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(57) ABSTRACT 

Techniques are described for assessing road traffic conditions 
in various ways based on obtained traffic-related data, Such as 
data samples from vehicles and other mobile data sources 
traveling on the roads, as well as in Some situations data from 
one or more other sources (such as physical sensors near to or 
embedded in the roads). The assessment of road traffic con 
ditions based on obtained data samples may include various 
filtering and/or conditioning of the data samples, and various 
inferences and probabilistic determinations of traffic-related 
characteristics from the data samples. In some situations, the 
inferences based on the data samples includes repeatedly 
determining traffic flow characteristics for road segments of 
interest during periods of time, such as to determine traffic 
Volume and/or average occupancy of the road. 
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ASSESSING ROAD TRAFFC FLOW 
CONDITIONS USING DATA OBTANED 

FROM MOBILE DATA SOURCES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 60/778,946, filed Mar. 3, 2006 
and entitled “Obtaining Road Traffic Condition Information 
From Mobile DataSources, and of U.S. Provisional Patent 
Application No. 60/789,741, filed Apr. 5, 2006 and entitled 
“Assessing Road Traffic Conditions Using Data From Mobile 
DataSources.” each of which is hereby incorporated by ref 
erence in its entirety. 
0002 This application is also related to U.S. patent appli 
cation Ser. No. 1 1/367,463, filed Mar. 3, 2006 and entitled 
“Dynamic Time Series Prediction Of Future Traffic Condi 
tions’: to U.S. patent application Ser. No. (Attorney 
Docket #480234.403), filed May 11, 2006 and entitled “Iden 
tifying Unrepresentative Road Traffic Condition Data 
Obtained From Mobile Data Sources’; and to U.S. patent 
application Ser. No. (Attorney Docket #480234.404), 
filed May 11, 2006 and entitled “Assessing Road Traffic 
Speed Using Data Obtained From Mobile Data Sources': 
each of which is hereby incorporated by reference in its 
entirety. 

TECHNICAL FIELD 

0003. The following disclosure relates generally to tech 
niques for assessing road traffic conditions based on data 
obtained from various data sources, such as by inferring traf 
fic flow information for roads of interest from data samples 
that reflect actual travel on those roads. 

BACKGROUND 

0004. As road traffic has continued to increase at rates 
greater than increases in road capacity, the effects of increas 
ing traffic congestion have had growing deleterious effects on 
business and government operations and on personal well 
being. Accordingly, efforts have been made to combat the 
increasing traffic congestion in various ways, such as by 
obtaining information about current traffic conditions and 
providing the information to individuals and organizations. 
Such current traffic condition information may be provided to 
interested parties in various ways (e.g., via frequent radio 
broadcasts, an Internet Web site that displays a map of a 
geographical area with color-coded information about cur 
rent traffic congestion on some major roads in the geographi 
cal area, information sent to cellular telephones and other 
portable consumer devices, etc.). 
0005 One source for obtaining information about current 

traffic conditions includes observations Supplied by humans 
(e.g., traffic helicopters that provide general information 
about traffic flow and accidents, reports from drivers via 
cellphones, etc.), while another source in some larger metro 
politan areas is networks of traffic sensors capable of mea 
Suring traffic flow for various roads in the area (e.g., via 
sensors embedded in the road pavement). While human-sup 
plied observations may provide some value in limited situa 
tions, such information is typically limited to only a few areas 
at a time and typically lacks sufficient detail to be of signifi 
Cant use. 
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0006 Traffic sensor networks can provide more detailed 
information about traffic conditions on Some roads in some 
situations. However, various problems exist with respect to 
such information, as well as to information provided by other 
similar sources. For example, many roads do not have road 
sensors (e.g., geographic areas that do not have networks of 
road sensors and/or arterial roads that are not sufficiently 
large to have road sensors as part of a nearby network), and 
even roads that have road sensors may often not provide 
accurate data (e.g., sensors that are broken and do not provide 
any data or provide inaccurate data). Moreover, if information 
from such a road traffic network is not available in a timely 
manner (e.g., due to temporary transmission problems and/or 
inherent delays in providing road traffic network informa 
tion), the value of Such information is greatly diminished. 
Furthermore, some traffic-related information may be avail 
able only in raw and/or disaggregated form, and therefore 
may be of limited utility. 
0007 Thus, it would be beneficial to provide improved 
techniques for obtaining and assessing obtained traffic-re 
lated information, such as for use in inferring current traffic 
condition information for roads, as well as to provide various 
additional related capabilities. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a block diagram illustrating data flow 
between components of an embodiment of a system for 
assessing road traffic conditions based at least in part on data 
obtained from vehicles and other mobile data sources. 
0009 FIGS. 2A-2E illustrate examples of assessing road 

traffic conditions based on data obtained from vehicles and 
other mobile data sources. 
0010 FIG. 3 is a block diagram illustrating a computing 
system suitable for executing an embodiment of the described 
Data Sample Manager system. 
0011 FIG. 4 is a flow diagram of an example embodiment 
of a Data Sample Filterer routine. 
0012 FIG. 5 is a flow diagram of an example embodiment 
of a Data Sample Outlier Eliminator routine. 
0013 FIG. 6 is a flow diagram of an example embodiment 
of a Data Sample Speed Assessor routine. 
0014 FIG. 7 is a flow diagram of an example embodiment 
of Data Sample Flow Assessor routine. 
0015 FIG. 8 is a flow diagram of an example embodiment 
of a Mobile DataSource Information Provision routine. 
(0016 FIGS. 9A-9C illustrate examples of actions of 
mobile data sources in obtaining and providing information 
about road traffic conditions. 

DETAILED DESCRIPTION 

0017 Techniques are described for assessing road traffic 
conditions in various ways based on obtained traffic-related 
data, Such as data samples from vehicles and other mobile 
data sources traveling on the roads. In addition, in at least 
Some embodiments the data samples from the mobile data 
Sources may be supplemented with data from one or more 
other sources, such as by obtaining data readings from physi 
cal sensors that are near or embedded in the roads. The assess 
ment of road traffic conditions based on obtained data 
samples and/or other data readings may include various fil 
tering and/or conditioning of the data samples and readings, 
and various inferences and probabilistic determinations of 
traffic-related characteristics of interest. 
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0.018. As noted, in some embodiments obtained road traf 
fic condition information data may include multiple data 
samples provided by mobile data sources (e.g., vehicles), data 
readings from road-based traffic sensors (e.g., loop sensors 
embedded in road pavement), and data from other data 
Sources. The data may be analyzed in various manners to 
facilitate determination of traffic condition characteristics of 
interest, Such as estimated average traffic speed and estimated 
total volume of vehicles, and to enable such traffic condition 
determinations to be performed in a realtime or near-realtime 
manner (e.g., within a few minutes of receiving the underly 
ing data samples and/or readings). For example, obtained data 
may be conditioned in various ways in order to detect and/or 
correct errors in the data. Obtained data may further be fil 
tered in various ways to remove data from consideration if it 
is inaccurate or otherwise unrepresentative of actual traffic 
condition characteristics of interest, including by identifying 
data samples that are not of interest based at least in part on 
roads with which the data samples are associated and/or data 
samples that are statistical outliers with respect to other data 
samples—in some embodiments, the filtering may further 
include performing the associating of the data samples with 
particular roads. The filtered data samples may further 
include data samples that otherwise reflect vehicle locations 
or activities that are not of interest (e.g., parked vehicles, 
vehicles circling in a parking lot or structure, etc.) and/or data 
samples that are otherwise unrepresentative of actual vehicle 
travel on roads of interest. Assessing obtained data may 
include determining traffic conditions (e.g., traffic flow and/ 
or average traffic speed) for various portions of a road net 
work in a particular geographic area, based at least in part on 
obtained data samples. The assessed data may then be utilized 
in order to perform other functions related to analyzing, pre 
dicting, forecasting, and/or providing traffic-related informa 
tion. In at least Some embodiments, a data sample manager 
system uses at least Some of the described techniques to 
prepare data for use by traffic data clients, such as a predictive 
traffic information provider system that generates multiple 
predictions of traffic conditions at multiple future times, as 
described in greater detail below. 
0019 Information about road traffic conditions may be 
obtained from mobile data Sources in various manners in 
various embodiments. In at least Some embodiments, the 
mobile data sources include vehicles on the road, which may 
each include one or more computing systems that provide 
data about movement of the vehicle. For example, each 
vehicle may include a GPS (“Global Positioning System') 
device and/or other geo-location device capable of determin 
ing the geographic location, speed, direction, and/or other 
data related to the vehicle's travel, and one or more devices on 
the vehicle (whether the geo-location device(s) or a distinct 
communication device) may from time to time provide Such 
data (e.g., by way of a wireless link) to one or more systems 
able to use the data (e.g., a data sample manager system, as 
described in more detail below). Such vehicles may include, 
for example, a distributed network of vehicles operated by 
individual unrelated users, fleets of vehicles (e.g., for delivery 
companies, taxi and bus companies, transportation compa 
nies, governmental bodies or agencies, vehicles of a vehicle 
rental service, etc.), vehicles that belong to commercial net 
works providing related information (e.g., the OnStar Ser 
vice), a group of vehicles operated in order to obtain Such 
traffic condition information (e.g., by traveling over pre 
defined routes, or by traveling over roads as dynamically 
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directed, such as to obtain information about roads of inter 
est), vehicles with on-board cellphone devices (e.g., as built 
in equipment and/or in the possession of a vehicle occupant) 
capable of providing location information (e.g., based on 
GPS capabilities of the devices and/or based on geo-location 
capabilities provided by the cellular network), etc. 
0020. In at least some embodiments, the mobile data 
Sources may include or be based on computing devices and 
other mobile devices of users who are traveling on the roads, 
Such as users who are operators and/or passengers of vehicles 
on the roads. Such user devices may include devices with 
GPS capabilities (e.g., cellphones and other handheld 
devices), or location and/or movement information may 
instead be produced in other manners in other embodiments. 
For example, devices in vehicles and/or user devices may 
communicate with external systems that can detect and track 
information about devices (e.g., for devices passing by each 
of multiple transmitters/receivers in a network operated by 
the system), thus allowing location and/or movement infor 
mation for the devices to be determined in various manners 
and with various levels of detail, or Such external systems may 
otherwise be able to detect and track information about 
vehicles and/or users without interacting with devices (e.g., 
camera systems that can observe and identify license plates 
and/or users’ faces). Such external systems may include, for 
example, cellular telephone towers and networks, other wire 
less networks (e.g., a network of Wi-Fi hotspots), detectors of 
vehicle transponders using various communication tech 
niques (e.g., RFID, or “Radio Frequency Identification'), 
other detectors of vehicles and/or users, etc. 
0021. The road traffic condition information obtained 
from the mobile data sources may be used in various ways, 
whether alone or in combination with other road traffic con 
dition information from one or more other sources (e.g., from 
road traffic sensors). In some embodiments, such road traffic 
condition information obtained from mobile data sources is 
used to provide information similar to that from road sensors 
but for roads that do not have functioning road sensors (e.g., 
for roads that lack sensors, such as for geographic areas that 
do not have networks of road sensors and/or for arterial roads 
that are not significantly large to have road sensors, for road 
sensors that are broken, etc.), to verify duplicative informa 
tion that is received from road sensors or other sources, to 
identify road sensors that are providing inaccurate data (e.g., 
due to temporary or ongoing problems), etc. Moreover, road 
traffic conditions may be measured and represented in one or 
more of a variety of ways, Such as in absolute terms (e.g., 
average speed; volume of traffic for an indicated period of 
time; average occupancy time of one or more traffic sensors or 
other locations on a road. Such as to indicate the average 
percentage of time that a vehicle is over or otherwise activat 
ing a sensor; one of multiple enumerated levels of road con 
gestion, such as measured based on one or more other traffic 
condition measures; etc.) and/or in relative terms (e.g., to 
represent a difference from typical or from maximum). 
0022. In some embodiments, some road traffic condition 
information may take the form of data samples provided by 
various data Sources. Individual data samples may include 
varying amounts of information. For example, data samples 
provided by mobile data sources may include one or more of 
a source identifier, a speed indication, an indication of a 
heading, an indication of a location, a timestamp, and a status 
identifier. The source identifier may be a number or string that 
identifies the vehicle (or person or other device) acting as a 
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mobile data source. In some embodiments, the mobile data 
Source identifier may be permanently or temporarily (e.g., for 
the life of the mobile data source; for one hour; for a current 
session of use. Such as to assign a new identifier each time that 
a vehicle or data source device is turned on; etc.) associated 
with the mobile data source. In at least Some embodiments, 
Source identifiers are associated with mobile data sources in 
Such a manner as to minimize privacy concerns related to the 
data from the mobile data sources (whether permanently or 
temporarily associated). Such as by creating and/or manipu 
lating the source identifiers in a manner that prevents the 
mobile data source associated with an identifier from being 
identified based on the identifier. The speed indication may 
reflect the instant or average velocity of the mobile data 
Source expressed in various ways (e.g., miles per hour). The 
heading may reflect a direction of travel and be an angle 
expressed in degrees or other measure (e.g., in compass 
based headings or radians). The indication of location may 
reflect a physical location expressed in various ways (e.g., 
latitude/longitude pairs or Universal Transverse Mercator 
coordinates). The timestamp may denote the time at which a 
given data sample was recorded by the mobile data source, 
such as in local time or UTC (“Universal Coordinated Time') 
time. A status indicator may indicate the status of the mobile 
data source (e.g., that the vehicle is moving, stopped, stopped 
with engine running, etc.) and/or the status of at least some of 
the sensing, recording, and/or transmitting devices (e.g., low 
battery, poor signal strength, etc.). 
0023. In some embodiments, the network of roads in a 
given geographic region may be modeled or represented by 
the use of multiple road segments. Each road segment may be 
used to represent a portion of a road (or of multiple roads), 
Such as by dividing a given physical road into multiple road 
segments (e.g., with each road segment being a particular 
length, such as a one-mile length of the road, or with road 
segments being selected to reflect portions of the road that 
share similar traffic condition characteristics)—such multiple 
road segments may be successive portions of the road, or may 
alternatively in some embodiments be overlapping or have 
intervening road portions that are not part of any road seg 
ments. In addition, a road segment may represent one or more 
lanes of travel on a given physical road. Accordingly, a par 
ticular multi-lane road that has one or more lanes for travel in 
each of two directions may be associated with at least two 
road segments, with at least one road segment associated with 
travel in one direction and with at least one other road seg 
ment associated with travel in the other direction. In addition, 
multiple lanes of a single road for travel in a single direction 
may be represented by multiple road segments in some situ 
ations, such as if the lanes have differing travel condition 
characteristics. For example, a given freeway system may 
have express or high occupancy vehicle (“HOV) lanes that 
may be beneficial to represent by way of road segments 
distinct from road segments representing the regular (e.g., 
non-HOV) lanes traveling in the same direction as the express 
or HOV lanes. Road segments may further be connected to or 
otherwise associated with other adjacent road segments, 
thereby forming a network of road segments. 
0024 FIG. 1 is a block diagram illustrating data flow 
between components of an embodiment of a Data Sample 
Manager system. The illustrated data flow diagram is 
intended to reflect a logical representation of data flow 
between data sources, components of an embodiment of a 
Data Sample Manager system, and traffic data clients. That is, 
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actual data flow may occur via a variety of mechanisms 
including direct flows (e.g., implemented by parameter pass 
ing or network communications such as messages) and/or 
indirect flows via one or more database systems or other 
storage mechanisms, such as file systems. The illustrated 
Data Sample Manager system 100 includes a Data Sample 
Filterer component 104, a Sensor Data Conditioner compo 
nent 105, a Data Sample Outlier Eliminator component 106, 
a Data Sample Speed Assessor component 107, and a Data 
Sample Flow Assessor component 108. 
0025. In the illustrated embodiment, the components 104 
108 of the Data Sample Manager system 100 obtain data 
samples from various data sources, including vehicle-based 
data sources 101, road traffic sensors 103, and other data 
sources 102. Vehicle-based data sources 101 include multiple 
vehicles traveling on one or more roads, which may each 
include one or more computing systems and/or other devices 
that provide data about the travel of the vehicle. As described 
in more detail elsewhere, each vehicle may include GPS 
and/or other geo-location devices capable of determining 
location, speed, and/or other data related to the vehicle's 
travel. Such data may be obtained by the components of the 
described Data Sample Manager system by wireless data 
links (e.g., satellite uplink and/or cellular network) or in other 
manners (e.g., via a physical wired/cabled connection that is 
made after a vehicle arrives at the location with the physical 
location, such as when a fleet vehicle returns to its home 
base). Road traffic sensors 102 include multiple sensors that 
are installed in, at, or near various streets, highways, or other 
roads, such as loop sensors embedded in the pavement that are 
capable of measuring the number of vehicles passing above 
the sensor per unit time, vehicle speed, and/or other data 
related to traffic flow. Data may similarly be obtained from 
the road traffic sensors 102 via wire-based or wireless-data 
links. Other data sources 103 may include a variety of types of 
data sources, including map services and/or databases that 
provide information regarding road networks such as the 
connections between roads as well as traffic control informa 
tion related to Such roads (e.g., the existence and/or location 
of traffic control signals and/or speed Zones). 
0026. Although the illustrated data sources 101-103 in this 
example provide data samples directly to various components 
104-108 of the Data Sample Manager system 100, the data 
samples may instead be processed in various ways in other 
embodiments prior to their provision to those components. 
Such processing may include organizing and/or aggregating 
data samples into logical collections based on time, location, 
geographic region, and/or the identity of the individual data 
Source (e.g., vehicle, traffic sensor, etc.). In addition, Such 
processing may include merging or otherwise combining data 
samples into higher-order, logical data samples or other val 
ues. For example, data samples obtained from multiple geo 
graphically co-located road traffic sensors may be merged 
into a single, logical data sample by way of averaging or other 
aggregation. Furthermore, such processing may include 
deriving or otherwise synthesizing data samples or elements 
of data samples based on one or more obtained data samples. 
For example, in Some embodiments, at least some vehicle 
based data Sources may each provide data samples that 
include only a source identifier and a geographic location, and 
if so groups of multiple distinct data samples provided peri 
odically over a particular time interval or other time period 
can thereby be associated with one another as having been 
provided by a particular vehicle. Such groups of data samples 
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may then be further processed in order to determine other 
travel-related information, such as a heading for each data 
sample (e.g. by calculating the angle between the position of 
a data sample and the position of a prior and/or Subsequent 
data sample) and/or a speed for each data sample (e.g., by 
calculating the distance between the position of a data sample 
and the position of a prior and/or Subsequent data sample, and 
by dividing the distance by the corresponding time). 
0027. The Data Sample Filterer component 104 obtains 
data samples from the vehicle-based data sources 101 and the 
other data sources 102 in the illustrated embodiment, and then 
filters the obtained data samples before providing them to the 
Data Sample Outlier Eliminator component 106 and option 
ally to the Data Sample Flow Assessor component 108. As 
discussed in greater detail elsewhere. Such filtering may 
include associating data samples with road segments corre 
sponding to roads in a geographic area and/or identifying data 
samples that do not correspond to road segments of interest or 
that otherwise reflect vehicle locations or activities that are 
not of interest. Associating data samples with road segments 
may include using the reported location and/or heading of 
each data sample to determine whether the location and head 
ing correspond to a previously defined road segment. Identi 
fying data samples that do not correspond to road segments of 
interest may include removing or otherwise identifying Such 
data samples so that they will not be modeled, considered, or 
otherwise processed by other components of the Data Sample 
Manager system 100—such data samples to be removed may 
include those corresponding to roads of certain functional 
classes (e.g., residential Streets) that are not of interest, those 
corresponding to particular roads or road segments that are 
not of interest, those corresponding to portions of roads that 
are not of interest (e.g., ramps and collector/distributor lanes/ 
roads for freeways), etc. Identifying data samples that other 
wise reflect vehicle locations or activities that are not of 
interest may include identifying data samples corresponding 
to vehicles that are in an idle state (e.g., parked with engine 
running), that are driving in a parking structure (e.g., circling 
at a very low speed), etc. In addition, filtering may in some 
embodiments include identifying road segments that are (or 
are not) of interest for presentation or further analysis. For 
example, Such filtering may include analyzing variability of 
traffic flow and/or level of congestion of various road seg 
ments within a particular time period (e.g., hour, day, week), 
Such as to exclude some or all road segments with low intra 
time period variability and/or low congestion (e.g., for road 
segments for which sensor data readings are not available or 
whose functional road class otherwise indicates a Smaller or 
less-traveled road) from further analysis as being of less inter 
est than other roads and road segments. 
0028. The Sensor Data Conditioner component 105 
detects and corrects errors in data samples that include read 
ings obtained from the road traffic sensors 103. Detecting 
errors may be based on various techniques, including statis 
tical measures that compare the distribution of current data 
samples reported by a given road traffic sensor to the histori 
cal distribution of data samples reported by a given road 
traffic sensor during a corresponding time period (e.g., same 
day of week). The extent to which the actual and historical 
distributions differ may be calculated by statistical measures 
such as the Kullback-Leibler divergence, which provides a 
convex measure of the similarity between two probability 
distributions, or statistical entropy. In addition, Some road 
sensors may report indications of sensor health, and Such 
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indications may also be utilized to detect errors in obtained 
data samples. If errors are detected in obtained data samples, 
erroneous data samples may be corrected in various ways, 
including replacing Such data samples with averages of adja 
cent (e.g., neighbor) data samples from adjacent/neighbor 
road sensors that have not been determined to be erroneous. In 
addition, erroneous data samples may be corrected by refer 
ence to previously or concurrently forecasted and/or pre 
dicted values as provided by a predictive traffic information 
system. Additional details regarding predictive traffic infor 
mation systems are provided elsewhere. 
0029. The Data Sample Outlier Eliminator component 
106 obtains filtered data samples from the Data Sample Fil 
terer component 104 and/or conditioned data samples from 
the Sensor Data Conditioner component 105, and then iden 
tifies and eliminates from consideration those data samples 
that are not representative of actual vehicle travel on the roads 
and road segments of interest. In the illustrated embodiment, 
for each road segment of interest, the component analyzes a 
group of data samples that were recorded during a particular 
time period and associated with the road segment (e.g., by the 
Data Sample Filterer component 104) in order to determine 
which, if any, should be eliminated. Such determinations of 
unrepresentative data samples may be performed in various 
ways, including based on techniques that detect data samples 
that are statistical outliers with respect to the other data 
samples in the group of data samples. Additional details 
regarding data sample outlier elimination are provided else 
where. 

