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DATA-DRIVEN NETWORK PATH SELECTION

BACKGROUND
[0001] As the Internet continues to improve connectivity between people located in
geographically disparate locations, voice calls and multimedia sessions are increasingly
being communicated using the public Internet rather than traditional telephone line
networks. Currently, voice call service providers utilize Voice over Internet Protocol (VoIP)
technologies to deliver voice calls over wide-area networks, such as the public Internet.
While VolIP technologies provide for improved availability of voice calls for users of these
voice call service providers, poor network performance within wide-area networks often
results in poor call quality for voice calls made over these wide-area networks.
SUMMARY

[0002] This disclosure describes techniques for routing Internet voice calls through
managed overlay architectures consisting of relays hosted at geographically distributed
datacenters. The techniques described herein predict call quality for Internet voice calls
based on the network performance associated with obtained network path measurements for
various network paths through either the managed overlay structures or the wide-area
networks. In some examples, the network path measurements may comprise measurements
obtained by analyzing previously made Internet voice calls using the various network paths.
Additionally, or alternatively, the network path measurements may be obtained through
explicit, active measurements. For example, the network paths may be actively probed to
determine network performance of the network paths rather than actually using the network
paths for voice calls. The techniques described herein include analyzing the network path
measurements for the various network paths through one or more networks to determine
network performance for the various network paths. The network performance may be
determined based on one or more network performance factors or metrics, such as round-
trip time (RTT), packet loss rate, or signal jitter (e.g., packet jitter, packet delay jitter, etc.).
In some examples, the techniques further include expanding the coverage of the network
performance determined for the various network paths by identifying portions of network
paths with no network path measurements, such as call records of previously made voice
calls. Using known network performance data for network paths where network path
measurements, such as records of previously made voice calls, are available, combinations
of partially overlapping network paths may be used to estimate the network performance for

the portions of the network paths no with network path measurements. In this way, network
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performance for additional network paths may be determined or estimated to expand the
coverage of network paths with network performance data.

[0003] The techniques further include predicting a group of top-k network path options
based on the network performance for the network paths. For instance, a group of the top-
k network paths (i.e., top 10, top 5, etc.) may be identified based on the network paths having
historical network performance that is better than the network performance of other
available network path options. In some examples, a network path may be selected for a
voice call for a source-destination pair. For example, the top-k network paths may be
analyzed and the network path with the best historical network performance may be selected
for the call. In other examples, the top-k options may be explored using a multi-armed
bandit algorithm. In this way, guided exploration of the network paths in the top-k options
may be performed to obtain additional network performance data. In some examples, a
network path outside of the top-k options may be selected at random to obtain network
performance data for network paths outside of the top-k options. In this way, network paths
may be selected for voice calls, and network performance data for the various network paths
may be collected and used to update the historical network performance for the network
paths. Additionally, because network performance for network paths changes dynamically,
network paths that historically may not have performed well may have improved their
network performance. Thus, due to the dynamic nature of network performance, random
exploration may identify network paths that historically have had poor network
performance, but that now have improved network performance and are viable options for
performing voice calls.

[0004] The techniques described herein affect the quality of Internet Voice calls made
by computing devices in various ways. By identifying network performance for network
paths using call records of previously made voice calls and/or actively obtained
measurements, the network paths with the best network performance for a particular source-
destination pair of computing devices may be identified and utilized for a voice call. In this
way, the techniques described herein may improve the quality of Internet voice calls made.
Accordingly, the techniques described herein can provide more efficient communication of
voice calls over networks, less data lost in voice call transmissions, and improved signal
quality of Internet voice calls.

[0005] This Summary is provided to introduce a selection of techniques in a simplified
form that are further described below in the Detailed Description. This Summary is not

