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ROUTING WITH BENEFIT ACCUMULATION In some implementations of the method , the benefit for 
traversal of each of the graph elements is defined by a benefit 

CROSS - REFERENCE TO RELATED function . In some implementations , the benefit function 
APPLICATIONS models a value associated with data obtained while travers 

5 ing the respective one of the graph elements . In some 
This application claims the benefit of U.S. Provisional implementations , the benefit function models a value asso 

Application No. 62 / 727,600 , filed on Sep. 6 , 2018 , the ciated with an activity engaged in while traversing the 
content of which is hereby incorporated by reference in its respective one of the graph elements . 
entirety for all purposes . In some implementations of the method , updating the 

10 accumulated benefit for a respective one of the candidate 
TECHNICAL FIELD routes includes applying a modifier to the benefit for tra 

versal based on previous visits to respective ones of the 
The application relates generally to the field of routing graph elements by the respective one of the candidate routes . 

using digital maps . In some implementations of the method , updating the 
15 accumulated benefit for each of the candidate routes 

BACKGROUND includes applying a modifier to the benefit for traversal 
based on a time of day at which the respective ones of the 

Digital maps can store map information that describes graph elements are reached by the candidate routes . 
geographical and topographical features . As examples , Another aspect of the disclosure is a non - transitory com 
descriptions of features such as transportation networks , 20 puter - readable storage device including program instruc 
political boundaries , and building locations can be included tions executable by one or more processors that , when 
in the map information . Digital maps can also be annotated executed , cause the one or more processors to perform 
with other info ation , such as traffic cond ons , locations operations . The operations that are performed by the one or 
of businesses and other attractions , restaurant reviews , busi- more processors include defining a starting location and an 
ness hours , or hotel availability . 25 ending location , defining a routing graph that has graph 

Digital maps can be used for determining a travel route . elements , assigning a cost for traversal to each of the graph 
Known techniques calculate a route between two points that elements , assigning a benefit for traversal to each of the 
minimizes a value such as travel time or travel distance . graph elements , defining a cost budget , and performing 
Known techniques also address the so - called travelling multiple steps of a route planning procedure based on the 
salesman problem by defining a route that visits all locations 30 starting location and the ending location . The route planning 
from a list of locations . procedure includes , at each of multiple steps , maintaining 

information that identifies candidate routes by which visited 
SUMMARY elements from the graph elements can be reached or occu 

pied during a current step , updating an accumulated cost for 
One aspect of the disclosure is a method that includes 35 each of the candidate routes based on the cost for traversal 

defining a starting location and an ending location , defining of each of the graph elements , updating an accumulated 
a routing graph that has graph elements , assigning a cost for benefit for each of the candidate routes based on the benefit 
traversal to each of the graph elements , assigning a benefit for traversal of each of the graph elements , determining , for 
for traversal to each of the graph elements , defining a cost each of the candidate routes , a minimum return cost for 
budget , and performing multiple steps of a route planning 40 routing to the ending location , and eliminating respective 
procedure based on the starting location and the ending ones of the candidate routes for which a sum of the accu 
location . At each of multiple steps , the route planning mulated cost and the minimum return cost exceeds the cost 
procedure includes maintaining information that identifies budget . The operations that are performed by the one or 
candidate routes by which visited elements from the graph more processors also include selecting , as a selected route , 
elements can be reached or occupied during a current step , 45 one of the candidate routes having a highest accumulated 
updating an accumulated cost for each of the candidate benefit value for traveling from the starting location to the 
routes based on the cost for traversal of each of the graph ending location without exceeding the cost budget . 
elements , updating an accumulated benefit for each of the Another aspect of the disclosure is a system that include 
candidate routes based on the benefit for traversal of each of a memory and a processor that is configured to execute 
the graph elements , determining , for each of the candidate 50 instructions stored in the memory to define a starting loca 
routes , a minimum return cost for routing to the ending tion and an ending location , define a routing graph that has 
location , and eliminating respective ones of the candidate graph elements , assign a cost for traversal to each of the 
routes for which a sum of the accumulated cost and the graph elements , assign a benefit for traversal to each of the 
minimum return cost exceeds the cost budget . The method graph elements , define a cost budget , and perform multiple 
also includes selecting , as a selected route , one of the 55 steps of a route planning procedure based on the starting 
candidate routes having a highest accumulated benefit value location and the ending location . At each of multiple steps 
for traveling from the starting location to the ending location of the route planning procedure , the processor is configured 
without exceeding the cost budget . to execute instructions stored in the memory to maintain 

In some implementations of the method , the steps are time information that identifies candidate routes by which visited 
steps , and the cost budget is a maximum number of time 60 elements from the graph elements can be reached or occu 
steps . The method may also include defining a starting time pied during a current step , update an accumulated cost for 
and an ending time , wherein the maximum number of time each of the candidate routes based on the cost for traversal 
steps is based on the starting time and the ending time . of each of the graph elements , update an accumulated benefit 