0030 The Data Sample Speed Assessor component 107 
obtains data samples from the Data Sample Outlier Elimina 
tor component 106, such that the obtained data samples in the 
illustrated embodiment are representative of actual vehicle 
travel on the roads and road segments of interest. The Data 
Sample Speed Assessor component 107 then analyzes the 
obtained data samples to assess one or more speeds for road 
segments of interest for at least one time period of interest 
based on a group of the data samples that have been associated 
with the road segment (e.g., by the Data Sample Filterer 
component 104) and the time period. In some embodiments, 
the assessed speed(s) may include an average of the speeds 
for multiple of the data samples of the group, possibly 
weighted by one or more attributes of the data samples (e.g., 
age. Such as to give greater weight to newer data samples, 
and/or source or type of the data samples. Such as to vary the 
weight for data samples from mobile data sources or from 
road sensors So as to give greater weight to sources with 
higher expected reliability or availability) or by other factors. 
More details regarding speed assessment from data samples 
are provided elsewhere. 
0031. The Data Sample Flow Assessor component 108 
assesses traffic flow information for road segments of interest 
for at least one time period of interest, Such as to assess traffic 
Volume (e.g., expressed as a total or average number of 
vehicles arriving at or traversing a road segment over a par 
ticular amount of time, such as per minute or hour), to assess 
traffic density (e.g., expressed as an average or total number 
of vehicles per unit of distance, such as per mile or kilometer), 
to assess traffic occupancy (e.g., expressed as an average or 
total amount of time that vehicles occupy a particular point or 
region over a particular amount of time, such as perminute or 
hour), etc. The assessment of the traffic flow information in 
the illustrated embodiment is based at least in part on traffic 
speed-related information provided by the Data Sample 
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Speed Assessor component 107 and the Data Sample Outlier 
Eliminator component 106, and optionally on traffic data 
sample information provided by the Sensor Data Conditioner 
component 105 and the Data Sample Filterer component 104. 
Additional details regarding data sample flow assessment are 
provided elsewhere. 
0032. The one or more traffic data clients 109 in the illus 
trated embodiment obtain assessed road traffic condition 
information (e.g., speed and/or flow data) provided by the 
Data Sample Speed Assessor component 107 and/or the Data 
Sample Flow Assessor component 108, and may utilize such 
data in various ways. For example, traffic data clients 109 
may include other components and/or traffic information sys 
tems operated by the operator of the Data Sample Manager 
system 100, such as a predictive traffic information provider 
system that utilizes traffic condition information in order to 
generate predictions of future traffic conditions at multiple 
future times, and/or a realtime (or near-real time) traffic infor 
mation presentation or provider system that provides realtime 
(or near-realtime) traffic condition information to end-users 
and/or third-party clients. In addition, traffic data clients 109 
may include computing systems operated by third parties in 
order to provide traffic information services to customers. 
0033 For illustrative purposes, some embodiments are 
described below in which specific types of road traffic con 
ditions are assessed in specific ways, and in which Such 
assessed traffic information is used in various specific ways. 
However, it will be understood that such road traffic condition 
assessments may be generated in other manners and using 
other types of input data in other embodiments, that the 
described techniques can be used in a wide variety of other 
situations, and that the invention is thus not limited to the 
exemplary details provided. 
0034 FIGS. 2A-2E illustrate examples of assessing road 

traffic conditions based on data obtained from vehicles and 
other mobile data sources, such as may be performed by an 
embodiment of the described Data Sample Manager system. 
In particular, FIG. 2A illustrates an example of data sample 
filtering for an example area 200 with several roads 201, 202, 
203, and 204, and with a legend indication 209 indicating the 
direction of north. In this example, road 202 is a divided, 
limited access road such as a freeway or toll road, with two 
distinct groups of lanes 202a and 202b for vehicle travel in the 
west and east directions, respectively. Lane group 202a 
includes an HOV lane 202a2 and multiple other regular lanes 
202a1, and lane group 202b similarly includes an HOV lane 
202b2 and multiple other regular lanes 202b1. Road 201 is an 
arterial road with two lanes 201a and 201b for vehicle travel 
in the south and north directions, respectively. Road 201 
passes over road 202 (e.g., via an overpass or bridge), and 
road 204 is an on-ramp that connects the northbound lane 
201b of road 201 to the eastbound lane group 202b of road 
202. Road 203 is a local frontage road adjoining road 202. 
0035. The roads depicted in FIG. 2A may be represented 
in various ways for use by the described Data Sample Man 
ager system. For example, one or more road segments may be 
associated with each physical road, Such as to have north 
bound and Southbound road segments associated with the 
northbound lane 201b and southbound lane 201b, respec 
tively. Similarly, at least one westbound road segment and at 
least one eastbound road segment may be associated with the 
westbound lane group 202a and the eastbound lane group 
202b of road 202, respectively. For example, the portion of the 
eastbound lane group 202b east of road 201 may be a separate 
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road segment from the portion of the eastbound lane group 
202b west of road 201, such as based on the road traffic 
conditions typically or often varying between the road por 
tions (e.g., due to a typically significant influx of vehicles to 
lane group 202b east of road 201 from the on-ramp 204, such 
as that may typically cause greater congestion in lane group 
202b to the east of road 201). In addition, one or more lane 
groups may be decomposed into multiple road segments, 
such as if different lanes typically or often have differing road 
traffic condition characteristics (e.g., to represent any given 
portion of lane group 202b as a first road segment correspond 
ing to lanes 202b1 based on those lanes sharing similar traffic 
condition characteristics, and as a second road segment cor 
responding to HOV lane 202b2 due to its differing traffic 
condition characteristics)—in other such situations, only a 
single road segment may be used for Such a lane group, but 
Some data samples (e.g., those corresponding to HOV lane 
202b2) may be excluded from use (such as by a Data Sample 
Filterer component and/or a Data Sample Outlier Eliminator 
component) when assessing road traffic conditions for the 
lane group. Alternatively, Some embodiments may represent 
multiple lanes of a given road as a single road segment, even 
if the lanes are used for travel in opposite directions, such as 
if the road traffic conditions are typically similar in both 
directions—for example, frontage road 205a may have two 
opposing lanes of travel, but may be represented by a single 
road segment. Road segments may be determined at least in 
part in a variety of other ways in at least Some embodiments, 
such as to be associated with geographic information (e.g., 
physical dimensions and/or heading(s)) and/or traffic-related 
information (e.g., speed limits). 
0036 FIG. 2A further depicts multiple data samples 
205a-k reported by multiple mobile data sources (e.g., 
vehicles, not shown) traveling in the area 200 during a par 
ticular time interval or other time period (e.g. 1 minute, 10 
minutes, 15 minutes, etc.). Each of the data samples 205a-kis 
depicted as an arrow that indicates a heading for the data 
sample, as reported by one of the multiple mobile data 
Sources. The data samples 205a-kare Superimposed upon the 
area 200 in such a manner as to reflect locations reported for 
each of the data samples (e.g., expressed in units of latitude 
and longitude, such as based on GPS readings), which may 
differ from the actual locations of the vehicle when that data 
sample was recorded (e.g., due to an inaccurate or erroneous 
reading, or due to a degree of variability that is inherent for the 
location sensing mechanism used). For example, data sample 
205g shows a location that is slightly north of the road 202b, 
which may reflect a vehicle that was pulled over off the north 
side of lane 202b2 (e.g., because of a mechanical malfunc 
tion), or it instead may reflect an inaccurate location for a 
vehicle that was in fact traveling in the eastbound direction in 
lane 202b2 or other lane. In addition, a single mobile data 
source may be the source of more than one of the illustrated 
data samples, such as if both sample 205i and sample 205h 
were reported by a single vehicle based on its traveleastbound 
along road 202 during the time period (e.g., via a single 
transmission containing multiple data samples for multiple 
prior time points, such as to report data samples every 5 
minutes or every 15 minutes). More details regarding storing 
and providing multiple acquired data samples are included 
below. 

