for the trip optimal
planner function is shifted to the in-vehicle system (which may be mounted on a
vehicle center stack for ease of operation). In step 72, vehicle operation is monitored
to measure various costs such as travel time, road congestion, and other factors as the
user operates the vehicle to traverse nodes and arcs included in a primary planning
graph being maintained by a TOP service provider. The vehicle data is tagged with
telephone number, vehicle identification number, location, time, and date which can
be obtained from position monitoring sensors on the vehicle or via the application link

to the mobile device. When sufficient data has been collected and a data connection
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between the vehicle or mobile device and the cloud-based TOP service 1s available,
then the vehicle data is synced with (i.e., transmitted to) a cloud-based mobility
database used to construct the planning graph. As shown in step 73, similar data is
collected from many vehicles according a variety of costs related parameters. By
correlating map locations with the vehicle data in step 74, travel patterns for vehicles
can be mapped to create real-time cost data which is then stored and aggregated with
other existing data as updated historical data to be used to identify patterns of time
variation in the respective cost factors.

In step 75, travel data may be linked from other transportation modes such
as monitoring smartcards or other user devices that are active when the individual
carrying the devices uses public transportation elements such as a subway. Data can
be collected anonymously and then used to compile and refine cost information for all
the modalities being utilized in a planning graph. Collected real-time data can also be
compared with published timetable information for various modes of public
transportation to estimate usage and determine reliability of published schedules, for

example.
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What is claimed is:

1. A multi-modal trip planning system, comprising:

a planning graph representing a plurality of nodes interconnected by a
plurality of transit arcs, wherein the nodes include waypoints and trip destinations,
wherein the transit arcs include alternate transportation modes, wherein the nodes and
arcs have associated time-variable costs;

a user interface configured to specify a plurality of user objectives within
the trip destinations and to customize a plurality of user preferences for a multi-modal
trip;

an optimizer coupled to the planning graph and the user interface
configured to 1) modify the planning graph according to the user objectives and the
customized user preferences, 2) compile a plurality of permutations of visiting plans
within the modified planning graph which satisfy the specified user objectives
including routing to a plurality of trip destinations, and 3) comparing the permutations
using an optimization programming to identify at least one optimized visiting plan
having a lowest aggregate associated cost that also satisfies a plurality of constraints
determined by the customizable user preferences;

wherein the user interface presents at least one optimized visiting plan to a

user.

2. The planning system of claim 1 wherein the optimization programming

1s comprised of mixed integer programming.

3. The planning system of claim 1 wherein the optimization programming

1s comprised of constraint programming.

4. The planning system of claim 1 wherein the lowest aggregated associated

cost 1s comprised of a shortest travel time.
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5. The planning system of claim 1 wherein the trip destinations in the
planning graph include lodging, services, recreation attractions, business sites, and

places to visit.

6. The planning system of claim 1 wherein the optimizer modifies the

planning graph by adjusting associated time variable costs of the nodes and arcs.

7. The planning system of claim 1 wherein the optimizer modifies the

planning graph by culling nodes and arcs unrelated to the specified user objectives.

8. The planning system of claim 1 wherein the specified user objectives
include a trip stating location, a trip ending location, a date range, and at least one

specific recreational attraction as a trip destination.

9. The planning system of claim 1 wherein the specified user objectives
include a trip stating location, a trip ending location, a date range, and at least one type

of recreational attraction as a trip destination.

10. The planning system of claim 1 wherein the user preferences include
mode of transportation, services to be used, travel time, number of companions, type

of accommodations, and monetary spending.

11. The planning system of claim 1 wherein the user preferences include

air quality index, weather conditions, and crowding.

12. The planning system of claim 1 wherein at least some of the user

preferences have a default value unless customized by the user.

13. The planning system of claim 1 wherein the optimizer compares the

visiting plans according to:
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t+D
{h,v,r}* = Min Z [ trip (.7 )}
v th | r=r +1
to+1 N .
Z [C;nsu (1) +C£7r,1$z (;)} < CO, trip cost constaint
t=tg+1

AQI VSt (1) > AQI Y, AQI constraint

a iVlSlt, 0 < av1s1t

(t,14,0) < aVlSltl , visiting time constraint

awalt (1.1,) < awalt,O

subject to , waiting time constraint

T, 02 79 , starting time constraint

T, S Tl, ending time constraint
1y

< <
03T =% =T,

where

the location listish ={h,hy,.... hy },

the visting dates are t ={rg + L,7g + 2, ....1] + D},

the daily number of places visited are n= {ntO +1 Mg +25 0 Mg 4D 1,

the visting routes are v = {Vt0+1,vt0+2, ey V,O_,_D} = {vt0+1’1,vt0+1’2, s VTO+D’”r0+D 1,
all possible visting plans are V = Permutation (v) ={vy,vo,.... v 1},

the daily trip timeis T = {Tt0+1’7t0+2a7t0+3’ o Tro+D L

the daily AQI for visting route v is AQIVISH( 1),

n,— . .
the daily trip distance for visting route v and location 4 : d tr1p (t) d trip + Z d™P +q"P
h, Vil — Vo Vei+l Vi,