In some implementations of the method , the cost for for each of the candidate routes based on the benefit for 
traversal of each of the graph elements is defined by a cost 65 traversal of each of the graph elements , determine , for each 
function . The cost function is based on a time required for of the candidate routes , a minimum return cost for routing to 
traversing a respective one of the graph elements . the ending location , and eliminate respective ones of the 
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candidate routes for which a sum of the accumulated cost order for visiting the locations , and a route to follow while 
and the minimum return cost exceeds the cost budget . The travelling between the locations . 
processor is further configured to execute instructions stored FIG . 1 is an illustration that shows a transportation 
in the memory to select , as a selected route , one of the network 100 that includes road segments 101 and intersec 
candidate routes having a highest accumulated benefit value 5 tions 102. An agent 103 traverses the transportation network 
for traveling from the starting location to the ending location 100 according to a route 104. The route 104 extends from a 
without exceeding the cost budget . starting location to an ending location . In this example , the 

route 104 starts and ends at a single location 105 . 
BRIEF DESCRIPTION OF THE DRAWINGS The transportation network 100 is an example of a net 

10 work of interconnected infrastructure elements and / or loca 
FIG . 1 is an illustration that shows a transportation tions that correspond to physical infrastructure and locations 

network that includes road segments and intersections . in the real world that can be traversed ( i.e. , traveled along , 
FIG . 2 is a block diagram that shows a route planning traveled through , traveled past , etc. ) and / or visited . The road 

system . segments 101 represent real - world transportation infrastruc 
FIG . 3 is an illustration that shows an example of a routing 15 ture by which travel can occur between locations . Other 

graph that is generated by the route planning system . types of transportation infrastructure could be represented in 
FIG . 4 is a flowchart that shows a routing process that is the transportation network 100 in addition to or in place of 

performed by the route planning system . the road segments 101 to allow travel between places , such 
FIG . 5 is a flowchart that shows an example of a route as walking paths , biking paths , and mass transit routes . The 

planning procedure that is performed by the route planning 20 intersections 102 represent locations where other elements 
system . meet , such as two or more of the road segments 101. In 
FIG . 6 is an illustration that shows an example of a addition to or in place of the intersections , the transportation 

configuration for a computing device that can be utilized network 100 could include destinations such as homes , 
implement the route planning system . workplaces , stores , restaurants , museums , and parks . 

The agent 103 is an entity that traverses the transportation 
DETAILED DESCRIPTION network 100 using the route 104. As examples , the agent 103 

may be a human - driven vehicle , an autonomous vehicle , a 
The disclosure herein is directed to a route planning pedestrian , or a person riding a bicycle . The route 104 

system that makes the most productive use of a limited describes locations to be visited by the agent 103 , such as a 
resource . Benefit values and cost values are associated with 30 list of the road segments 101 and / or the intersections 102 . 
traversing each of the elements of a network , such as a The route 104 may be expressed as information in any 
transportation network . As an example , the network may be suitable form that allows it to be understood by a human 
represented by a graph structure that includes edges and and / or interpreted by a computing system . 
nodes , and in which the edges represent travel between In the illustrated example , the agent 103 is a data collec 
nodes and the nodes represent locations , activities , and / or 35 tor , such as a vehicle or a person equipped with sensors . The 
decision points ( e.g. , which edge to traverse next ) . agent 103 is configured to depart from the single location 

The costs are associated with a finite resource , such as 105 , traverse the transportation network 100 according to 
time , and a cost budget is used to describe the amount of the the route 104 , and obtain information regarding the trans 
resource that is available . A single cost or multiple costs may portation network while doing so before returning to the 
be used . The route planning system maximizes the benefit 40 single location 105. As examples , the agent 103 may obtain 
value that can be obtained by traversing the network while two - dimensional images and / or three - dimensional data 
remaining within the cost budget . The benefit values asso- ( e.g. , point clouds ) that describe aspects of the transportation 
ciated with traversing elements of the network can be network 100. While traversing the route 104 , the agent 103 
assigned in any suitable manner and will be dependent on makes use of a scarce resource , such as time . As will be 
the usage scenario . After an element of the network has been 45 explained herein , the route 104 is determined in a manner 
visited , the benefit value associated with traversing it is that is intended to maximize the benefit derived from the 
modified to reflect the fact that it has been visited . The data collection effort that is performed by the agent 103. In 
benefit value associated with traversing an element of the addition , the agent 103 may be one of multiple agents that 
network may also be dependent on other variable factors , each traverse a separate route , where all of the routes are 
such as time of day or traversal of other elements of the 50 determined in a coordinated fashion to maximize the benefit 
network . derived from the combined data collection efforts of the 
As one example , the route planning system may be agents . 

applied to determine a route for a data collection agent that The example described with respect to FIG . 1 is intended 
is visiting locations of a transportation network to collect to provide context for the following description . The sys 
information about the transportation network . Information 55 tems and methods that are described herein can be applied 
about the transportation network could include lane con- to other types of networks , using other types of agents , and 
figuration information ( e.g. , how many lanes and restrictions for other purposes ( e.g. , other types of benefits ) . The starting 
placed on their use ) , presence and content of traffic signs , a and ending points of the routes generated by the systems and 
video recording or photographs , traffic information , and methods described herein may or may not be at the same 
other features or circumstances that can be observed . As 60 location . 
another example , the route planning system may be applied FIG . 2 is a block diagram that shows an example of a 
to determine multiple routes for multiple data collection route planning system 210. The route planning system 210 
agents that are visiting locations of a transportation network receives and uses inputs that include base mapping 211 , data 
to collect information about the transportation network . As layers 212 , a cost budget 213 , a number of routes 214 that 
another example , the route planning system may be applied 65 specifies how many routes are to be generated by the route 
to touring an area ( e.g. , a city ) , by determining locations at planning system 210 , a starting and ending location 215 
which to spend time ( e.g. , museums and restaurants ) , an ( which may be the same ) and a starting and ending time 216 . 