0037. The described Data Sample Manager system may in 
Some embodiments, filter the obtained data samples, such as 
to map data samples to predefined road segments and/or 
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identify data samples that do not correspond to Such road 
segments of interest. In some embodiments, a data sample 
will be associated with a road segment if its reported location 
is within a predetermined distance (e.g., 5 meters) of the 
location of a road and/or lane(s) corresponding to the road 
segment and if its heading is within a predetermined angle 
(e.g., plus or minus 15 degrees) of the heading of the road 
and/or lanes(s) corresponding to the road segment. Road seg 
ments in the illustrated embodiment are associated with suf 
ficient location-based information (e.g., heading of the road 
segment, physical bounds of the road segment, etc.) to make 
Such a determination, although in other embodiments the 
association of data samples to road segments may be per 
formed before the data samples are made available to the Data 
Sample Manager system. 
0038. As an illustrative example, data sample 205a may be 
associated with a road segment corresponding to road 203, 
because its reported location falls within the bounds of road 
203 and its heading is the same (or nearly the same) as at least 
one of the headings associated with road 203. In some 
embodiments, when a single road segment is utilized to rep 
resent multiple lanes some of which are traveling in opposite 
directions, the heading of a data sample may be compared to 
both headings of the road segment in order to determine 
whether the data sample may be associated with the road 
segment. For example, data sample 205k has a heading 
approximately opposite that of data sample 205a, but it may 
also be associated with the road segment corresponding to 
road 203, if that road segment is utilized to represent the two 
opposing lanes of road 203. 
0039. However, due to the proximity of road 203 and lane 
group 202a, it may also be possible that data sample 205k 
reflects a vehicle traveling in lane group 202a, Such as if the 
reported location of data sample 205k is within a margin of 
error for locations of vehicles traveling in one or more of the 
lanes of lane group 202a, since the heading of data sample 
205k is the same (or nearly the same) as the heading of lane 
group 202a. In some embodiments, such cases of multiple 
possible road segments for a data sample may be disambigu 
ated based on other information associated with the data 
sample—for example, in this case, an analysis of the reported 
speed of data sample 205k may be used to assist in the dis 
ambiguation, Such as if lane group 202a corresponds to a 
freeway with a 65 mph speed limit, road 203 is a local front 
age road with a 30 mph speed limit, and a reported speed of 
the data sample is 75 mph (resulting in an association with the 
freeway lane(s) being much more likely than an association 
with the local frontage road). More generally, if the reported 
speed of data sample 205k is more similar to the observed or 
posted speed for road 203 than to the observed or posted 
speed for lane group 202a, Such information may be used as 
part of determining to associate the data sample with road 203 
and not lane group 202a. Alternatively, if the reported speed 
of data sample 205k is more similar to the observed or posted 
speed for lane group 202a than to the observed or posted 
speed for road 203, it may be associated with lane group 202a 
and not road 203. Other types of information may similarly be 
used as part of such disambiguation (e.g., location; heading: 
status; information about other related data samples, such as 
other recent data samples from the same mobile data source: 
etc.). Such as part of a weighted analysis to reflect a degree of 
match for each type of information for a data sample to a 
candidate road segment. 
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0040. For example, with respect to associating data 
sample 205b to an appropriate road segment, its reported 
location occurs at an overlap between lane 201b and lane 
group 202a, and is near lane 201a as well as other roads. 
However, the reported heading of the data sample (approxi 
mately northbound) matches the heading of lane 201b (north 
bound) much more closely than that of other candidate lanes/ 
roads, and thus it will likely be associated with the road 
segment corresponding to lane 201b in this example. Simi 
larly, data sample 205c includes a reported location that may 
match multiple roads/lanes (e.g., lane 201a, lane 201b, and 
lane group 202a), but its heading (approximately westbound) 
may be used to select a road segment for lane group 202a as 
the most appropriate road segment for the data sample. 
0041 Continuing with this example, data sample 205d 
may not be associated with any road segment, because its 
heading (approximately eastbound) is in the opposite direc 
tion as that of lane group 202a (westbound) whose position 
corresponds to the data sample's reported location. If there 
are no other appropriate candidate road segments that are near 
enough (e.g., within a predetermined distance) to the reported 
location of data sample 205d, such as if lane group 202b with 
a similar heading is too far way, this data sample may be 
excluded during filtering from Subsequent use in analysis of 
the data samples. 
0042 Data sample 205e may be associated with a road 
segment corresponding to lane group 202a, such as a road 
segment corresponding to HOV lane 202a2, since its reported 
location and heading correspond to the location and heading 
of that lane. Such as if a location-based technique used for the 
location of the data sample has sufficient resolution to differ 
entiate between lanes (e.g., differential GPS, infrared, sonar, 
or radar ranging devices). Data samples may also be associ 
ated with a particular lane of a multi-lane road based on 
factors other than location-based information, Such as if the 
lanes have differing traffic condition characteristics. For 
example, in some embodiments the reported speed of a data 
sample may be used to fit or match the data sample to a 
particular lane by modeling an expected distribution (e.g., a 
normal or Gaussian distribution) of observed speeds (or other 
measures of traffic flow) of data samples for each Such can 
didate lane and determining a best fit for the data sample to the 
expected distributions. For example, data sample 205e may 
be associated with the road segment corresponding to HOV 
lane 202a2because the reported speed of that data sample is 
closer to an observed, inferred or historical average speed of 
vehicles traveling in HOV lane 202a2 than to an observed, 
inferred or historical average speed for vehicles traveling in 
regular lanes 202a1. Such as by determining an observed or 
inferred average speed based on other data samples (e.g., 
using data readings provided by one or more road traffic 
sensors) and/or analysis of other related current data. 
0043. In a similar manner, data samples 205f 205h, 205i, 
and 205i may be associated with the road segments corre 
sponding to lane 201a, lanes 202b1, lanes 202b1, and ramp 
204, respectively, because their reported locations and head 
ings correspond to the locations and headings of those roads 
or lanes. 

0044) Data sample 205g may be associated with a road 
segment corresponding to lane group 202b (e.g., a road seg 
ment for HOV lane 202b2) even though its reported location 
is outside of the bounds of the illustrated road, because the 
reported location may be within the predetermined distance 
(e.g., 5 meters) of the road. Alternatively, data sample 205g 
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may not be associated with any road segment if its reported 
location is sufficiently far from the road. In some embodi 
ments, different predetermined distances may be used for 
data samples provided by different data sources, such as to 
reflect a known or expected level of accuracy of the data 
Source. For example, data samples provided by mobile data 
Sources that utilize uncorrected GPS signals may use a rela 
tively high (e.g., 30 meters) predetermined distance, whereas 
data samples provided by mobile data sources utilizing dif 
ferential-corrected GPS devices may be compared using a 
relatively low (e.g., 1 meter) predetermined distance. 
0045. In addition, data sample filtering may include iden 
tifying data samples that do not correspond to road segments 
of interest and/or are unrepresentative of actual vehicle travel 
on the roads. For instance, Some data samples may be 
removed from consideration because they have been associ 
ated with roads that are not being considered by the Data 
Sample Manager system. For example, in some embodi 
ments, data samples associated with roads of lesser functional 
road classes (e.g., residential Streets and/or arterials) may be 
filtered. Referring back to FIG. 2A, for example, data samples 
205a and/or 205k may be filtered because road 203 is a local 
frontage road that is of a sufficiently low functional classifi 
cation to not be considered by the Data Sample Manager 
system, or data sample 205i may be filtered because the 
on-ramp is too short to be of interest separate from the free 
way. Filtering may further be based on other factors, such as 
inferred or reported activity of mobile data sources relative to 
the inferred or reported activity of other mobile data sources 
on one or more road segments. For example, a series of data 
samples associated with a road segment and provided by a 
single mobile data source that all indicate the same location 
likely indicates that the mobile data source has stopped. If all 
other data samples associated with the same road segment 
indicate moving mobile data sources, the data samples corre 
sponding to the stopped mobile data source may be filtered 
out as being unrepresentative of actual vehicle travel on the 
road segment, such as due to the mobile data source being a 
parked vehicle. Furthermore, in some embodiments, data 
samples may include reported indications of the driving status 
of the vehicle (e.g., that the vehicle transmission is in “park” 
with the engine running, Such as a vehicle stopped to make a 
delivery), and if so Such indications may similarly be used to 
filter Such data samples as being unrepresentative of actual 
traveling vehicles. 
0046 FIG. 2B illustrates a graphical view of multiple data 
samples associated with a single road segment obtained from 
multiple data sources during aparticular time interval or other 
time period, with the data samples plotted on a graph 210 with 
time measured on the x-axis 210b and speed measured on the 
y-axis 210a. In this example, the illustrated data samples have 
been obtained from multiple mobile data sources as well as 
one or more road traffic sensors associated with the road 
segment, and are shown with differing shapes as illustrated in 
the displayed legend (i.e., with darkened diamonds (“0”) for 
data samples obtained from road traffic sensors, and with 
open squares (“O'”) for data samples obtained from mobile 
data sources). The illustrated data samples from mobile data 
Sources may have been associated with the road segment as 
described with reference to FIG. 2A. 

0047 Exemplary data samples include road traffic sensor 
data samples 211a-c and mobile data source data samples 
212a-d. The reported speed and recording time of a given data 
sample may be determined by its position on the graph. For 
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example, mobile data source data sample 212d has a reported 
speed of 15 miles per hour (or other speed unit) and was 
recorded at a time of approximately 37 minutes (or other time 
unit) relative to some starting point. As will be described in 
more detail below, Some embodiments may analyze or other 
wise process obtained data samples within particular time 
windows during the time period being represented. Such as 
time window 213. In this example, time window 213 contains 
data samples recorded during a 10-minute interval from time 
30 minutes to time 40 minutes. In addition, some embodi 
ments may further partition the group of data samples occur 
ring within a particular time window into two or more groups, 
Such as group 214a and group 214b. For example, it will be 
noted that the illustrated data samples appear to reflect a 
bi-modal distribution of reported speeds, with the bulk of the 
data samples reporting speeds in the range of 25-30 miles per 
hour or in the range of 0-8 miles per hour. Such a bi-modal or 
other multi-modal distribution of speeds may occur, for 
example, because the underlying traffic flow patterns are non 
uniform, such as due to a traffic control signal that causes 
traffic to flow in a stop-and-go pattern, or to the road segment 
including multiple lanes of traffic that are moving at different 
speeds (e.g., an HOV or express lane with relatively higher 
speeds than other non-HOV lanes). In the presence of such 
multi-modal distributions of speed data, Some embodiments 
may partition the data samples into two or more groups for 
further processing, such as to produce improved accuracy or 
resolution of processing (e.g., by calculating distinct average 
speeds that more accurately reflect the speeds of various 
traffic flows) as well as additional information of interest 
(e.g., the speed differential between HOV traffic and non 
HOV traffic), or to identify a group of data samples to exclude 
(e.g., to not include HOV traffic as part of a subsequent 
analysis). While not illustrated here, such distinct groups of 
data samples may be identified in various ways, including by 
modeling a distinct distribution (e.g., a normal or Gaussian 
distribution) for the observed speeds of each group. 
0048 FIG. 2C illustrates an example of performing data 
sample outlier elimination to filter or otherwise exclude from 
consideration those data samples that are unrepresentative of 
vehicles traveling on a particular road segment, which in this 
example is based on the reported speed for the data samples 
(although in other embodiments one or more other attributes 
of the data samples could instead be used as part of the 
analysis, whether instead of or in addition to the reported 
speeds). In particular, FIG. 2C shows a table 220 that illus 
trates data sample outlier elimination being performed on an 
example group often data samples (in actual use, the numbers 
of data samples being analyzed may be much larger). The 
illustrated data samples may, for example, be all of the data 
samples occurring within a particular time window (such as 
time window 213 of FIG. 2B), or alternatively may include 
only a Subset of the data samples of a particular time window 
(such as those included in group 214a or 214b of FIG. 2B) or 
may include all data samples available for a larger time 
period. 
0049. In the present example, unrepresentative data 
samples are identified as being statistical outliers with respect 
to other data samples in a determined group of data samples 
by determining the deviation of the speed of each data sample 
in a group of data samples from the average speed of the other 
data samples in the group. The deviation of each data sample 
may be measured, for example, in terms of the number of 
standard deviations difference from the average speed of the 
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other data samples in the group, with data samples whose 
deviations are greater than a predetermined threshold (e.g., 2 
standard deviations) being identified as outliers and being 
excluded from further processing (e.g., by being discarded). 
0050 Table 220 includes aheading row 222 that describes 
the contents of multiple columns 221 af. Each row 22.3af of 
table 220 illustrates a data sample outlier elimination analysis 
for a distinct one of the ten data samples, with column 221a 
indicating the data sample being analyzed for each row—as 
each data sample is analyzed, it is excluded from the other 
samples of the group to determine the difference that results. 
The data sample of row 223a may be referred to as the first 
data sample, the data sample of row 223b may be referred to 
as the second data sample, and so on. Column 221b contains 
the reported speed of each of the data samples, measured in 
miles per hour. Column 221c lists the other data samples in 
the group against which the data sample of a given row will be 
compared, and column 221d lists the approximate average 
speed of the group of data samples indicated by column 221c. 
Column 221e contains the approximate deviation between 
the speed of the excluded data sample from column 221b and 
the average speed listed in column 221d of the other data 
samples, measured in number of standard deviations. Column 
221 findicates whether the given data sample would be elimi 
nated, based on whether the deviation listed incolumn 221e is 
greater than 1.5 standard deviations for the purposes of this 
example. In addition, the average speed 224 for all 10 data 
samples is shown to be approximately 25.7 miles per hour, 
and the standard deviation 225 of all 10 data samples is shown 
to be approximately 14.2. 
0051. Thus, for example, row 223a illustrates that the 
speed of data sample 1 is 26 miles per hour. Next, the average 
speed of the other data samples 2-10 is calculated as approxi 
mately 25.7 miles per hour. The deviation of the speed of data 
sample 1 from the average speed of the other data samples 
2-10 is then calculated as being approximately 0.02 standard 
deviations. Finally, data sample 1 is determined to not be an 
outlier since its deviation is below the threshold of 1.5 stan 
dard deviations. Further, row 223c illustrates that the speed of 
data sample 3 is 0 miles per hour and that the average speed of 
the other data samples 1-2 and 4-10 is calculated as approxi 
mately 28.6 miles per hour. Next, the deviation of the speed of 
data sample 3 from the average speed of the other data 
samples 1-2 and 4-10 is calculated as approximately 2.44 
standard deviations. Finally, data sample3 is determined to be 
eliminated as an outlier because its deviation is above the 
threshold of 1.5 standard deviations. 