intended to identify key features or essential features of the claimed subject matter, nor is it
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intended that this Summary be used to limit the scope of the claimed subject matter.
Furthermore, the claimed subject matter is not limited to implementations that solve any or
all disadvantages noted in any part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] The Detailed Description is set forth with reference to the accompanying figures,
in which the left-most digit of a reference number identifies the figure in which the reference
number first appears. The use of the same reference numbers in the same or different figures
indicates similar or identical items or features.
[0007] FIG. 1 is a schematic diagram showing an example environment for
communicating Internet voice calls between a source computing device and a destination
computing device.
[0008] FIG. 2 is a schematic diagram showing an example controller server to perform
various operations for data-driven network path selection for Internet voice calls.
[0009] FIG. 3 is a schematic diagram showing an example end-user computing device
to perform Internet voice calls.
[0010] FIG. 4 is a flow diagram showing an example process to identify a network path
for an Internet voice call and provide network performance feedback for the identified
network path.
[0011] FIGS. 5A and 5B are schematic diagrams of example network path coverage
expansion techniques for determining network performance data for network paths that do
not have network path measurements.
[0012] FIG. 6 is a flow diagram showing an example process for analyzing network
path measurements to expand the coverage of network path options, and identifying a
network path from the network path options to be used for a voice call.
[0013] FIG. 7 is a flow diagram showing an example process for analyzing network
path measurements to determine a network path to be used for a voice call.
[0014] FIG. 8 is a flow diagram showing an example process for sending a request to
perform a voice call, receiving an indication of network paths to perform the voice call, and
selecting a network path for performing the voice call.

DETAILED DESCRIPTION

[0015] This disclosure describes techniques for data-driven selection of network paths
for communicating Internet voice calls. Network path measurements, such as call records
of previous voice calls made by users of voice call service providers (e.g., SKYPE®,

GOOGLE HANGOUTS®, WHATSAPP®, etc.), may be analyzed to determine network
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performance data for network paths. In some examples, the techniques described herein
include selecting a network path for a voice call based at least in part on the network
performance data of the network paths identified from the network path measurements.
Once the network path has been selected, an indication of the network path may be output
to a source computing device that desires to make an Internet voice call. The network paths
may comprise data communication paths through one or more networks. For instance, the
network paths may include a direct path between a source computing device and a
destination computing device using wide-area networks, as well as relayed paths through
one or more relays placed at one or more geographically distributed datacenters. The
relayed paths may include one or more relays for routing voice calls between a source
computing device and a destination computing device. In some examples, the relays placed
at the geographically distributed datacenters may comprise the “backbone” of privately
owned datacenters that provide a readily available infrastructure for a managed overlay
network, such as datacenters run by MICROSOFT®, GOOGLE®, and AMAZON®.
[0016] In various examples, a controller server may receive a request, from a source
computing device, to route a call from the source computing device to a destination
computing device. The controller server may be, for example, a cloud-based controller that
includes one or more modules for analyzing network path measurements to determine
network performance data for network paths, and for identifying network paths over which
to transmit the call based on the historical network measurement data. In some examples,
all, or portions of, the one or more modules may additionally or alternatively be stored in at
least one of the source computing device or the destination computing device. In some
examples, source computing devices and/or destination computing devices may report to
the controller server records of Internet voice calls that are made. The controller server may
in turn store these call records.

[0017] In some examples, the controller server may analyze the network path
measurements to determine network performance data for various network paths used to
communicate Internet voice calls. The network path measurements may be analyzed, for
example, based on one or more factors or metrics indicating network performance, such as
the round trip time for the voice call, a rate at which data packets are lost with respect to
time or a total amount of data, and/or a measure of jitter in a signal. Any one or more of
these network performance metrics may be analyzed and determined for network path
measurements. Any one or more of the network performance metrics may be combined in

any manner (i.e., normalized and combined) to determine a total network performance for
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particular network paths. In some examples, one or more predefined thresholds may be
determined or identified for one or more of the metrics, and/or for the total network
performance.

[0018] In some examples, the controller server may employ network tomography to
expand the coverage of known network performance data for a first plurality of network
paths by determining or estimating network performance data for additional network paths.
For example, the network path measurements may include information for previously made
calls using a first plurality of network paths. However, there may be portions, or “holes,”
in the network for which call record information is missing. The controller server may
include one or more modules configured to determine network tomography for networks
between one or more source-destination pairs. For instance, the controller server may
determine the internal characteristics of the one or more networks using information derived
from end-point data contained in the network path measurements. Based on the end-to-end
measurements between the source-destination pairs, internal characteristics of the one or
more networks may be identified or estimated. For example, the internal characteristics of
the one or more networks may be determined, such as by using traceroutes, such that the
one or more networks may be modeled using any combination of one or more network
models (e.g., star model, mesh model, etc.). Once the network has been suitably modeled,
the additional network paths may be determined based on the network model or models and
the network performance data for a first group of network paths. For example, as discussed
in more detail with regard to FIG. 5, multiple network paths from the first group of paths
that partially overlap may be used to determine network performance data for missing
portions of a second group of network paths. In this way, network performance data for a
second group of network paths, which includes the additional network paths and the first
group of network paths, may be determined and expand the coverage and available options
for relaying a call based on network performance data.