a 

a 
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The route planning system 210 determines a routing graph when planning an itinerary that involves physical activities , 
217 , benefit values 218 , and cost values 219. The routing such as a hiking trip or a biking trip . 
graph 217 , the benefit values 218 , and the cost values 219 During route generation , the route planning system 210 
may be determined prior to routing ( e.g. , precomputed ) or defines a routing graph 217. A candidate route can be 
may be determined during routing . As an output , the route 5 evaluated based on a total benefit for the candidate route and 
planning system 210 generates one or more routes 204 that a total cost for the candidate route . Benefit values 218 are 
can be used by one or more agents 203. The agents 203 and defined that quantify a benefit associated with traversing 
the routes 204 are implemented according to the description particular portions of the routing graph 217. The benefit 
of the agent 103 and the routes 104 except as otherwise values 218 for each of the graph elements from the routing 
described herein . graph 217 can be defined by a benefit function . As one 

The base mapping 211 contains map information that example , in a data collection scenario , the benefit function 
describes a network , such as the transportation network 100 may model a value associated with data obtained while 
of FIG . 1. As an example , the base mapping 211 may define traversing the respective one of the graph elements of the 
segments ( e.g. , road segments ) in a form such as a two- routing graph 217. As another example , in an activity 
dimensional or three - dimensional geometry , such as lines , planning scenario , the benefit function models a value 
curves , polylines , etc. associated with an activity engaged in while traversing the 

The data layers 212 describe features relative to the base respective one of the graph elements of the routing graph 
mapping 211. As one example , the data layers 212 may 217. Cost values 219 are defined that quantify a cost 
describe data that is associated with roadway segments or 20 associated with traversing particular portions of the routing 
other transportation network segments such as segment graph 217. The cost values 219 for each of the graph 
lengths , speed limits , average speeds , current traffic infor- elements from the routing graph 217 can be defined by a cost 
mation , and historical traffic information . As another function . As an example , the cost function may be based on 
example , the data layers 212 may describe locations such as a time required for traversing a respective one of the graph 
homes , workplaces , stores , attractions , restaurants , muse- 25 elements of the routing graph 217 . 
ums , parks , coffee shops , and hotels . Other types of data that The total benefit for the candidate route is determined by 
is relevant to transportation infrastructure and locations that accumulating the benefit values 218 for the portions of the 
can be accessed using transportation infrastructure can be routing graph 217 that are traversed by the candidate route . 
incorporated in the data layers 212 . The total cost for the candidate route is determined by 

The cost budget 213 is a value that may be specified by 30 accumulating the cost values 219 for the portions of the 
a user when requesting route generation and constrains the routing graph 217 that are traversed by the candidate route . 
route planning system 210 by identifying a scarce resource If the total cost exceeds the cost budget 213 , the candidate 
( or multiple scarce resources ) that is consumed during route is eliminated from consideration and may be marked 
traversal of the route 204 by the agent 203. Thus , the route as invalid so that it is not considered further . 
that is generated by the route planning system 210 must 35 Among valid candidate routes , the candidate route having 
satisfy the constraint represented by the cost budget , by the highest total benefit may be selected and output as the 
limiting valid candidate routes to those that can be traversed route 204. If multiple routes are being generated by the route 
by the agent 203 without exceeding the cost budget 213 . planning system 210 , the benefit values 218 for portions of 

The cost budget 213 may be based on a single resource , the routing graph 217 that are traversed by the selected route 
in which case route generation is performed such that 40 are modified prior to generating the next route . Typically , the 
traversal of the route 204 by the agent 203 can be completed benefits values 218 will be modified by reducing them . As 
before the single resource is fully depleted . The cost budget one example , the benefit values 218 for portions of the 
213 may be based on multiple resources , in which case route routing graph 217 that are traversed can be assigned a value 
generation is performed such that traversal of the route 204 of zero prior to generating the next route . As another 
by the agent 203 can be completed before any of the 45 example , the benefit values 218 for portions of the routing 
resources are fully depleted . graph 217 that are traversed by the selected route can be 
As one example , the cost budget 213 may be a length of reduced by a percentage prior to generating the next route . 