0052 More formally, given N data samples, Vov, V.,... 
, V, recorded in a given time period and associated with a 
given road segment, a current data sample V, will be elimi 
nated if 

where V, is speed of the current data sample being analyzed:v, 
is the average of the speed of the other data samples (vo. . . . 
, V, V. . . . . v.); O, is the standard deviation of the other 
data samples; and c is a constant threshold (e.g., 1.5). In 
addition, as a special case to handle a potential division by 
Zero, the current sample V, will be eliminated if the standard 
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deviation of the other data samples, O, is Zero and the speed 
of the current data sample is not equal to the average speed of 
the other data samples, v. 
0053. Note that for each V, it is not necessary to iterate 
Over all of the other data samples (vo. . . . . V-1 V1, ..., V.) 
in order to compute the average and the standard deviation O, 
The average V, of the other data samples Vo. . . 
.., V, may be expressed as follows: 

V-1 V-1 : 

and the standard deviation O, of the other data samples Vo. . . 
... V. V. . . . , V, may be expressed as follows: 

where N is the total number of data samples (including the 
current data sample);vis the average of all of the data samples 
Vo. V. V. . . . , V, V, is the current data sample, and O is the 
standard deviation of all of the data samples Vo V.,..., V. By 
utilizing the above formulas, the averages and standard devia 
tions may be efficiently calculated, and in particular may be 
calculated in constant time. Since the above algorithm calcu 
lates an average and a standard deviation for each data sample 
in each road segment, the algorithm runs in O(MN) time, 
where M is the number of road segments and N is the number 
of data samples per road segment. 
0054. In other embodiments, other outlier detection and/or 
data elimination algorithms may be used, whether instead of 
or in addition to the described outlier detection, such as tech 
niques based on neural network classifiers, naive Bayesian 
classifiers, and/or regression modeling, as well as techniques 
in which groups of multiple data samples are considered 
together (e.g., if at least some data samples are not indepen 
dent of other data samples). 
0055 FIG. 2D illustrates an example of performing aver 
age speed assessment using data samples, and shows example 
data samples similar to those depicted in FIG. 2B for a par 
ticular road segment and period of time. The data samples 
have been plotted on a graph 230, with time measured on the 
x-axis 230b and speed measured on the y-axis 230a. In some 
embodiments, the average speed for a given road segment 
may be computed on a periodic basis (e.g. every 5 minutes). 
Each computation may consider multiple data samples within 
a predetermined time window (or interval), such as 10 min 
utes or 15 minutes. If average speeds are computed over Such 
time windows, such as at or near the end of the time windows, 
data samples within a time window may be weighted in 
various manners when aggregating the speeds of the data 
samples, such as to take into account the age of data samples 
(e.g., to discount older data samples based on the intuition and 
the expectation that they do not provide as accurate informa 
tion as to the actual traffic conditions at the end of the time 
window or other current time as younger data samples 
recorded relatively nearer the current time due to changing 
traffic conditions). Similarly, other data sample attributes 
may be considered in Some embodiments when weighting 
data samples, such as a type of data source or a particular data 
Source for a data sample (e.g., to weight data samples more 
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heavily if they come from a type of data source or a particular 
data source that is believed to be more accurate than others or 
to otherwise provide better data than others), as well as one or 
more other types of weighting factors. 
0056. In the illustrated example, an average speed for the 
example road segment is computed every five minutes over a 
15-minute time window. The example depicts the relative 
weights of two illustrative data samples, 231a and 231b, as 
they contribute to the computed average speed of each of two 
time windows, 235a and 235b. The time window 235a 
includes data samples recorded between times 30 and 45, and 
the time window 235b includes data samples recorded 
between times 35 and 50. Data samples 231a and 231b both 
fall within both time windows 235a and 235b. 

0057. In the illustrated example, each data sample in a 
given time window is weighted in proportion to its age. That 
is, older data samples weigh less (and therefore contribute 
less to the average speed) than younger data samples. Spe 
cifically, the weight of a given data sample decreases expo 
nentially with age in this example. This decaying weighting 
function is illustrated by way of two weight graphs 232a and 
232b corresponding to time windows 235a and 235b, respec 
tively. Each weight graph 232a and 232b plots data sample 
recording time on the X-axis (horizontal) against weight on 
the y-axis (vertical). Samples recorded later in time (e.g., 
nearer the end of the time window) weigh more than samples 
recorded earlier in time (e.g., nearer the beginning of the time 
window). The weight for a given data sample may be visual 
ized by dropping a vertical line downwards from the data 
sample in graph 230 to where it intersects with the curve of the 
weight graph corresponding to the time window of interest. 
For example, weight graph 232a corresponds to time window 
235a, and in accordance with the relative ages of data samples 
231a (older) and 231b (younger), the weight 233a of data 
sample 231a is less than the weight 233b of data sample 231b. 
In addition, weight graph 232b corresponds to time interval 
235b, and it similarly can be seen that the weight 234a of data 
sample 231a is less than the weight 234b of data sample 231b. 
In addition, it is evident that the weight of a given data sample 
decays over time with respect to Subsequent time windows. 
For example, the weight 233b of data sample 231b in time 
window 235a is greater than the weight 234b of the same data 
sample 231b in the later time window 235b, because data 
sample 231b is relatively younger during time window 235a 
compared to time window 235b. 
0058 More formally, in one embodiment, the weight of a 
data sample recorded at time t with respect to a time ending at 
time T may be expressed as follows: 

where e is the well-known mathematical constant and C. is a 
variable parameter (e.g., 0.2). Given the above, a weighted 
average speed for N data samples Vo V, V.,..., V, in a time 
interval ending at time T may be expressed as follows, with t, 
being the time which data sample V, represents (e.g., the time 
at which it was recorded): 

Weighted average speed = - 
X e-o (T-ti) 
i 
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0059. Furthermore, an error estimate for the computed 
average speed may be computed as follows: 

O 
Error estimate = - 

VN 

where N is the number of data samples and O is the standard 
deviation of the samples Vo V, V, ..., V, from the average 
speed. Other forms of confidence values may similarly be 
determined for computed or generated average speeds in 
other embodiments. 
0060. As noted, data samples may be weighted based on 
other factors, whether instead of or in addition to recency of 
the data samples. For example, data samples may be time 
weighted as described above but by utilizing different weight 
functions (e.g., to have the weight of a data sample decrease 
linearly, rather than exponentially, with age). In addition, data 
sample weighting may be further based on the total number of 
data samples in the time interval of interest. For example, the 
variable parameter C. described above may depend or other 
wise vary based on the total number of data samples, such that 
greater numbers of data samples result in higher penalties 
(e.g., lower weights) for older data samples, to reflect the 
increased likelihood that there will be more low latency (e.g., 
younger) data samples available for purposes of computing 
average speed. Furthermore, data samples may be weighted 
based on other factors, including type of data source. For 
example, it may be the case that particular data Sources (e.g., 
particular road traffic sensors, or all traffic sensors of a par 
ticular network) are known (e.g., based on reported Status 
information) or expected (e.g., based on historical observa 
tions) to be unreliable or otherwise inaccurate. In Such cases, 
data samples obtained from Such road traffic sensors (e.g., 
such as data sample 211a of FIG. 2B) may be weighted less 
than data samples obtained from mobile data sources (e.g., 
data sample 212a of FIG. 2B). 
0061 FIG. 2E facilitates an example of performing traffic 
flow assessment for road segments based on data samples, 
Such as may include inferring traffic Volumes, densities, and/ 
or occupancy. In this example, traffic Volume of a given road 
segment is expressed as a total number of vehicles flowing in 
a given time window over the road segment or a total number 
of vehicles arriving at the road segment during the time win 
dow, traffic density of a given road segment is expressed as a 
total number of vehicles per unit distance (e.g., miles or 
kilometers), and traffic occupancy is expressed as an average 
amount of time that a particular road segment or point on the 
road segment is occupied by a vehicle. 
0062 Given a number of distinct mobile data sources 
observed to be traveling over a given road segment during a 
given time window, and a known or expected percentage of 
total vehicles that are mobile data sources, it is possible to 
infer a total traffic volume—the total number of vehicles 
(including the vehicles that are not mobile data sources) trav 
eling over the road segment during the time window. From the 
inferred total traffic Volume, and assessed average speeds for 
vehicles on the road segment, it is possible to further calculate 
traffic density as well as road occupancy. 
0063. An unsophisticated approach to estimating total 

traffic Volume of a particular road segment during a particular 
time window would be to simply divide the number of mobile 
data sample sources for that time window by the percentage 
of actual vehicles expected to be mobile data sample 
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Sources—thus, for example, if mobile data samples are 
received from 25 mobile data sources during the time window 
and 10% of the total vehicles on the road segment are 
expected to be mobile data sample sources, the estimated total 
Volume would be 250 actual vehicles for the amount of time 
of the time window. However, this approach may lead to large 
variability of volume estimates for adjacent time windows 
due to the inherent variability of arrival rates of vehicles, 
particularly if the expected percentage of mobile data sample 
Sources is Small. As one alternative that provides a more 
Sophisticated analysis, total traffic Volume of a given road 
segment may be inferred as follows. Given an observation of 
a certain number of distinct mobile data sources (e.g., indi 
vidual vehicles), n, on a road segment of length 1, during a 
given period of time t, Bayesian statistics can be utilized to 
infer an underlying mean rate of arrival of mobile data 
sources, W. The arrival of mobile data sources on the stretch of 
road corresponding to the road segment may be modeled as a 
random, discrete process in time, and therefore may be 
described by Poisson statistics, such that: 

From the above formula, a likelihood that n mobile data 
Sources will be observed may be calculated, given a mean 
arrival rate W and an observed number of vehicles n. For 
example, Suppose a mean arrival rate of w=10 (vehicles/unit 
time) and an observation of n=5 vehicles. Substitution yields 

10510 
st s 0.038 

indicating a 3.8% likelihood of actually observing n=5 
vehicles. Similarly, the likelihood of actually observing 10 
vehicles arriving (i.e. n=10) if the mean arrival rate is v-10 
(vehicles/unit time) is approximately 12.5%. 
0064. The above formula may be utilized in conjunction 
with Bayes Theorem in order to determine the likelihood of a 
particular arrival rate W given an observation of n. As is 
known, Bayes Theorem is: 

p(n) p(n) 

By Substitution and constant elimination, the following may 
be obtained: 

A 
p(n) c 

n 

From the above, a proportional or relative likelihood of an 
arrival rate w, given an observation of n mobile data sources, 
may be calculated, providing a probability distribution over 
possible values of given various observed values for n. For 
a particular value of n, the distribution of likelihoods over 
various arrival rate values allows a single representative 
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arrival rate value to be selected (e.g., a mean or a median) and 
a degree of confidence in that value to be assessed. 
0065. Furthermore, given a known percentage q of total 
vehicles on the road that are mobile data sources, also referred 
to as the “penetration factor, the arrival rate volume of total 
traffic may be calculated as 

Total traffic volume = - 

Total traffic Volume for a road segment during a time period 
may in Some embodiments alternatively be expressed as a 
total number of vehicles k flowing in time t over a length/of 
the road segment. 
0066 FIG. 2E illustrates the probability distribution of 
various total traffic Volumes given observed sample sizes, 
given an example mobile data source penetration factor of 
q=0.014 (1.4%). In particular, FIG.2E depicts a three dimen 
sional graph 240 that plots observed number of mobile data 
Sources (n) on the y-axis 241 against inferred traffic arrival 
rate Volume on the X-axis 242 and against likelihood of each 
inferred traffic volume value on the Z-axis 243. For example, 
the graph shows that given an observed number of mobile 
data sources of n=0, the likelihood that the actual traffic 
volume is near Zero is approximately 0.6 (or 60%), as illus 
trated by bar 244a, and the likelihood that the actual traffic 
Volume is near 143 vehicles per unit time is approximately 
0.1, as illustrated by bar 244b. Furthermore, given an 
observed number of mobile data sources of n=28, the likeli 
hood that the total actual traffic volume is near 2143 vehicles 
per unit time (corresponding to approximately 30 mobile data 
sample sources per unit time, given the example penetration 
factor) is approximately 0.1, as illustrated by bar 244c, which 
appears to be close to the median value for total actual traffic 
Volume. 
0067. In addition, average occupancy and density may be 
calculated using the inferred total traffic arrival rate volume 
for a given road segment (representing a number of vehicles 
k arriving during time T at the road segment), the assessed 
average speed V, and an average vehicle length d, as follows: 

Vehicles per mile, m = - 
t 

Occupancy = ind 

As previously described, the average speed V of vehicles on 
the road segment may be obtained by utilizing speed assess 
ment techniques, such as those described with reference to 
FIG. 2D. 