the daily visiting cost for visting route v is chSlt ®= Z czls.lt ,

>

. . - . trip .\ _ trip trip trip
the daily trip cost for visting route v and location harec_ 5 (t) =c + c +c ,
yip & v,h Vil Z ViioVei+l Vt,n[’h

visit

the visting time of ith attraction for visting route vis ay " (#,7;,0) =7 ; — 77 j_|,

t .
the daily waiting time for visting route v is awalt (t,14) = Z ay[a.lt (7.,

>
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the daily trip time for visting route v and
i i n,—1
. . trip _ _trip
location A is ay (t.,1y) = ah’vt,l (t,7:0)+ Z a

i=1

trip trip
(t,7; ;) +a (t,Tr )
ViioVei+l .l Vt,nt’h Ly

and heh,ve V.

14. The planning system of claim 1 wherein the associated time-variable
costs include future costs forecasted for different transportation modes using historical

and current cost information.

15. The planning system of claim 1 wherein the planning graph and
optimizer are comprised of a controller network including cloud-based computing

resources.

16. The planning system of claim 15 wherein the user interface includes a

mobile electronic controller wirelessly coupled to the controller network.

17. A method of planning a multi-modal trip, comprising the steps of:

representing a planning graph as a plurality of nodes interconnected by a
plurality of transit arcs, wherein the nodes include waypoints and trip destinations,
wherein the transit arcs include alternate transportation modes, wherein the nodes and
arcs have associated time-variable costs;

specifying a plurality of user objectives within the trip destinations;

customizing a plurality of user preferences for a multi-modal trip;

modifying the planning graph according to the user objectives and the
customized user preferences;

compiling a plurality of permutations of visiting plans within the modified
planning graph which satisfy the specified user objectives including routing to a
plurality of trip destinations;

comparing the permutations using optimization programming to identify at

least one optimized visiting plan having a lowest aggregate associated cost that also
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satisfies a plurality of constraints determined by the customizable user preferences;
and

presenting at least one optimized visiting plan to a user.

18. The method of claim 17 wherein the trip destinations in the planning
graph include lodging, services, and recreation attractions, and wherein the specified
user objectives include a trip stating location, a trip ending location, a date range, and

at least one specific recreational attraction as a trip destination.

19. The method of claim 17 wherein the step of modifying the planning

graph 1s comprised of adjusting associated time variable costs of the nodes and arcs.

20. The method of claim 17 wherein the step of modifying the planning

graph 1s comprised of culling nodes and arcs unrelated to the specified user objectives.

21. The method of claim 17 wherein the user preferences include mode of
transportation, services to be used, travel time, type of accommodations, and monetary

spending.

22. The method of claim 17 wherein at least some of the user preferences

have a default value unless customized by the user.

23. The method of claim 17 wherein the comparing step uses optimization

programming to identify an optimized visiting plan according to:

y I0+D i
{nv, <} = Min > [avrf}f(t,r, )}
1V, T =gy 41
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Iy +1 .
Z C;’lSlt (t) +c tr1p (t)} , trip cost constaint
t=tg+1

AQI Y (1) > AQIY, AQI constraint

al-V isit, 0 < a},llSlt (t,71s,1) < al-V isit, | , visiting time constraint

wait (t,t,) < awalt,O

subject to <qa , waiting time constraint

T,o2 TO, starting time constraint

T < z‘l, ending time constraint
4

<
Tt,o =

where

thelocationlistish={hy,hy,....hy},

the visting datesare t ={t + Lo +2,....1; + D},

the daily number of places visitedare n = {n,o +1:My 425 s Mitg+ D }.

the visting routes are v = {vt0+1,v,0+2, v Vig+D )= {v,0+1’1,v,0+1’2, < Vig+Dng 4y }.
all possible visting plans are V = Permutation (v) ={v1,v>,.... v},

the daily trip timeis T = {r,0+1,r,0+2,r,0+3, v Thg+D },

the daily AQI for visting route v is AQIVISlt(
the daily trip distance for visting route v and location 4 : d tr1p (;) d trip + Z d trip +d trip ,
hvi VeisVei+l V;,nt,h
the daily visiting cost for visting route v is chSlt ()= Zczmt ,
, t,i
i . ny—1 " .
. . . . . lp _ rlp rlp rlp
the daily trip cost for visting route v and location 4 are Cy.h () ChaVr,l + ; CV,’,- . n Cvt’nt ”

visit

the visting time of ith attractionfor vistingroute vis ay = (£,%,0) =1 ; — T ;1

. 1y .
the daily waiting time for visting route v is ay’ att, T)= Zaiva'lt (.7t i)s

=1
the daily trip time for visting route v and
-1 :
locatlonhlsa p(t, Ty)= a, p (t 7 0)+ lz av,,,v, " (t,rt’i)+ag:it’h(t,rt’nt )
and heh,ve V.
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