time available for traversal of the routes 204. In addition , FIG . 3 is an illustration that shows an example of the 
length of time available for traversal of the routes 204 may routing graph 217 that is generated by the route planning 
be specified in terms of a starting time and an ending time 50 system 210. The routing graph 217 can be defined according 
for traversal of the routes 204 , which acts as a further to known graph theory principles to represent the base 
constraint on route generation and may affect aspects of mapping 211. The routing graph 217 includes edges 321 and 
route generation , such as the benefit values 218 and the cost nodes 322. As an example , the edges 321 may represent road 
values 219. In some implementations , routing is performed segments from the base mapping 211 and the nodes 322 may 
over a series of time steps , the cost budget 213 is a maximum 55 represent intersections from the base mapping 211. Each of 
number of time steps , and the maximum number of time the edges 321 of the routing graph 217 is assigned one of the 
steps is based on the starting time and ending time 216. As benefit values 218 ( represented as B in FIG . 3 ) and one of 
another example , the cost budget 213 could be based on an the cost values 219 ( represented as C in FIG . 3 ) . 
amount of fuel or battery power available in implementa- FIG . 4 is a flowchart that shows a routing process 430 that 
tions in which the agent 203 is a vehicle . 60 is performed by the route planning system 210. The routing 
As another example , the cost budget 213 could be based process 430 can be performed using a computing device that 

on an amount of money available in implementations in is provided with computer program instructions . The com 
which the route planning system 210 is used to generate a puter program instructions can be stored in a storage device 
route that involves spending money on activities , such as or a memory device and executed by a processor to facilitate 
planning an itinerary for a vacation . As another example , the 65 performance of the process routing process 430 as described 
cost budget 213 could be based on an amount of energy herein . The operations of the routing process 430 may be 
persons are able to spend engaging in physical activities performed by the route planning system 210 or other system . 

a 
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In operation 431 , the number of routes 214 to be gener- prefers ) to determine benefits for traversing graph elements 
ated is defined . The number of routes 214 can be defined by from the routing graph 217. As an example , nodes of the 
receiving an input from a user that specifies the number of routing graph 217 could represent visiting a museum or 
routes 214 , by accessing the number of routes 214 from a visiting a zoo , and the values associated with each of these 
stored plan ( e.g. , a previously - prepared data file ) , randomly , 5 activities could be assigned based on information describing 
or by any other method . user preferences and / or third - party information describing 

In operation 432 , a starting location and ending location the quality of the experience . 
215 are defined . The starting location and ending location In operation 436 , the cost budget 213 is defined . The cost 
215 can be defined by receiving an input from a user that budget 213 represents the available amount of a scarce 
specifies locations , by accessing the locations from a stored 10 resource that is consumed while following a route , such as 
plan ( e.g. , a previously - prepared data file ) , randomly , or by time , energy , or money . In some implementations , operation 
any other method . 436 may include defining multiple cost budgets that each 

In operation 433 , the routing graph 217 is defined . As an represent a different type of cost , and which can be used 
example , the routing graph 217 can be defined as a repre- concurrently during routing to develop a route that makes 
sentation of the base map 211. The routing graph 217 15 the most efficient use of an asset when constrained by 
includes graph elements , which are portions of the routing multiple types of scarce resources . 
graph 217 that represent locations and connections between In operation 437 a route planning procedure is performed . 
locations , such as in the form of the edges 321 and the nodes The route planning procedure is a multiple - step process that 
322 as previously described . determines how to make the best use of a scarce resource 
In operation 434 , a cost for traversal is assigned to each 20 ( e.g. , time ) , which is modelled by maximizing the benefit 

of the graph elements from the routing graph 217. As one that is accumulated without exceeding the cost budget . The 
example , the cost for traversal may represent the time route planning procedure 437 attempts to identify a route 
required to travel along the real - world structure ( e.g. , a that achieves the highest benefit without exceeding the 
portion of a road ) that is represented by the respective graph constraint defined by the scarce resource . The result of the 
element from the routing graph . As another example , the 25 route planning procedure is a selected route that can be 
cost may be an amount of money that is required to engage followed for navigation and / or activity planning . 
in an activity that is represented by a graph element from the The route planning procedure 437 is performed in mul 
routing graph 217 , which is applicable to implementations tiple steps . As an example , the route planning procedure 437 
of the routing process 430 in which edges or nodes of the may be performed according to time steps ( e.g. , from an 
routing graph represent activities that consume monetary 30 initial time step t_0 to a final time step t_f ) . The time steps 
resources , such as air travel or visiting a museum . As another may be determined according to the starting time and ending 
example , the costs for traversal can represent energy avail- time 216 . 
able to participate in strenuous activities such as walking , At each step , the route planning procedure 437 evaluates 
hiking , climbing , swimming , or bicycle riding . In some each graph element ( e.g. , edge ) from the routing graph 217 
implementations , operation 436 may include defining mul- 35 that can be reached or occupied at the current step and 
tiple costs for traversal of each of the graph elements , each evaluates the best way to arrive at the next time step . At each 
representing a different type of cost , and which can be used step , the route planning procedure 437 also evaluates how 
concurrently during routing to develop a route that makes the remaining portion of the cost budget 213 can be utilized 
the most efficient use of an asset when constrained by ( e.g. , how to spend the remaining time until the ending 
multiple types of scarce resources . 40 time ) , as well as evaluating routes for reaching the ending 