0068 FIG. 3 is a block diagram illustrating an embodi 
ment of a computing system 300 that is suitable for perform 
ing at least some of the described techniques, such as by 
executing an embodiment of a Data Sample Manager system. 
The computing system 300 includes a central processing unit 
(“CPU”) 335, various input/output (“I/O”) components 305, 
storage 340, and memory 345, with the illustrated I/O com 
ponents including a display 310, a network connection 315, a 
computer-readable media drive 320, and other I/O devices 
330 (e.g., keyboards, mice or other pointing devices, micro 
phones, speakers, etc.). 
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0069. In the illustrated embodiment, various systems are 
executing in memory 345 in order to perform at least some of 
the described techniques, including a Data Sample Manager 
system 350, a Predictive Traffic Information Provider system 
360, a Key Road Identifier system 361, a Road Segment 
Determiner system 362, an RT Information Provider system 
363, and optional other systems provided by programs 369, 
with these various executing systems generally referred to 
herein as traffic information systems. The computing system 
300 and its executing systems may communicate with other 
computing systems via a network 380 (e.g., the Internet, one 
or more cellular telephone networks, etc.). Such as various 
client devices 382, vehicle-based clients and/or data sources 
384, road traffic sensors 386, other data sources 388, and 
third-party computing systems 390. 
0070. In particular, the Data Sample Manager system 350 
obtains various information regarding current traffic condi 
tions and/or previous observed case data from various 
sources, such as from the road traffic sensors 386, vehicle 
based mobile data sources 384 and/or other mobile or non 
mobile data sources 388. The Data Sample Manager system 
350 then prepares the obtained data for use by other compo 
nents and/or systems by filtering (e.g., eliminating data 
samples from consideration) and/or conditioning (e.g., cor 
recting errors) the data, and then assesses road traffic condi 
tions such as traffic flow and/or speed for various road seg 
ments using the prepared data. In this illustrated embodiment, 
the Data Sample Manager system 350 includes a DataSample 
Filterer component 352, a Data Sample Outlier Eliminator 
component 354, a Data Sample Speed Assessor component 
356, and a Data Sample Flow Assessor component 358, with 
the components 352-358 performing functions similar to 
those previously described for corresponding components of 
FIG. 1 (such as the Data Sample Filterer component 104, the 
Data Sample Outlier Eliminator component 106, the Data 
Sample Speed Assessor component 107, and the Data Sample 
Flow Assessor component 108). In addition, in at least some 
embodiments the Data Sample Manager system performs its 
assessment of road traffic conditions in a Substantially real 
time or near-realtime manner, Such as within a few minutes of 
obtaining the underlying data (which may be itself be 
obtained in a Substantially realtime manner from the data 
Sources). 
(0071. The other traffic information systems 360-363 and 
369 and/or the third-party computing systems 390 may then 
use data provided by the Data Sample Manager system in 
various ways. For example, the Predictive Traffic Information 
Provider system 360 may obtain (either directly, or indirectly 
via a database or storage device) Such prepared data to gen 
erate future traffic condition predictions for multiple future 
times, and provide the predicted information to one or more 
other recipients, such as one or more other traffic information 
systems, client devices 382, vehicle-based clients 384, and/or 
third-party computing systems 390. In addition, the RT Infor 
mation Provider system 363 may obtain information about 
assessed road traffic conditions from the Data Sample Man 
ager system, and make the road traffic condition information 
available to others (e.g., client devices 382, vehicle-based 
clients 384, and/or third-party computing systems 390) in a 
realtime or near-realtime manner when the Data Sample 
Manager system also performs its assessments in Such a real 
time or near-realtime manner, the recipients of the data from 
the RT Information Provider system may be able to view and 
use information about current traffic conditions on one or 
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more road segments based on contemporaneous actual 
vehicle travel on those road segments (as reported by mobile 
data sources traveling on those road segments and/or by sen 
sors and other data sources providing information about 
actual vehicle travel on those road segments). 
0072 The client devices 382 may take various forms in 
various embodiments, and may generally include any com 
munication devices and other computing devices capable of 
making requests to and/or receiving information from the 
traffic information systems. In some cases, the client devices 
may execute interactive console applications (e.g., Web 
browsers) that users may utilize to make requests for traffic 
related information (e.g., predicted future traffic conditions 
information, realtime or near-realtime current traffic condi 
tions information, etc.); while in other cases at least some 
Such traffic-related information may be automatically sent to 
the client devices (e.g., as text messages, new Web pages, 
specialized program data updates, etc.) from one or more of 
the traffic information systems. 
0073. The road traffic sensors 386 include multiple sen 
sors that are installed in, at, or near various streets, highways, 
or other roads, such as for one or more geographic areas. 
These sensors may include loop sensors that are capable of 
measuring the number of vehicles passing above the sensor 
per unit time, vehicle speed, and/or other data related to traffic 
flow. In addition, such sensors may include cameras, motion 
sensors, radar ranging devices, RFID-based devices, and 
other types of sensors that are located adjacent to or otherwise 
near a road. The road traffic sensors 386 may periodically or 
continuously provide measured data readings via wire-based 
or wireless-based data link to the Data Sample Manager sys 
tem350 via the network380 using one or more data exchange 
mechanisms (e.g., push, pull, polling, request-response, peer 
to-peer, etc.). In addition, while not illustrated here, in some 
embodiments one or more aggregators of Such road traffic 
sensor information (e.g., a governmental transportation body 
that operates the sensors) may instead obtain the raw data and 
make that data available to the traffic information systems 
(whether in raw form or after it is processed). 
0074 The other data sources 388 include a variety of types 
of other sources of data that may be utilized by one or more of 
the traffic information systems to provide traffic-related infor 
mation to users, customers, and/or other computing systems. 
Such data sources include map services and/or databases that 
provide information regarding road networks, such as the 
connectivity of various roads to one another as well as traffic 
control information related to Such roads (e.g., the existence 
and location of traffic control signals and/or speed Zones). 
Other data sources may also include sources of information 
about events and/or conditions that impact and/or reflect traf 
fic conditions, such as short-term and long-term weather fore 
casts, School schedules and/or calendars, event schedules 
and/or calendars, traffic incident reports provided by human 
operators (e.g., first responders, law enforcement personnel, 
highway crews, news media, travelers, etc.), road work infor 
mation, holiday schedules, etc. 
0075. The vehicle-based clients/data sources 384 in this 
example may each be a computing system and/or communi 
cation system located within a vehicle that provides data to 
one or more of the traffic information systems and/or that 
receives data from one or more of those systems. In some 
embodiments, the Data Sample Manager system 350 may 
utilize a distributed network of vehicle-based mobile data 
Sources and/or other user-based mobile data sources (not 
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shown) that provide information related to current traffic 
conditions for use by the traffic information systems. For 
example, each vehicle or other mobile data source may have 
a GPS (“Global Positioning System') device (e.g., a cellular 
telephone with GPS capabilities, a stand-alone GPS device, 
etc.) and/or other geo-location device capable of determining 
the geographic location, and possibly other information Such 
as speed, direction, elevation and/or other data related to the 
vehicle's travel, with the geo-location device(s) or other dis 
tinct communication devices obtaining and providing Such 
data to one or more of the traffic information systems (e.g., by 
way of a wireless link) from time to time. Such mobile data 
Sources are discussed in greater detail elsewhere. 
0076 Alternatively, some or all of the vehicle-based cli 
ents/data sources 384 may each have a computing system 
and/or communication system located within a vehicle to 
obtaininformation from one or more of the traffic information 
systems, such as for use by an occupant of the vehicle. For 
example, the vehicle may contain an in-dash navigation sys 
tem with an installed Web browser or other console applica 
tion that a user may utilize to make requests for traffic-related 
information via a wireless link from one of the traffic infor 
mation systems, such as the Predictive Traffic Information 
Provider system and/or RT Information Provider system, or 
instead such requests may be made from a portable device of 
a user in the vehicle. In addition, one or more of the traffic 
information systems may automatically transmit traffic-re 
lated information to such a vehicle-based client device based 
upon the receipt or generation of updated information. 
0077. The third-party computing systems 390 include one 
or more optional computing systems that are operated by 
parties other than the operator(s) of the traffic information 
systems, such as parties who receive traffic-related data from 
one or more of the traffic information systems and who make 
use of the data in Some manner. For example, the third-party 
computing systems 390 may be systems that receive traffic 
information from one or more of the traffic information sys 
tems, and that provide related information (whether the 
received information or other information based on the 
received information) to users or others (e.g., via Web portals 
or Subscription services). Alternatively, the third-party com 
puting systems 390 may be operated by other types of parties, 
Such as media organizations that gather and report traffic 
conditions to their consumers, or online map companies that 
provide traffic-related information to their users as part of 
travel-planning services. 
0078. As previously noted, the Predictive Traffic Informa 
tion Provider system 360 may use data prepared by the Data 
Sample Manager system 350 and other components in the 
illustrated embodiment to generate future traffic condition 
predictions for multiple future times. In some embodiments, 
the predictions are generated using probabilistic techniques 
that incorporate various types of input data in order to repeat 
edly produce future time series predictions for each of numer 
ous road segments, such as in a realtime manner based on 
changing current conditions for a network of roads in a given 
geographic area. Moreover, in at least some embodiments one 
or more predictive Bayesian or other models (e.g., decision 
trees) are automatically created for use in generating the 
future traffic condition predictions for each geographic area 
of interest, such as based on observed historical traffic con 
ditions for those geographic areas. Predicted future traffic 
condition information may be used in a variety of ways to 
assist in travel and for other purposes, such as to plan optimal 
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routes through a network of roads based on predictions about 
traffic conditions for the roads at multiple future times. 
007.9 Furthermore, the Road Segment Determiner system 
362 may utilize map services and/or databases that provide 
information regarding road networks in one or more geo 
graphic areas in order to automatically determine and manage 
information related to the roads that may be used by other 
traffic information systems. Such road-related information 
may include determinations of particular portions of roads to 
be treated as road segments of interest (e.g., based on traffic 
conditions of those road portions and other nearby road por 
tions), as well as automatically generated associations or 
relationships between road segments in a given road network 
and indications of other information of interest (e.g., physical 
locations of road traffic sensors, event venues, and landmarks: 
information about functional road classes and other related 
traffic characteristics, etc.). In some embodiments, the Road 
Segment Determiner system 362 may execute periodically 
and store the information it produces in storage 340 or a 
database (not shown) for use by other traffic information 
systems. 
0080. In addition, the Key Road Identifier system 361 
utilizes a road network representing a given geographic area 
and traffic condition information for that geographic area to 
automatically identify roads that are of interest for tracking 
and assessing road traffic conditions, such as for used by other 
traffic information systems and/or traffic data clients. In some 
embodiments, the automatic identification of a road (or of one 
or more road segments of the road) as being of interest may be 
based at least in part on factors such as the magnitude of peak 
traffic flow, the magnitude of peak traffic congestion, intra 
day variability of traffic flow, and/or intra-day variability of 
congestion for the road. Such factors may be analyzed by way 
of for example, principal components analysis, Such as by 
first computing a covariance matrix S of traffic condition 
information for all roads (or road segments) in a given geo 
graphic area, and then computing an Eigen decomposition of 
the covariance matrix S. In descending order of Eigenvalue, 
the Eigenvectors of S then represent the combinations of 
roads (or road segments) that independently contribute most 
strongly to the variance of the observed traffic conditions. 
I0081. In addition, a realtime traffic information provider 
or presenter system may be provided by the RT Information 
Provider system, or instead by one or more of the other 
programs 369. The information provider system may utilize 
data analyzed and provided by the Data Sample Manager 
system 350 and/or other components (such as the Predictive 
Traffic Information Provider system 360) in order to provide 
traffic information services to consumers and/or business 
entities that are operating or otherwise utilizing client devices 
382, vehicle-based clients 384, third-party computing sys 
tems 390, etc., such as to provide data in a real time or near 
realtime manner based at least in part on data samples 
obtained from vehicles and other mobile data sources. 
I0082 It will be appreciated that the illustrated computing 
systems are merely illustrative and are not intended to limit 
the scope of the present invention. Computing system 300 
may be connected to other devices that are not illustrated, 
including through one or more networks Such as the Internet 
or via the Web. More generally, a “client' or “server” com 
puting system or device, or traffic information system and/or 
component, may comprise any combination of hardware or 
software that can interact and perform the described types of 
functionality, including without limitation desktop or other 
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computers, database servers, network storage devices and 
other network devices, PDAs, cellphones, wireless phones, 
pagers, electronic organizers, Internet appliances, television 
based systems (e.g., using set-top boxes and/or personal/ 
digital video recorders), and various other consumer products 
that include appropriate inter-communication capabilities. In 
addition, the functionality provided by the illustrated system 
components may in some embodiments be combined in fewer 
components or distributed in additional components. Simi 
larly, in some embodiments the functionality of some of the 
illustrated components may not be provided and/or other 
additional functionality may be available. 
0083. In addition, while various items are illustrated as 
being stored in memory or on storage while being used, these 
items orportions of them can be transferred between memory 
and other storage devices for purposes of memory manage 
ment and/or data integrity. Alternatively, in other embodi 
ments some orall of the software components and/or modules 
may execute in memory on another device and communicate 
with the illustrated computing system via inter-computer 
communication. Some or all of the system components or 
data structures may also be stored (e.g., as Software instruc 
tions or structured data) on a computer-readable medium, 
Such as a hard disk, a memory, a network, or a portable media 
article to be read by an appropriate drive or via an appropriate 
connection. The system components and data structures can 
also be transmitted as generated data signals (e.g., as part of a 
carrier wave or other analog or digital propagated signal) on 
a variety of computer-readable transmission mediums, 
including wireless-based and wired/cable-based mediums, 
and can take a variety of forms (e.g., as part of a single or 
multiplexed analog signal, or as multiple discrete digital 
packets or frames). Such computer program products may 
also take other forms in other embodiments. Accordingly, the 
present invention may be practiced with other computer sys 
tem configurations. 
0084 FIG. 4 is a flow diagram of an example embodiment 
of a Data Sample Filterer routine 400. The routine may be 
provided by, for example, execution of an embodiment of a 
Data Sample Filterer component 352 of FIG. 3 and/or Data 
Sample Filterer component 104 of FIG. 1, such as to receive 
data samples corresponding to roads in a geographic area and 
to filter data samples that are not of interest for later assess 
ments. The filtered data samples may then Subsequently be 
used in various ways, such as to use the filtered data samples 
to calculate average speeds for particular road segments of 
interest and to calculate other traffic flow-related character 
istics for Such road segments. 
0085. The routine begins in step 405, where a group of 
data samples is received for a geographic area for a particular 
period of time. In step 410, the routine then optionally gen 
erates additional information for some or all of the data 
samples based on other related data samples. For example, if 
a particular data sample for a vehicle or other mobile data 
Source lacks information of interest (Such as speed and/or 
heading or orientation for the mobile data source). Such infor 
mation may be determined in conjunction with one or both of 
the prior and Subsequent data samples for the same mobile 
data source. In addition, in at least some embodiments infor 
mation from multiple data samples for a particular mobile 
data source may be aggregated in order to assess additional 
types of information regarding the data source, Such as to 
assess an activity of the data source over a period of time that 
spans multiple data samples (e.g., to determine if a vehicle 
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has been parked for several minutes rather than temporarily 
stopped for a minute or two as part of the normal flow of 
traffic, such as at a stop sign or stop light). 
I0086. After step 410, the routine continues to step 415 to 
attempt to associate each data sample with a road in the 
geographic area and a particular road segment of that road, 
although in other embodiments this step may not be per 
formed or may be performed in other manners, such as if at 
least an initial association of a data sample to a road and/or 
road segment is instead received in step 405, or instead if the 
entire routine is performed at a single time for a single road 
segment such that all of the data samples received in step 405 
as a group correspond to a single road segment. In the illus 
trated embodiment, the association of a data sample to a road 
and road segment may be performed in various ways, such as 
to make an initial association based solely on a geographic 
location associated with the data sample (e.g., to associate the 
data sample with the nearest road and road segment). Further 
more, the association may optionally include additional 
analysis to refine or revise that initial association—for 
example, if a location-based analysis indicates multiple pos 
sible road segments for a data sample (such as multiple road 
segments for a particular road, or instead multiple road seg 
ments for nearby but otherwise unrelated roads), such addi 
tional analysis may use other information Such as speed and 
orientation to affect the association (e.g., by combining loca 
tion information and one or more other Such factors in a 
weighted manner). Thus, for example, if the reported location 
of a data sample is between a freeway and a nearby frontage 
road, information about the reported speed of the data sample 
may be used to assist in associating the data sample with the 
appropriate road (e.g., by determining that a data sample with 
an associated speed of 70 miles per hour is unlikely to origi 
nate from a frontage road with a speed limit of 25 miles per 
hour). In addition, in situations in which a particular stretch of 
road or other road portion is associated with multiple distinct 
road segments (e.g., for a two-lane road in which travel in one 
direction is modeled as a first road segment and in which 
travel in the other direction is modeled as a distinct second 
road segment, or instead a multi-lane freeway in which an 
HOV lane is modeled as a separate road segment from one or 
more adjacent non-HOV lanes), additional information about 
the data sample Such as speed and/or orientation may be used 
to select the most likely road segment of the road for the data 
sample. 
I0087. After step 415, the routine continues to step 420 to 
filter any data samples that are not associated with road seg 
ments that are of interest for later processing, including data 
samples (if any) that are not associated with any road seg 
ment. For example, certain roads orportions of roads may not 
be of interest for later analysis, such as to exclude roads of 
certain functional road classes (e.g., if the size of the road 
and/or its amount of traffic is not sufficiently large to be of 
interest), or to exclude portions of roads such as a freeway 
ramp or feeder road or collector/distributor road since the 
traffic characteristics of such road portions are not reflective 
of the freeway as a whole. Similarly, in situations in which 
multiple road segments are associated with a particular por 
tion of road. Some road segments may not be of interest for 
some purposes, such as to exclude an HOV lane for a freeway 
if only the behavior of the non-HOV lanes are of interest for 
a particular purpose, or if only one direction of a two-way 
road is of interest. After step 420, the routine continues to step 
425 to determine whether to filter data samples based on 
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activity of the data sources, although in other embodiments 
Such filtering may not be performed or may always be per 
formed. In the illustrated embodiment, if the filtering is to be 
performed based on the source activity, the routine continues 
to step 430 to perform such filtering, such as to remove data 
samples corresponding to data sources whose behavior does 
not reflect the traffic flow activity of interest to be measured 
(e.g., to exclude vehicles that are parked with their engines 
running for an extended period of time, to exclude vehicles 
that are driving around in a parking lot or parking garage or 
other small area for an extended period of time, etc.). After 
step 430, or if it was instead determined in step 425 to not 
filter based on data source activity, the routine continues to 
step 490 to store the filtered data for later use, although in 
other embodiments the filtered data could instead be provided 
directly to one or more clients. The routine then continues to 
step 495 to determine whether to continue. If so, the routine 
returns to step 405, and if not continues to step 499 and ends. 
0088 FIG. 5 is a flow diagram of an example embodiment 
of a Data Sample Outlier Eliminator routine 500. The routine 
may be provided by, for example, execution of an embodi 
ment of a Data Sample Outlier Eliminator component 354 of 
FIG. 3 and/or Data Sample Outlier Eliminator component 
106 of FIG. 1, such as to eliminate data samples for a road 
segment that are outliers with respect to the other data 
samples for the road segment. 
I0089. The routine begins in step 505, where a set of data 
samples for a road segment and a time period are received. 
The received data samples may be, for example, filtered data 
samples obtained from the output of the Data Sample Filterer 
routine. In step 510, the routine then optionally separates the 
data samples into multiple groups to reflect distinct parts of 
the road segment and/or distinct behaviors. For example, if 
multiple freeway lanes are included together as part of a 
single road segment and the multiple lanes include at least one 
HOV laneandone or more non-HOV lanes, the vehicles in the 
HOV lane(s) may be separated from vehicles in the other 
lanes if the traffic flow during the time period is significantly 
different between the HOV and non-HOV lanes. Such group 
ing may be performed in various ways, such as by fitting the 
data samples to multiple curves that each represent typical 
data sample variability within a particular group of data 
samples (e.g., a normal or Gaussian curve). In other embodi 
ments, such grouping may not be performed. Such as if the 
road segment is instead divided such that all of the data 
samples for the road segment reflect similar behavior (e.g., if 
a freeway with an HOV lane and other non-HOV lanes is 
instead split into multiple road segments). 
0090. The routine next continues to step 515 to, for each of 
the one or more groups of data samples (with all of the data 
samples being treated as a single group if the data sample 
separating of step 510 is not performed), calculate average 
traffic condition characteristics for all of the data samples. 
Such average traffic condition characteristics may include, 
for example, an average speed, as well as corresponding 
statistical information Such as a standard deviation from the 
mean. The routine then continues to step 520 to, for each of 
the one or more data sample groups, successively perform a 
leave-one-out analysis Such that a particular target data 
sample is selected to be provisionally left out and average 
traffic condition characteristics are determined for the 
remaining traffic condition characteristics. The larger the dif 
ference between the average traffic condition characteristics 
for the remaining data samples and the average traffic condi 
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tion characteristics for all data samples from step 515, the 
greater the likelihood that the left-out target data sample is an 
outlier that does not reflect common characteristics of the 
other remaining data samples. In step 525, the routine then 
optionally performs one or more additional types of outlier 
analysis, Such as to Successively leave out groups of two or 
more target data samples in order to assess their joint effect, 
although in Some embodiments such additional outlier analy 
sis may not be performed. After step 522, the routine contin 
ues to step 590 to remove data samples that are identified as 
outliers in steps 520 and/or 525, and stores the remaining data 
samples for later use. In other embodiments, the routine may 
instead forward the remaining data samples to one or more 
clients for use. The routine then continues to step 595 to 
determine whether to continue. If so, the routine returns to 
step 505, and if not the routine continues to step 599 and ends. 
0091 FIG. 6 is a flow diagram of an example embodiment 
of a Data Sample Speed Assessor routine 600. The routine 
may be provided by, for example, execution of the Data 
Sample Speed Assessor component 356 of FIG.3 and/or the 
Data Sample Speed Assessor component 107 of FIG. 1, such 
as to assess a current average speed for a road segment during 
a period of time based on various data samples for the road 
segment. In this example embodiment, the routine will per 
form Successive calculations of average speed for the road 
segment for each of multiple time intervals or windows dur 
ing the period of time, although in other embodiments each 
invocation of the routine may instead be for a single time 
interval (e.g., with multiple time intervals assessed via mul 
tiple invocations of the routine). For example, if the time 
period is thirty minutes, a new average speed calculation may 
be performed every five minutes, such as with 5-minute time 
intervals (and thus with each time interval not overlapping 
with prior or successive time intervals), or with 10-minute 
time intervals (and thus overlapping with adjacent time inter 
vals). 
0092. The routine begins at step 605, where an indication 

is received of data samples (e.g., data samples from mobile 
data sources and physical sensor data readings) for a road 
segment for a period of time, although in Some embodiments 
only one of data samples from mobile data sources and from 
sensor data readings may be received. The received data 
samples may be, for example, obtained from the output of the 
Data Sample Outlier Eliminator routine. In this example, the 
routine continues in step 625 to select the next time interval or 
window for which an average speed is to be assessed, begin 
ning with the first time interval. In step 630, the routine then 
calculates a weighted average traffic speed for the data 
samples within the time interval, with the weighting of the 
data samples being based on one or more factors. For 
example, in the illustrated embodiment, the weighting for 
each data sample is varied (e.g., in a linear, exponential, or 
step-wise manner) based on the latency of the data sample, 
Such as to give greater weight to data samples near the end of 
the time interval (as they may be more reflective of the actual 
average speed at the end of the time interval). In addition, the 
data samples may further be weighted in the illustrated 
embodiment based on the source of the data, such as to weight 
data readings from physical sensors differently from data 
samples from vehicles and other mobile data sources, 
whether more or less heavily. In addition, in other embodi 
ments, various other factors could be used in the weighting, 
including on a per-sample basis—for example, a data reading 
from one physical sensor may be weighted differently than a 
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data reading from another physical sensor, such as to reflect 
available information about the sensors (e.g., that one of the 
physical sensors is intermittently faulty or has a less accurate 
data reading resolution than another sensor), and a data 
sample from one vehicle or other mobile data source may 
similarly be weighted differently from that of another such 
vehicle or mobile data source based on information about the 
mobile data sources. Other types of factors that in some 
embodiments may be used in the weightings include confi 
dence values or other estimates of the possible error in a 
particular data sample, a degree of confidence that aparticular 
data sample should be associated with a particular road seg 
ment, etc. 
0093. After step 630, the routine continues to step 635 to 
provide an indication of the average calculated traffic speed 
for the time interval, such as to store the information for later 
use and/or to provide the information to a client. In step 640, 
the routine then optionally obtains additional data samples for 
the time period that have become available subsequent to the 
receipt of information in step 605. It is then determined in step 
645 whether more time intervals are to be calculated for the 
time period, and if so the routine returns to step 625. If there 
are instead no more time intervals, the routine continues to 
step 695 to determine whether to continue. If so, the routine 
returns to step 605, and if not continues to step 699 and ends. 
0094 FIG. 7 is a flow diagram of an example embodiment 
of a Data Sample Flow Assessor routine 700. The routine may 
be provided by, for example, execution of an embodiment of 
a Data Sample Flow Assessor component 358 of FIG. 3 
and/or Data Sample Flow Assessor component 108 of FIG. 1, 
Such as to assess traffic condition flow characteristics other 
than average speed for a particular road segment during a 
particular period of time. In this example embodiment, the 
flow characteristics to be assessed include a total volume of 
vehicles (or other mobile data sources) arriving at or present 
on a particular road segment during a period of time, and a 
percentage occupancy for the road segment during the period 
of time to reflect the percentage of time that a point on or area 
of the road segment is covered by a vehicle. 
0095. The routine begins at step 705, where an indication 