In operation 435 , a benefit for traversal is assigned to each location . 
of the graph elements from the routing graph 217. The The route planning procedure 437 can be thought of as 
benefits for traversal represent the value of visiting a real- defining and analyzing a large number of candidate routes 
world location that is represented by one of the elements of concurrently , with each of the candidate routes representing 
the routing graph 217. Benefits may be values that are used 45 a way that time can be spent . Thus , as a candidate route 
compare options to one another to understand how resources reaches a decision point , it can split into two candidate 
can be best used , and therefore can be relative values , for routes . During the route planning procedure , candidate 
example , indicating that visiting a first portion of the routing routes can be analyzed , and selectively eliminated . As an 
graph 217 has a higher value associated with it that visiting example , a candidate route can be eliminated from consid 
a second portion of the routing graph 217. In one data 50 eration if there is no way to reach the ending location 
collection scenario , where visiting an element of the routing without exceeding the cost budget 213 . 
graph 217 is associated with collecting information ( e.g. , The route planning procedure 437 can be configured to 
photographs , video , three - dimensional point clouds ) at the tune benefits associated with exploration ( visiting new loca 
corresponding real - world location , the benefit may be cal- tions ) and exploitation ( visiting high value locations ) . As an 
culated as a function of the time elapsed since information 55 example , for a particular candidate route , the benefit asso 
was last collected at the location and the popularity of the ciated with visiting a location ( e.g. , a location associated 
location ( e.g. , daily vehicle volume on a roadway or volume with a graph element of the routing graph 217 ) can be 
of requests for mapping information for the location ) . In reduced after it has been visited , such as by 25 % or entirely 
another data collection scenario , where certain types of ( i.e. , zero benefit ) , such that the benefit is lower in subse 
observations are desirable ( e.g. , observations of specific 60 quent visits . 
objects such as bicycles or motorcycles ) , side data can be The route planning procedure 437 can also modify ben 
used to assign benefits according to the likelihood of making efits according to variable factors . As one example , benefits 
the desired observation at a location associated with a can be adjusted by time of data , for example , to avoid sun 
particular element of the routing graph 217. In an activity glare in images . As another example , benefits can be 
planning scenario , side data describing activities ( e.g. , third- 65 adjusted to disincentivize certain actions , such as by reduc 
party reviews ) can be used in combination with user pref- ing the amount of the benefit associated with traveling along 
erences ( e.g. , describing the types of activities that the user a road if it is reached by making a left turn . In activity 
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planning examples , benefits can be modified for various ( i.e. , edges and nodes ) that are adjacent to the starting 
reasons , such as to encourage variety ( e.g. , avoid visiting location will be reachable during the current time step , and 
two museums in a row ) or to prevent exhaustion ( e.g. , avoid the number of candidate routes will be small . As more graph 
long periods of time without a break ) . elements become reachable , the number of candidate routes 

In operation 438 the selected route that was determined in 5 will increase in correspondence to the number of reachable 
operation 437 by the route planning procedure is output . The graph elements . Whether a graph element is reachable in a 
selected route can be provided for use , such as by the agent current time step can be determined according to known 
103 , and / or can be stored for later use . routing techniques , by determining whether a route can be 

In operation 439 , a determination is made as to whether defined from the starting location to a particular location of 
more routes remain to be generated . This determination can 10 the routing graph 217 within the time period from the initial 
be made based on a comparison of the total number of routes time step to the current time step . 
generated by the routing process 430 as compared to the In operating 553 , the candidate routes are updated . As an 
number of routes 214 to be generated , as defined in opera- example , for each candidate route , a determination can be 
tion 431. If more routes remain to be generated , the process made as to whether a new graph element from the routing 
proceeds to operation 440. Otherwise , the process ends . 15 graph 217 can be visited during the current time step . If so , 

At operation 440 , the benefits that are associated with the candidate route is updated to include navigation to the 
traversing elements of the routing graph 217 can be modified respective graph element . If multiple new graph elements 
by applying benefit modifiers . The benefit modifiers reduce from the routing graph 217 can be visited during the current 
the amount of benefit obtained by traversing a portion of the time step ( e.g. , a decision between turning left and turning 
routing graph 217 that was traversed by the selected route 20 right ) , candidate routes can be defined for each of the 
that was generated in the prior iteration of the route planning accessible graph elements from the routing graph 217. In 
procedure of operation 437 and output in operation 438. The some implementations , operation 553 may be performed 
benefit modifiers are intended to cause subsequent iterations using a routing algorithm similar to the Bellman - Ford algo 
of the route planning procedure of operation 439 to generate rithm or another suitable algorithm , to determine the highest 
different routes , since the total benefit accumulated by 25 value route by which each of the reachable graph elements 
following a route that was previously selected will be can be reached at each time step . 
reduced . As an example , the benefit associated with all In operation 554 , the accumulated costs for the candidate 
elements from the routing graph 217 that were traversed by routes are updated . For example , accumulated costs can be 
a previously - selected route can be reduced by a percentage , updated by adding the cost values 219 for all of the portions 
such as 25 % . Other modifiers or methods of reducing the 30 of the routing graph 217 that are included in each candidate 
benefits associated with traversing portions of the routing route . In operation 555 , the accumulated benefits for the 
graph 217 that are included in previously - selected routes can candidate routes are updated . For example , accumulated 
be used . benefits can be updated by adding the benefit values 218 for 
FIG . 5 is a flowchart that shows an example of the route all of the portions of the routing graph 217 that are included 

planning procedure 437 that is performed by the route 35 in each candidate route . 
planning system 210. The route planning procedure 437 can Modifiers can be applied to the benefit values 218 when 
be performed using a computing device that is provided with updating the accumulated benefits for the candidate routes in 
computer program instructions . The computer program operation 555. In some implementations , updating the accu 
instructions can be stored in a storage device or a memory mulated benefit for a respective one of the candidate routes 
device and executed by a processor to facilitate performance 40 includes applying a modifier to the benefit for traversal 
of the route planning procedure 437 as described herein . The based on previous visits to respective ones of the graph 
operations of the route planning procedure 437 may be elements of the routing graph 217 by the respective one of 
performed by the route planning system 210 or other system . the candidate routes . In some implementations , updating the 

In the example described below , the steps of the route accumulated benefit for each of the candidate routes 
planning procedure 437 are time steps , and the cost budget 45 includes applying a modifier to the benefit for traversal 
213 is a time budget that is based on the starting and ending based on a time of day at which the respective ones of the 
time 216 , such that the cost budget 213 is met by reaching graph elements of the routing graph 217 are reached by the 
the ending location by the final time step . As described candidate routes . As another example , the benefits can be 
above , costs and steps can be implemented in other ways . In updated based on actions taken while following the candi 
addition , the starting location and the ending location are the 50 date route , such as taking a left turn . As another example , for 
same location in the example described below , but the route routing scenarios that include activities , the benefits can be 
planning procedure 437 can be implemented using different updated based on other activities performed while following 
locations for the starting location and the ending location . the candidate route , such as by reducing the benefit for 

In operation 551 , a current time step ( t_c ) is updated to the including a second museum visit in the candidate route . 
next time step value . As an example , time steps may vary 55 In operation 556 , for each of the candidate routes , the 
from an initial time step t_0 to a final time step t_f , and the costs for returning to the starting location are determined . 
number of time steps may be based on the starting and Costs for returning to the starting location ( or for routing to 
ending time 216. Time steps may represent a fixed increment a different ending location ) can be determined using well 
of time , such as ten seconds . In a first iteration of operation known routing algorithms . Thus , operation 556 may include 
551 , the current time step is set to the initial time step t_0 . 60 determining , for each of the candidate routes , a minimum 
The route planning procedure 437 maintains information return cost for routing to back to the starting location ( or 

that identifies candidate routes by which elements from the other ending location ) . 
graph elements from the routing graph 217 can be reached In operation 557 , invalid routes are eliminated from 
or occupied during a current step . This information is further consideration . As an example , operation 557 may 
created and / or updated in operation 552 , in which graph 65 include eliminating respective ones of the candidate routes 
elements are identified that can be reached or occupied for which a sum of the accumulated cost and the minimum 
during the current time step . Initially , only graph elements return cost exceeds the cost budget 213. Other criteria may 
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be used for eliminating candidate routes . As an example , at Personal information should only be collected from users 
each time step candidate routes could be eliminated for with consent and after informing the user as to the reasons 
having an accumulated benefit value that is lower than the why the data is being collected and as to the manner in which 
highest - benefit route by a certain margin , such as a percent- the personal information will be used . Personal information 
age that is static or dynamic ( e.g. , based on standard 5 should be secured and safeguarded by the entities that 
deviation ) . collect and use the personal information , and third - party 

In operation 558 , a determination is made as to whether evaluations should be performed to ensure compliance with 
more time steps remain . If more time steps remain ( i.e. , widely accepted privacy policies and practices . In addition , 
t_c < t_f ) the process returns to operation 551. If no more policies and procedures should be adopted in consideration 
time steps remain ( i.e. , t_c = _f ) , the process proceeds to 10 of the particular types of personal information being obtained and in consideration of applicable laws and stan operation 559 . dards , including jurisdiction - specific considerations . Operation 559 includes selecting , as a selected route , one The systems described herein may be implemented such of the candidate routes having a highest accumulated benefit that users can choose whether to share personal information , value for traveling from the starting location to back to the 15 and such that users can choose what types of personal starting location ( or to a different the ending location ) information to share . For example , implementations of the 
without exceeding the cost budget 213 . systems described herein may use hardware and / or software 
FIG . 6 is an illustration that shows an example of a elements to prevent or block access to personal information . 

configuration for a computing device 660 that can be utilized As an example , users may “ opt in ” or “ opt out ” of partici 
to implement the route planning system 210. The computing 20 pation in the collection of personal information . As another 
device 660 can include a processor 661 , a memory 662 , a example , users can select not to provide their current loca 
storage device 663 , one or more input devices 664 , and one tion to the route planning system . As another example , users 
or more output devices 665. The computing device 660 can can select to limit the length of time that route - planning 
include a bus 666 or a similar device to interconnect the associated data is maintained or entirely prohibit the devel 
components for communication . The processor 661 is oper- 25 opment of a route - planning profile . Notifications can also be 
able to execute computer program instructions and perform provided relating to the access or use of personal informa 
operations described by the computer program instructions . tion . As an example , when a user downloads an app that 
As an example , the processor 661 can be a conventional implements route planning functions , the user may be noti 
device such as a central processing unit . The memory 662 fied about collection of personal information , and the user 
can be a volatile , high - speed , short - term information storage 30 may be notified later when the personal information will be 
device such as a random - access memory module . The stor- accessed and used by the app . 
age device 663 can be a non - volatile information storage It is intended that the systems and methods described 
device such as a hard drive or a solid - state drive . The input herein will be implemented in a manner that minimizes the 
devices 664 can include any type of human - machine inter- risk of unintentional or unauthorized access or use of 
face such as buttons , switches , a keyboard , a mouse , a 35 personal information . Risk can be minimized by limiting the 
touchscreen input device , a gestural input device , or an collection of personal information and deleting personal 
audio input device . The output devices 665 can include any information when it is no longer needed . When applicable , 
type of device operable to provide information to a user , personal data can be anonymized and / or stored only in 
such as a display screen . aggregate . 
The route planning systems disclosed herein may obtain 40 The systems and methods that are described herein can 