is received of data samples for a road segment for a period of 
time, as well as an average speed for the road segment during 
the period of time. The data samples may be obtained from, 
for example, output of the Data Sample Outlier Eliminator 
routine, and the average speed may be obtained from, for 
example, output of the Data Sample Speed Assessor routine. 
The routine then continues in step 710 to determine a number 
of vehicles (or other mobile data sources) that provided the 
data samples, such as by associating each data sample with a 
particular mobile data source. In step 720, the routine then 
probabilistically determines the most likely arrival rate to the 
road segment of the vehicles providing the data samples, 
based in part on the determined number of vehicles. In some 
embodiments, the probabilistic determination may further 
use information about the apriori probability of the number of 
such vehicles and the apriori probability of aparticular arrival 
rate. In step 730, the routine then infers the total volume of all 
vehicles passing through the road segment during the period 
of time, such as based on the determined number of vehicles 
and information about what percentage of the total number of 
vehicles are vehicles that provide data samples, and further 
assesses a confidence interval for the inferred total volume. In 
step 740, the routine then infers the percentage occupancy for 
the road segment during the period of time based on the 
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inferred total Volume, the average speed, and an average 
vehicle length. Other types of traffic flow characteristics of 
interest may similarly be assessed in other embodiments. In 
the illustrated embodiment, the routine then continues to step 
790 to provide indications of the inferred total volume and the 
inferred percentage occupancy. If it is then determined in step 
795 to continue, the routine returns to step 705, and if not 
continues to step 799 and ends. 
(0096 FIGS. 9A-9C illustrate examples of actions of 
mobile data sources in obtaining and providing information 
about road traffic conditions. Information about road traffic 
conditions may be obtained from mobile devices (whether 
vehicle-based devices and/or user devices) in various ways, 
Such as by being transmitted using a wireless link (e.g., sat 
ellite uplink, cellular network, WI-FI, packet radio, etc.) and/ 
or physically downloaded when the device reaches an appro 
priate docking or other connection point (e.g., to download 
information from a fleet vehicle once it has returned to its 
primary base of operations or other destination with appro 
priate equipment to perform the information download). 
While information about road traffic conditions at a first time 
that is obtained at a significantly later second time provides 
various benefits (e.g., Verifying predictions about the first 
time, for use as observed case data in later improving a pre 
diction process, etc.). Such as may be the case for information 
that is physically downloaded from a device, such road traffic 
condition information provides additional benefits when 
obtained in a realtime or near-realtime manner. Accordingly, 
in at least Some embodiments mobile devices with wireless 
communication capabilities may provide at least some 
acquired information about road traffic conditions on a fre 
quent basis, Such as periodically (e.g., every 30 seconds, 1 
minute, 5 minutes, etc.) and/or when a Sufficient amount of 
acquired information is available (e.g., for every acquisition 
of a data point related to road traffic condition information; 
for every N acquisitions of such data, such as where N is a 
configurable number, when the acquired data reaches a cer 
tain storage and/or transmission size; etc.). In some embodi 
ments, such frequent wireless communications of acquired 
road traffic condition information may further be supple 
mented by additional acquired road traffic condition informa 
tion at other times (e.g., upon a Subsequent physical down 
load from a device, via less-frequent wireless 
communications that contain a larger amount of data, etc.), 
Such as to include additional data corresponding to each data 
point, to include aggregated information about multiple data 
points, etc. 
(0097 While various benefits are provided by obtaining 
acquired road traffic condition information from mobile 
devices in a realtime or other frequent manner, in some 
embodiments such wireless communications of acquired 
road traffic condition information may be restricted in various 
ways. For example, in Some cases the cost structure of trans 
mitting data from a mobile device via a particular wireless 
link (e.g., satellite uplink) may be such that transmissions 
occurat less-frequent intervals (e.g., every 15 minutes), or the 
mobile devices may have been pre-programmed to transmitat 
Such intervals. In other cases, a mobile device may tempo 
rarily lose anability to transmit data over a wireless link, Such 
as due to a lack of wireless coverage in an area of the mobile 
device (e.g., due to no nearby cellphone receiver station), due 
to other activities being performed by the mobile device or a 
user of the device, or due to a temporary problem with the 
mobile device or an associated transmitter. 
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0098. Accordingly, in some embodiments at least some 
Such mobile devices may be designed or otherwise configured 
to store multiple data samples (or to cause Such multiple data 
samples to be stored on another associated device) so that at 
least some information for the multiple data samples may be 
transmitted together during a single wireless transmission. 
For example, in some embodiments at least some mobile 
devices are configured to store acquired road traffic condition 
information data samples during periods when the mobile 
device is unable to transmit data over a wireless link (e.g., 
Such as for a mobile device that typically transmits each data 
sample individually, Such as every 30 seconds or 1 minute), 
and to then transmit those stored data samples together (or a 
Subset and/or aggregation of those samples) during the next 
wireless transmission that occurs. Some mobile devices may 
also be configured to perform wireless transmissions periodi 
cally (e.g., every 15 minutes, or when a specified amount of 
data is available to be transmitted), and in at least some 
embodiments may further be configured to acquire and store 
multiple data samples of road traffic condition information 
(e.g., at a pre-determined sampling rate, such as 30 seconds or 
a minute) over the time interval between wireless transmis 
sions and to then similarly transmit those stored data samples 
together (or a Subset and/or aggregation of those samples) 
during the next wireless transmission. As one example, if a 
wireless transmission of up to 1000 units of information costs 
S0.25 and each data sample is 50 units in size, it may be 
advantageous to sample every minute and send a data set 
comprising 20 samples every 20 minutes (rather than sending 
each sample individually each minute). In such embodi 
ments, while data samples may be delayed slightly (in the 
example of the periodic transmissions, by on average half of 
the time period between transmissions, assuming regular 
acquisitions of the data samples), the road traffic condition 
information obtained from the transmissions still provides 
near-realtime information. Moreover, in Some embodiments 
additional information may be generated and provided by a 
mobile device based on multiple stored data samples. For 
example, if a particular mobile device is able to acquire only 
information about a current instant position during each data 
sample, but is notable to acquire additional related informa 
tion Such as speed and/or direction, such additional related 
information may be calculated or otherwise determined based 
on multiple Subsequent data samples. 
0099. In particular, FIG.9A depicts an example area 955 
with several interconnected roads 925,930,935 and 940, and 
a legend indication 950 indicates the direction of North for the 
roads (with roads 925 and 935 running in a north-south direc 
tion, and with roads 930 and 940 running in an east-west 
direction). While only a limited number of roads are indi 
cated, they may represent a large geographic area, Such as 
interconnected freeways over numerous miles, or a Subset of 
city streets spanning numerous blocks. In this example, a 
mobile data source (e.g., a vehicle, not shown) has traveled 
from location 945a to 945c over a period of 30 minutes, and 
is configured to acquire and transmit a data sample indicating 
current traffic conditions each 15 minutes. Accordingly, as the 
mobile data Source begins to travel, it acquires and transmits 
a first data sample at location 945a (as indicated in this 
example by an asterisk “*”), acquires and transmits a second 
data sample 15 minutes later at location 945b, and acquires 
and transmits a third data sample a total of 30 minutes later at 
location 945c. In this example, each data sample includes an 
indication of current position (e.g., in GPS coordinates), cur 
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rent direction (e.g., northbound), current speed (e.g., 30 miles 
per hour), and current time, as represented for the 945a trans 
mission using data values P, D, S, and T, and may option 
ally include other information as well (e.g., an identifier to 
indicate the mobile data source). While such acquired and 
provided current traffic conditions information provides 
Some benefit, numerous details cannot be determined from 
such data, including whether the route from location 945b to 
945c occurred in part along road 930 or along 940. Moreover, 
Such sample data does not allow, for example, portions of road 
925 between locations 945a and 945b to be treated as distinct 
road segments for which distinct traffic conditions can be 
reported and predicted. 
0100. In a manner similar to FIG.9A, FIG.9B depicts an 
example 905 with a mobile data source traveling over the 
interconnected roads 925, 930, 935 and 940 from location 
945a to 945c over a period of 30 minutes, and with the mobile 
data source transmitting information about traffic conditions 
each 15 minutes (as indicated by the asterisks shown at loca 
tions 945a, 945b and 945c). However, in this example the 
mobile data source is configured to acquire and store data 
samples every minute, with a Subsequent transmission 
including data from each of the data samples during the prior 
15 minutes. Accordingly, as the mobile data source travels 
between location 945a and 945b, the mobile data source 
acquires a set 910b of 15 data samples 910b1-910b15, with 
each data sample indicated in this example with an arrow 
pointed in the direction of the mobile data source at the time 
of the data sample. In this example, each data sample simi 
larly includes an indication of current position, current direc 
tion, current speed, and current time, and the Subsequent 
transmission at location 945b includes those data values for 
each of the data samples 910b. Similarly, as the mobile data 
source travels between location 945b and 945c., the mobile 
data source acquires 15 data samples 910c1-910c15, and the 
subsequent transmission at location 945c includes the 
acquired data values for each of those 15 data samples. By 
providing Such additional data samples, various additional 
information may be obtained. For example, it is now easily 
determined that the route from location 945b to 945c. 
occurred in part along road 930 rather than road 940, allowing 
corresponding traffic condition information to be attributed to 
road 930. In addition, particular data samples and their adja 
cent data samples may provide various information about 
smaller sections of roads, such as to allow road 925 between 
locations 945a and 945b to be represented as, for example, up 
to 15 distinct road segments (e.g., by associating each data 
sample with a distinct road segment) that each has potentially 
distinct road traffic conditions. For example, it can be visually 
observed that the average speed for data samples 910b1 
910.b6 is approximately static (since the data samples are 
approximately equally spaced), that the average speed 
increased for data samples 910b7 and 910b8 (since the data 
samples correspond to locations that are fartherapart, reflect 
ing that greater distance was traveled during the given 
1-minute interval between data samples for this example), 
and that the average speed decreased for data samples 
910b11-910b15. While the data samples in this example pro 
vide information about such speed directly, in other embodi 
ments such speed information may be derived from data 
sample information that includes only current position. 
0101 FIG.9C depicts a third example 990 with a mobile 
data source traveling over a portion of the interconnected 
roads from location 965a to 965c over a period of 30 minutes, 
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and with the mobile data source transmitting information 
about traffic conditions each 15 minutes (as indicated by the 
asterisks shown at locations 965a,965b and 965c). As in FIG. 
9C, the mobile data source is configured in this example to 
acquire and store data samples every minute, with a Subse 
quent transmission including data from each of at least some 
of the data samples during the prior 15 minutes. Accordingly, 
as the mobile data source travels between location 965a and 
965b, the mobile data source acquires a set 960b of 15 data 
samples 960b1-960b15. However, as is illustrated by co 
located data samples 960b5-b13 (with circles used in this 
instance rather than arrows because no movement was 
detected for these data samples, but shown separately rather 
than on top of each other for the purposes of clarity), in this 
example the mobile data source has stopped for approxi 
mately 9 minutes at a location to the side of road 925 (e.g., to 
stop at a coffee shop). Accordingly, when the next transmis 
sion at location 965b occurs, the transmission may in some 
embodiments include all of the information for all of the data 
samples, or may instead omitat least Some such information 
(e.g., to omit information for data samples 960b6-960b12, 
since in this situation they do not provide additional useful 
information if it is known that the mobile data source 
remained immobile between data samples 960b5 and 
960b13). Moreover, while not illustrated here, in other 
embodiments in which the information for one or more such 
data samples is omitted, the Subsequent transmission may be 
delayed until 15 data samples to be transmitted are available 
(e.g., if the periodic transmissions are performed based on 
amount of data to send rather than time). Moreover, as the 
mobile data source travels between location 965b and 965c, 
the mobile data source acquires data samples 960c13 and 
960c14 in an area in which wireless communications are not 
currently available (as indicated in this example with open 
circles rather than arrows). In other embodiments in which 
each data sample is individually transmitted when acquired 
but is not otherwise saved, these data samples would be lost, 
but in this example are instead stored and transmitted along 
with the other data samples 960c1-960c12 and 960c15 at 
location 965c. While not shown here, in some situations a 
mobile data source may further temporarily lose the ability to 
obtain one or more data samples using a primary means of 
data acquisition (e.g., if a mobile data source loses the ability 
to obtain GPS readings for a few minutes) if so, the mobile 
data source may in Some embodiments report the other 
obtained data samples without further action (e.g., Such as to 
allow the recipient to interpolate or otherwise estimate those 
data samples if so desired), while in other embodiments may 
attempt to obtain data samples in other manners (e.g., by 
using a less accurate mechanism to determine location, Such 
as cellphone tower triangulation, or by estimating current 
location based on a prior known location and Subsequent 
average speed and heading, Such as via dead reckoning), even 
if those data samples have less precision or accuracy (e.g., 
which may be reflected by including a lesser degree of con 
fidence or higher degree of possible error to those data 
samples, or by otherwise including an indication of how those 
and/or other data samples were generated). 
0102) While the example data samples in each of FIGS.9B 
and 9C are illustrated for a single vehicle or other mobile data 
source for the purposes of clarity, in other embodiments the 
multiple data samples for a particular mobile data source may 
not be used to determine a particular route taken by that 
mobile data source, and more generally may not even be 
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associated with each other (e.g., if the Source of each mobile 
data sample is anonymous or otherwise undifferentiated from 
other sources). For example, if multiple data samples from a 
particular mobile data source are not used by a recipient to 
generate aggregate data related to those data samples (e.g., to 
generate speed and/or direction information based on Succes 
sive data samples that provide only location information), 
Such as when Such aggregate data is included with each data 
sample or is not used, such a recipient may not be provided in 
Some embodiments with identifying data related to the source 
of the mobile data samples and/or with indications that the 
multiple data samples are from the same mobile data source 
(e.g., based on a design decision to increase privacy related to 
the mobile data sources). 
(0103 Instead, in at least some such embodiments, mul 
tiple mobile data sources are used together to determine road 
condition information of interest, such as to use multiple data 
samples from all mobile data sources for a particular road 
segment (or other portion of a road) to determine aggregate 
information for that road segment. Thus, for example, during 
a period of time of interest (e.g., 1 minute, 5 minutes, 15 
minutes, etc.), numerous unrelated mobile data sources may 
each provide one or more data samples related to their own 
travel on a particular road segment during that time period, 
and if each such data sample includes speed and direction 
information (for example), an average aggregate speed may 
be determined for that time period and that road segment for 
all mobile data sources that are generally moving in the same 
direction, such as in a manner similar to a road sensor that 
aggregates information for multiple vehicles passing the sen 
sor. A particular data sample may be associated with a par 
ticular road segment in various ways, such as by associating 
the data sample location with the road (or road segment) 
having the nearest location (whether for any road, or only for 
roads meeting specified criteria, Such as being of one or more 
indicated functional road classes) and then selecting the 
appropriate road segment for that road, or by using an indi 
cation provided by a mobile data source along with a data 
sample of an associated road (or road segment). In addition, in 
at least some embodiments roads other than 1-way roads will 
be treated as distinct roads for the purposes of assigning data 
samples to roads and for other purposes (e.g., to treat the 
northbound lanes of a freeway as being a distinct road from 
the southbound lanes of the freeway), and if so the direction 
for a mobile data sample may further be used to determine the 
appropriate road with which the data sample is associated— 
in other embodiments, however, roads may be modeled in 
other manners, such as to treat a two-way city street as a single 
road (e.g., with average traffic conditions being reported and 
predicted for vehicles moving in both directions), to treat 
each lane of a multiple lane freeway or other road as a distinct 
logical road, etc. 
0104. In some embodiments, to facilitate the use of mul 
tiple mobile data sources to determine road condition infor 
mation of interest, fleet vehicles may be configured in various 
ways to provide data samples of use. For example, if a large 
fleet of vehicles will each leave the same origination point at 
a similar time each day, various of the fleet vehicles may be 
configured differently regarding how soon and how often to 
begin providing data samples, such as to minimize a very 
large number of data points all near the single origination 
point and/or to provide variability in when data samples will 
be acquired and transmitted. More generally, a mobile data 
Source device may be configured in various ways regarding 
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how and when to acquire data samples, including based on 
total distance covered since a starting point (e.g., an origina 
tion point for a group of fleet vehicles), distance covered since 
a last data sample acquisition and/or transmission, total time 
elapsed since a starting time (e.g., a departure time of a fleet 
vehicle from an origination point), time elapsed since a last 
data sample acquisition and/or transmission, an indicated 
relationship having occurred with respect to one or more 
indicated locations (e.g., passing by, arriving at, departing 
from, etc.), etc. Similarly, a mobile data source device may be 
configured in various ways regarding how and when to trans 
mit or otherwise provide one or more acquired data samples, 
including based on total distance covered since a starting 
point, distance covered since a last data sample acquisition 
and/or transmission, total time elapsed since a starting time, 
time elapsed since a last data sample acquisition and/or trans 
mission, an indicated relationship having occurred with 
respect to one or more indicated locations, an indicated num 
ber of data samples having been gathered, an indicated 
amount of data having been gathered (e.g., an amount Such as 
to fill or substantially fill a cache used to store the data 
samples on the mobile device, or an amount Such as to fill or 
Substantially fill an indicated amount of time for a transmis 
sion), etc. 
0105 FIG. 8 is a flow diagram of an example embodiment 
of a Mobile DataSource Information Provision routine 800, 
Such as may be provided by, for example, operation of a 
mobile data source device for each of one or more of the 
vehicle-based data sources 384 of FIG. 3 and/or other data 
sources 388 (e.g., user devices) of FIG. 3 and/or vehicle 
based data sources 101 of FIG. 1 and/or other data sources 
102 of FIG. 1. In this example, the routine acquires data 
samples for a particular mobile data source to indicate current 
traffic conditions, and stores the data samples as appropriate 
Such that a Subsequent transmission may include information 
for multiple data samples. 
0106 The routine begins at step 805, where parameters are 
retrieved that will be used as part of the data sample acquisi 
tion and providing, such as configurable parameters to indi 
cate when data samples should be acquired and when trans 
missions should occur with information corresponding to one 
or more data samples. The routine continues to step 810 to 
wait until it is time to acquire a data sample, such as based on 
the retrieved parameters and/or other information (e.g., an 
indicated amount of time having passed since a prior data 
sample acquisition, an indicated distance having been trav 
eled since a prior data sample acquisition, an indication to 
acquire data samples in a Substantially continuous manner, 
etc.). The routine then continues to step 815 to acquire a data 
sample based on the current location and movement of the 
mobile data source, and stores the data sample in step 820. If 
it is determined in step 825 that it is not yet time to transmit 
data, Such as based on the retrieved parameters and/or other 
information (e.g., an indicated amount of time having passed 
since a prior transmission, an indicated distance having been 
traveled since a prior transmission, an indication to transmit 
data samples as soon as they become available or in a Sub 
stantially continuous manner, etc.), the routine returns to step 
810. 

0107. Otherwise, the routine continues to step 830 to 
retrieve and select any stored data samples since the prior 
transmission (or since startup, for the first transmission). The 
routine then optionally in step 835 generates aggregated data 
based on multiple of the selected data samples (e.g., an overall 
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average speed for all of the data samples, an average speed 
and a direction for each data sample if the acquired informa 
tion provides only location information, etc.), although in 
other embodiments such aggregated data generation may not 
be performed. In step 840, the routine then optionally 
removes some or all of the acquired information for some or 
all of the data samples from the selected set of data samples 
(e.g., to transmit only selected types of data for each data 
sample, to remove data samples that appear to be outliers or 
otherwise erroneous, to remove data samples that do not 
correspond to actual movement of the mobile data source, 
etc.), although in other embodiments such information 
removal may not be performed. In step 845, the routine then 
transmits the current information in the current set of data 
samples and any aggregated information to a recipient that 
will use the data in an appropriate manner. In step 895, the 
routine determines whether to continue (e.g., whether the 
mobile data source continues to be in use and mobile), and if 
so returns to step 810. Otherwise, the routine continues to step 
899 and ends. In embodiments and situations in which a 
mobile data source is notable to transmit data, whether due to 
temporary conditions or instead to reflect configuration of or 
limitations of the mobile data source, the steps 830-845 may 
not be performed until such time as the mobile data source is 
able to transmit or otherwise provide (e.g., via physical down 
load) Some or all of the data samples that have been acquired 
and stored since a prior transmission. 
0108. As previously noted, once information about road 