data to personalize the routes and recommendations made by also be implemented in a manner that eliminates or mini 
the route planning systems . While much of this data will be mizes the need for obtaining and using personal information . 
publicly available information , some of the data may include For example , routes can be planned for users based on 
personal information that is obtained from the users and is non - personal information or a bare minimum amount of 
not publicly available . This data may include , as examples , 45 personal information . Some implementations of the inven 
contact information , social media account information , tions can utilize only non - personal information that is avail 
demographic information , personal preferences , and health able to the route planning system and / or publicly available 
information . information . 

Using personal information and other data can enhance What is claimed is : 
the value of these systems to users . For example , personal 50 1. A method , comprising : 
information data can be used to suggest activities that are of defining a starting location and an ending location ; 
interest to the user . Accordingly , users are able to tailor the defining a routing graph that has graph elements , wherein 
recommendation and provider by the route planning system the routing graph represents a transportation network , 
by providing the personal information . Other uses for per- and the graph elements represent locations from the 
sonal information data that benefit the user are also contem- 55 transportation network and connections between the 
plated by the present disclosure . For instance , health and locations from the transportation network ; 
fitness data may be used to provide avoid planning an overly assigning a cost value for traversal to each of the graph 
strenuous route for a user . elements , wherein the cost value for traversal of each of 

Entities that collect , analyze , disclose , transfer , store , or the graph elements is based on a resource usage asso 
otherwise use personal information are expected to comply 60 ciated with traversal of each of the graph elements ; 
with of exceed industry standard privacy policies and pri- assigning a benefit value for traversal to each of the graph 
vacy practices . In particular , such entities should implement elements , wherein the benefit value for traversal of each 
and consistently use privacy policies and practices that are of the graph elements is based on desirability of visiting 
generally recognized as meeting or exceeding industry or a real - world location that is represented by a respective 
governmental requirements for maintaining personal infor- 65 one of the graph elements to perform a data collection 
mation data private and secure . Users should be informed of activity while visiting the real - world location that cor 
these policies and practices in a transparent manner . responds to the respective one of the graph elements ; 
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defining a cost budget ; performing multiple steps of a route planning procedure 
performing multiple steps of a route planning procedure based on the starting location and the ending location , 

based on the starting location and the ending location , the route planning procedure including , at each of 
the route planning procedure including , at each of multiple steps : 
multiple steps : identifying reachable elements from the graph elements 
identifying reachable elements from the graph elements that can be reached during a current step , 

that can be reached during a current step , updating candidate routes by applying a routing algo 
updating candidate routes by applying a routing algo rithm to the routing graph to determine a highest 

rithm to the routing graph to determine a highest benefit route for each of the reachable elements , 
benefit route for each of the reachable elements , updating an accumulated cost for each of the candidate 

updating an accumulated cost for each of the candidate routes based on the cost value for traversal of each of 
routes based on the cost value for traversal of each of the graph elements , 
the graph elements , and updating an accumulated benefit for each of the can 

updating an accumulated benefit for each of the can didate routes based on the benefit value for traversal 
didate routes based on the benefit value for traversal 15 of each of the graph elements , and 
of each of the graph elements ; and selecting , as a selected route , one of the candidate routes 

selecting , as a selected route , one of the candidate routes having a highest accumulated benefit among routes 
having a highest accumulated benefit among routes from the candidate routes having respective accumu 
from the candidate routes having respective accumu lated costs that do not exceed the cost budget . 
lated costs that do not exceed the cost budget . 10. The non - transitory computer - readable storage device 

2. The method of claim 1 , wherein the steps are time steps , of claim 9 , wherein the steps are time steps , and the cost 
and the cost budget is a maximum number of time steps . budget is a maximum number of time steps , the operations 

3. The method of claim 2 , further comprising : further comprising : 
defining a starting time and an ending time , wherein the defining a starting time and an ending time , wherein the 
maximum number of time steps is based on the starting 25 maximum number of time steps is based on the starting 
time and the ending time . time and the ending time . 

4. The method of claim 1 , wherein the cost value for 11. The non - transitory computer - readable storage device 
traversal of each of the graph elements is defined by a cost of claim 9 , wherein the cost value for traversal of each of the 
function . graph elements is defined by a cost function , and the cost 

5. The method of claim 4 , wherein the cost function is 30 function is based on a time required for traversing a respec 
based on a time required for traversing the respective one of tive one of the graph elements . 
the graph elements . 12. The non - transitory computer - readable storage device 

6. The method of claim 1 , wherein the benefit value for of claim 9 , wherein updating the accumulated benefit for a 
traversal of each of the graph elements is defined by a benefit respective one of the candidate routes includes applying a 
function . 35 modifier to the benefit value for traversal based on previous 

7. The method of claim 1 , wherein updating the accumu- visits to respective ones of the graph elements by the 
lated benefit for a respective one of the candidate routes respective one of the candidate routes . 
includes applying a modifier to the benefit value for traversal 13. A system , comprising : 
based on previous visits to respective ones of the graph a memory ; and 
elements by the respective one of the candidate routes . a processor configured to execute instructions stored in 

8. The method of claim 1 , wherein updating the accumu the memory to : 
lated benefit for each of the candidate routes includes define a starting location and an ending location ; 
applying a modifier to the benefit value for traversal based define a routing graph that has graph elements , wherein 
on a time of day at which the respective ones of the graph the routing graph represents a transportation net 
elements are reached by the candidate routes . work , and the graph elements represent locations 

9. A non - transitory computer - readable storage device from the transportation network and connections 
including program instructions executable by one or more between the locations from the transportation net 
processors that , when executed , cause the one or more work ; 
processors to perform operations , the operations comprising : assign a cost value for traversal to each of the graph 

defining a starting location and an ending location ; elements , wherein the cost value for traversal of each 
defining a routing graph that has graph elements , wherein of the graph elements is based on a resource usage 

the routing graph represents a transportation network , associated with traversal of each of the graph ele 
and the graph elements represent locations from the ments ; 
transportation network and connections between the assign a benefit value for traversal to each of the graph 
locations from the transportation network ; elements , wherein the benefit value for traversal of 

assigning a cost value for traversal to each of the graph each of the graph elements is based on desirability of 
elements , wherein the cost value for traversal of each of visiting a real - world location that is represented by a 
the graph elements is based on a resource usage asso respective one of the graph elements to perform a 
ciated with traversal of each of the graph elements ; data collection activity while visiting the real - world 

assigning a benefit value for traversal to each of the graph 60 location that corresponds to the respective one of the 
elements , wherein the benefit value for traversal of each graph elements ; 
of the graph elements is based on desirability of visiting define a cost budget ; 
a real - world location that is represented by a respective perform multiple steps of a route planning procedure 
one of the graph elements to perform a data collection based on the starting location and the ending loca 
activity while visiting the real - world location that cor- 65 tion , wherein at each of multiple steps of the route 
responds to the respective one of the graph elements ; planning procedure , the processor is configured to 

defining a cost budget ; execute instructions stored in the memory to : 
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identify reachable elements from the graph elements eliminating respective ones of the candidate routes for 
that can be reached during a current step , which a sum of the accumulated cost and the minimum 

update candidate routes by applying a routing algo- return cost exceeds the cost budget . 
rithm to the routing graph to determine a highest 18. The system of claim 13 , wherein at each of the benefit route for each of the reachable elements , multiple steps of the route planning procedure the processor update an accumulated cost for each of the candidate 
routes based on the cost value for traversal of each is further configured to execute instructions stored in the 
of the graph elements , memory to : 

update an accumulated benefit for each of the can determine , for each of the candidate routes , a minimum 
didate routes based on the benefit value for tra return cost for routing to the ending location , wherein 
versal of each of the graph elements ; and the ending location and the starting location are a single 

select , as a selected route , one of the candidate routes location , and 
having a highest accumulated benefit among routes eliminate respective ones of the candidate routes for 
from the candidate routes having respective accu which a sum of the accumulated cost and the minimum 
mulated costs that do not exceed the cost budget . return cost exceeds the cost budget . 14. The system of claim 13 , wherein the steps are time 15 19. The method of claim 1 , wherein the benefit value for steps , and the cost budget is a maximum number of time 

steps , and the processor is further configured to execute traversal of each of the graph elements is based in part on a 
instructions stored in the memory to : time elapsed since a previous data collection activity was 

define a starting time and an ending time , wherein the performed at the real - world location that corresponds to the 
maximum number of time steps is based on the starting respective one of the graph elements . 
time and the ending time . 20. The non - transitory computer - readable storage device 

15. The system of claim 13 , wherein the cost value for of claim 9 , wherein the benefit value for traversal of each of 
traversal of each of the graph elements is defined by a cost the graph elements is based in part on a time elapsed since 
function , and the cost function is based on a time required a previous data collection activity was performed at the 
for traversing a respective one of the graph elements . real - world location that corresponds to the respective one of 

16. The method of claim 1 , wherein each of the multiple the graph elements . 
steps of the route planning procedure further includes : 21. The system of claim 13 , wherein the benefit value for 

determining , for each of the candidate routes , a minimum traversal of each of the graph elements is based in part on a 
return cost for routing to the ending location , wherein time elapsed since a previous data collection activity was 
the ending location and the starting location are a single 30 performed at the real - world location that corresponds to the 
location , and respective one of the graph elements . 

eliminating respective ones of the candidate routes for 22. The method of claim 1 , further comprising : 
which a sum of the accumulated cost and the minimum outputting the routing graph for use by an agent during 
return cost exceeds the cost budget . travel from the starting location to the ending location 

17. The non - transitory computer - readable storage device 35 according to the selected route to perform the data 
of claim 9 , wherein each of the multiple steps of the route collection activity . 

23. The method of claim 1 , further comprising : planning procedure further includes : 
determining , for each of the candidate routes , a minimum traveling , by an agent , from the starting location to the 

return cost for routing to the ending location , wherein ending location according to the selected route to 
the ending location and the starting location are a single 40 perform the data collection activity . 
location , and 
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