traffic conditions has been obtained, such as from one or more 
mobile data sources and/or one or more other sources, the 
road traffic conditions information may be used in various 
ways, such as to report current road traffic conditions in a 
Substantially realtime manner, or to use past and current road 
traffic condition information to predict future traffic condi 
tions at each of multiple future times. In some embodiments, 
the types of input data used to generate predictions of future 
traffic conditions may include a variety of current, past, and 
expected future conditions, and outputs from the prediction 
process may include the generated predictions of the 
expected traffic conditions on each of multiple target road 
segments of interest for each of multiple future times (e.g., 
every 5, 15 or 60 minutes in the future) within a pre-deter 
mined time interval (e.g., three hours, or one day), as dis 
cussed in greater detail elsewhere. For example, types of 
input data may include the following: information about cur 
rent and past amounts of traffic for various target road seg 
ments of interest in a geographic area, Such as for a network 
of selected roads in the geographic area; information about 
current and recent traffic accidents; information about cur 
rent, recent and future road work; information about current, 
past and expected future weather conditions (e.g., precipita 
tion, temperature, wind direction, wind speed, etc.); informa 
tion about at least some current, past and future Scheduled 
events (e.g., type of event, expected start and end times of the 
event, and/or a venue or other location of the event, etc.. Such 
as for all events, events of indicated types, events that are 
Sufficiently large, Such as to have expected attendance above 
an indicated threshold (for example, 1000 or 5000 expected 
attendees), etc.); and information about School schedules 
(e.g., whether School is in session and/or the location of one or 
more Schools). In addition, while in some embodiments the 
multiple future times at which future traffic conditions are 
predicted are each points in time, in other embodiments such 
predictions may instead represent multiple time points (e.g., a 
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period of time). Such as by representing an average or other 
aggregate measure of the future traffic conditions during 
those multiple time points. Furthermore, some or all of the 
input data may be known and represented with varying 
degrees of certainty (e.g., expected weather), and additional 
information may be generated to represent degrees of confi 
dence in and/or other metadata for the generated predictions. 
In addition, the prediction of future traffic conditions may be 
initiated for various reasons and at various times, such as in a 
periodic manner (e.g., every five minutes), when any or Suf 
ficient new input data is received, in response to a request 
from a user, etc. 
0109 Some of the same types of input data may be used to 
similarly generate longer-term forecasts of future traffic con 
ditions (e.g., one week in the future, or one month in the 
future) in some embodiments, but Such longer-term forecasts 
may not use Some of the types of input data, Such as informa 
tion about current conditions at the time of the forecast gen 
eration (e.g., current traffic, weather, or other conditions). In 
addition, Such longer-term forecasts may be generated less 
frequently than shorter-term predictions, and may be made so 
as to reflect different future time periods than for shorter-term 
predictions (e.g., for every hour rather than every 15 minutes). 
0110. The roads and/or road segments for which future 

traffic condition predictions and/or forecasts are generated 
may also be selected in various manners in various embodi 
ments. In some embodiments, future traffic condition predic 
tions and/or forecasts are generated for each of multiple geo 
graphic areas (e.g., metropolitan areas), with each geographic 
area having a network of multiple inter-connected roads— 
Such geographic areas may be selected in various ways, Such 
as based on areas in which current traffic condition informa 
tion is readily available (e.g., based on networks of road 
sensors for at least some of the roads in the area) and/or in 
which traffic congestion is a significant problem. In some 
such embodiments, the roads for which future traffic condi 
tion predictions and/or forecasts are generated include those 
roads for which current traffic condition information is 
readily available, while in other embodiments the selection of 
Such roads may be based at least in part on one or more other 
factors (e.g., based on size or capacity of the roads, such as to 
include freeways and major highways; based on the role the 
roads play in carrying traffic. Such as to include arterial roads 
and collector roads that are primary alternatives to larger 
capacity roads such as freeways and major highways; based 
on functional class of the roads, such as is designated by the 
Federal Highway Administration; etc.). In other embodi 
ments, future traffic condition predictions and/or forecasts 
may be made for a single road, regardless of its size and/or 
inter-relationship with other roads. In addition, segments of 
roads for which future traffic condition predictions and/or 
forecasts are generated may be selected in various manners, 
Such as to treat each road sensor as a distinct segment; to 
group multiple road sensors together for each road segment 
(e.g., to reduce the number of independent predictions and/or 
forecasts that are made. Such as by grouping specified num 
bers of road sensors together); to select road segments so as to 
reflect logically related sections of a road in which traffic 
conditions are typically the same or sufficiently similar (e.g., 
strongly correlated). Such as based on traffic condition infor 
mation from traffic sensors and/or from other sources (e.g., 
data generated from vehicles and/or users that are traveling on 
the roads, as discussed in greater detail elsewhere); etc. 
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0111. In addition, future traffic condition prediction and/ 
or forecast information may be used in a variety of ways in 
various embodiments, as discussed in greater detail else 
where, including to provide such information to users and/or 
organizations at various times (e.g., in response to requests, 
by periodically sending the information, etc.) and in various 
ways (e.g., by transmitting the information to cellular tele 
phones and/or other portable consumer devices; by display 
ing information to users, such as via Web browsers and/or 
application programs; by providing the information to other 
organizations and/or entities that provide at least some of the 
information to users. Such as third parties that perform the 
information providing after analyzing and/or modifying the 
information, etc.). For example, in some embodiments, the 
prediction and/or forecast information is used to determine 
Suggested travel routes and/or times. Such as an optimal route 
between a starting location and an ending location over a 
network of roads and/or an optimal time to perform indicated 
travel, with such determinations based on predicted and/or 
forecast information at each of multiple future times for one 
or more roads and/or road segments. 
0112. In addition, various embodiments provide various 
mechanisms for users and other clients to interact with one or 
more of the traffic information systems (e.g., the Data Sample 
Manager system 350, RT Information Provider system 363, 
and/or Predictive Traffic Information Provider system 360 of 
FIG. 3, etc.). For example, some embodiments may provide 
an interactive console (e.g. a client program providing an 
interactive user interface, a Web browser-based interface, 
etc.) from which clients can make requests and receive cor 
responding responses, such as requests for information 
related to current and/or predicted traffic conditions and/or 
requests to analyze, select, and/or provide information related 
to travel routes. In addition, some embodiments provide an 
API (Application Programmer Interface') that allows client 
computing systems to programmatically make some or all 
Such requests, such as via network message protocols (e.g., 
Web services) and/or other communication mechanisms. 
0113 Those skilled in the art will also appreciate that in 
some embodiments the functionality provided by the routines 
discussed above may be provided in alternative ways, such as 
being split among more routines or consolidated into fewer 
routines. Similarly, in some embodiments illustrated routines 
may provide more or less functionality than is described. Such 
as when other illustrated routines instead lack or include such 
functionality respectively, or when the amount of functional 
ity that is provided is altered. In addition, while various opera 
tions may be illustrated as being performed in a particular 
manner (e.g., in serial or in parallel) and/or in a particular 
order, those skilled in the art will appreciate that in other 
embodiments the operations may be performed in other 
orders and in other manners. Those skilled in the art will also 
appreciate that the data structures discussed above may be 
structured in different manners, such as by having a single 
data structure split into multiple data structures or by having 
multiple data structures consolidated into a single data struc 
ture. Similarly, in some embodiments illustrated data struc 
tures may store more or less information than is described, 
Such as when other illustrated data structures instead lack or 
include such information respectively, or when the amount or 
types of information that is stored is altered. 
0114. From the foregoing it will be appreciated that, 
although specific embodiments have been described herein 
for purposes of illustration, various modifications may be 
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made without deviating from the spirit and scope of the inven 
tion. Accordingly, the invention is not limited except as by the 
appended claims and the elements recited therein. In addition, 
while certain aspects of the invention are discussed in certain 
claim forms, the inventors contemplate the various aspects of 
the invention in any available claim form. For example, while 
only some aspects of the invention may currently be recited as 
being embodied in a computer-readable medium, other 
aspects may likewise be so embodied. 

1-41. (canceled) 
42. A non-transitory computer-readable medium whose 

stored contents configure a computing device to estimate 
traffic flow information for traveling vehicles, by performing 
a method comprising: 

receiving an indication of multiple data samples that each 
reflect travel of one of multiple vehicles on a road; 

probabilistically estimating traffic flow of all vehicles trav 
eling on the road during a period of time based at least in 
part on a quantity of vehicles whose travel is reflected by 
the data samples, the probabilistic estimating being per 
formed by the configured computing device; and 

providing an indication of the estimated traffic flow for use 
in facilitating travel on the road. 

43. The non-transitory computer-readable medium of 
claim 42 wherein the multiple data samples are each reported 
by a vehicle and each have information regarding travel of the 
vehicle on the road at a reported time during the period of 
time, and wherein the estimating of the traffic flow of all 
vehicles traveling on the road includes determining a quantity 
of vehicles that reported the data samples, the vehicles that 
reported the data samples being a subset of all the vehicles 
traveling on the road during the period of time, and includes 
determining an estimated arrival rate at a point on the road of 
all the vehicles. 

44. The non-transitory computer-readable medium of 
claim 43 wherein the estimating of the traffic flow of all 
vehicles traveling on the road further includes determining a 
likelihood of the determined estimated arrival rate based at 
least in part on the determined quantity of the vehicles that 
reported the data samples and determining an average per 
centage occupancy of a point on the road by the vehicles 
traveling on the road during the period of time, the determin 
ing of the average percentage occupancy being based at least 
in part on the determined estimated arrival rate, and wherein 
the providing of the indication of the estimated traffic flow for 
use in facilitating travel on the road includes presenting infor 
mation about the estimated traffic flow to operators of 
vehicles for use in influencing decisions regarding travel on 
the road. 

45. The non-transitory computer-readable medium of 
claim 42 wherein the computer-readable medium is a 
memory of the configured computing device. 

46. (canceled) 
47. The non-transitory computer-readable medium of 

claim 42 wherein the contents are instructions that when 
executed cause the configured computing device to perform 
the method. 

48. A computing system configured to estimate traffic flow 
information for traveling vehicles, comprising: 

one or more processors: 
a first component that is configured to, when executed by at 

least one of the one or more processors, and for each of 
multiple roads, receive an indication of multiple data 

Feb. 3, 2011 

samples associated with the road that each include infor 
mation representing travel of a vehicle on the road; and 

a data sample flow assessor component that is configured 
to, when executed by at least one of the one or more 
processors, and for each of the multiple roads, 

determine a quantity of one or more vehicles whose travel 
on the road during a period of time is represented by the 
information of the data samples associated with the road, 
the one or more vehicles being a subset of all vehicles 
traveling on the road during the period of time; 

generate a probabilistic estimate of traffic flow of all the 
vehicles traveling on the road during the period of time 
based at least in part on the determined quantity of 
vehicles; and 

provide an indication of the estimated traffic flow for use in 
facilitating travel on the road. 

49. The computing system of claim 48 wherein, for each of 
at least some of the multiple roads, the multiple data samples 
associated with the road are each reported by a vehicle and the 
information included with the data sample is information 
about travel of the vehicle on the road at a reported time 
during the period of time for the road, wherein the generating 
of the probabilistic estimate of the traffic flow of all the 
vehicles traveling on the road includes determining an esti 
mated arrival rate at a point on the road of all the vehicles and 
a likelihood of the estimated arrival rate based at least in part 
on the determined quantity of the vehicles whose travel is 
represented by the information of the data samples associated 
with the road, and wherein the providing of the indication of 
the estimated traffic flow for use in facilitating travel on the 
road includes presenting information about the estimated 
traffic flow to operators of vehicles for use in influencing 
decisions regarding travel on the road. 

50. The computing system of claim 49 wherein, for each of 
the at least some roads, the generating of the probabilistic 
estimate of the traffic flow of all the vehicles traveling on the 
road further includes determining an average percentage 
occupancy of a point on the road by the vehicles traveling on 
the road during the period of time for the road, the determin 
ing of the average percentage occupancy being based at least 
in part on the determined estimated arrival rate. 

51. The computing system of claim 48 wherein the first 
component and the data sample flow assessor component 
each includes Software instructions for execution in memory 
of the computing system. 

52. The computing system of claim 48 wherein the first 
component consists of a means for, for each of multiple roads, 
receiving an indication of multiple data samples associated 
with the road that each include information representing 
travel of a vehicle on the road, and wherein the data sample 
flow assessor component consists of a means for, for each of 
the multiple roads, determining a quantity of vehicles whose 
travel is represented by the information of the data samples 
associated with the road, generating a probabilistic estimate 
of traffic flow of all vehicles traveling on the road during a 
period of time based at least in part on the determined quantity 
of vehicles, and providing an indication of the estimated 
traffic flow for use in facilitating travel on the road. 

53. A computer-implemented method for estimating traffic 
flow information for traveling vehicles, the method compris 
ing: 

receiving an indication of multiple data samples that each 
reflect travel of one of multiple vehicles on a road; 
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probabilistically estimating traffic flow of all vehicles trav 
eling on the road during a period of time based at least in 
part on a quantity of vehicles whose travel is reflected by 
the data samples, the probabilistic estimating being per 
formed by a configured computing system; and 

providing an indication of the estimated traffic flow for use 
in facilitating travel on the road. 

54. The method of claim 53 wherein the multiple data 
samples are each reported by a vehicle and each have infor 
mation regarding travel of the vehicle on the road at a reported 
time during the period of time, and wherein the estimating of 
the traffic flow of all vehicles traveling on the road includes 
determining a quantity of vehicles that reported the data 
samples and includes determining an estimated arrival rate at 
a point on the road of all the vehicles, the vehicles that 
reported the data samples being a subset of all the vehicles 
traveling on the road during the period of time. 

55. The method of claim 54 wherein the estimating of the 
traffic flow of all vehicles traveling on the road further 
includes determining a likelihood of the determined esti 
mated arrival rate based at least in part on the determined 
quantity of the vehicles that reported the data samples and 
determining an average percentage occupancy of a point on 
the road by the vehicles traveling on the road during the 
period of time, the determining of the average percentage 
occupancy being based at least in part on the determined 
estimated arrival rate, and wherein the providing of the indi 
cation of the estimated traffic flow for use in facilitating travel 
on the road includes presenting information about the esti 
mated traffic flow to operators of vehicles for use in influenc 
ing decisions regarding travel on the road. 

56. The method of claim 53 wherein the probabilistic esti 
mating of the traffic flow of all the vehicles traveling on the 
road during the period of time includes determining a most 
probable total quantity of all the vehicles traveling on the road 
during the period of time. 
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57. The method of claim 53 wherein the probabilistic esti 
mating of the traffic flow of all the vehicles traveling on the 
road during the period of time includes determining a traffic 
arrival rate volume of vehicles to at least one point of the road 
during the period of time. 

58. The method of claim 57 wherein the determining of the 
traffic arrival rate volume of the vehicles to at least one point 
of the road during the period of time includes determining a 
most probable traffic arrival rate volume. 

59. The method of claim 53 wherein the probabilistic esti 
mating of the traffic flow of all the vehicles traveling on the 
road during the period of time includes determining a traffic 
density for the road during the period of time. 

60. The method of claim 59 wherein the determining of the 
traffic density for the road includes determining a most prob 
able traffic density. 

61. The method of claim 53 wherein the probabilistic esti 
mating of the traffic flow of all the vehicles traveling on the 
road during the period of time includes determining a traffic 
occupancy for at least one point on the road during the period 
of time. 

62. The method of claim 61 wherein the determining of the 
traffic occupancy for the at least one point on the road 
includes determining a most probable traffic occupancy. 

63. The method of claim 53 wherein the probabilistic esti 
mating of the traffic flow of all the vehicles traveling on the 
road during the period of time is performed for each of mul 
tiple overlapping time windows during the period of time, at 
least some of the multiple data samples for the road being 
used for each of multiple of the time windows and having 
different weights for each of the multiple time windows that 
are used during the probabilistic estimating for that time 
window. 