[0019] In various examples, the controller server may further include one or more
modules for performing prediction-based pruning techniques to identify top-k options to use
for communicating a call between a source-destination pair. Using the network performance
data determined for the second group of network paths, the controller server may identify a
group of the top options, or the options with the best historical network performance. The
network performance data may be determined using one or more of the network
performance factors, and the top-k options (i.e., top 5, top 10, etc.) may be identified based

on the top-k options network performance data.
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[0020] In various examples, the controller server may further include modules for
selecting a network path for use by a source-destination pair. For instance, the controller
server may simply identify the top network path from the top-k options and output an
indication to the source computing device to use that particular network path. In some
examples, the controller server may include a multi-armed bandit algorithm and apply the
multi-armed bandit algorithm to the top-k options. The network paths included in the top-k£
options may each be considered an “arm” of the bandit where the network performance
obtained is the reward. The multi-armed bandit algorithm may greedily explore the options
in the top-k group and exploit the best decision based on various factors, such as the
confidence in the measurements used for determining the network performance of the
network paths, the particular time of day, or any other factors. In some examples, the
controller server may select the network path at random from the network paths outside of
the top-k options. By selecting a random network path outside of the top-k options,
additional data for network paths that may not otherwise be explored is obtained and the
network path performance data is updated.

[0021] The controller server may output an indication of the selected network path to
one or more of a source computing device and/or a destination computing device. Once the
source-destination pair has conducted a voice call using the selected network path, a record
of the call may be sent to the controller server. The controller server may add the received
call record to the historical call records used to determine the network performance data for
the network paths. In this way, the network performance data for each network path may
be continually updated as source-destination pairs use the network paths. This may provide
for more accurate network performance determination as network performance may change
over time.

[0022] While the techniques described herein are described with reference to voice calls,
in some examples the techniques can be utilized for data-driven selection of network paths
for other types of communication technologies. For example, online gaming service
providers may identify network paths for their online gaming sessions using the techniques
described herein to improve the performance of their online gaming. In another example,
providers of text or email services may also use the techniques described herein for selecting
network paths over which to communicate data.

Ilustrative Environments

[0023] FIG. 1 is a schematic diagram showing an example environment 100 for

communicating Internet voice calls between a source computing device and a destination
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computing device. More particularly, the example environment 100 may include one or
more controller servers 102, one or more source computing devices 104, and one or more
destination computing devices 106.

[0024] The controller server(s) 102 can be any entity, server, console, computer, etc.,
configured with one or more modules for analyzing network path measurements (i.e.,
previous call records, actively obtained measurements, etc.) to determine network
performance data for network paths and selecting network paths based on the network
performance data. In some examples, the controller server(s) 102 may be a cloud-based
server accessible via the public Internet by source computing device(s) 104 and destination
computing device(s) 106. In some examples the controller server(s) 102 may receive a
request to communicate from the source computing device(s) 104 and/or the destination
computing device(s) 106. The controller server(s) 102 may determine a network path
through one or more networks over which the source-destination pair can communicate.
The network paths may include a direct path (i.e., default path) through one or more wide
area networks 112, such as the public Internet. The network paths may further include one
or more relayed paths using one or more data centers 108 comprising one or more relays
110. In some examples, the data center(s) 108 may be globally distributed data centers,
such as those run by AMAZON®, GOOGLE®, and MICROSOFT®. The relayed paths
may include paths that route communications through one or more of the relay(s) 110
positioned at the data center(s) 108. For instance, the relayed paths may include a single
relay 110 to “bounce” communications off of, or multiple relay(s) 110 enabling
communications to “transit” through. In some examples, the relay(s) 110 may include a
private backbone of a managed overlay network, such as Microsoft’s AZURE® network.
[0025] In some examples, the controller server(s) 102 may receive a request, via a
network such as the public Internet, from one or both of the source computing device(s) 104
and/or the destination computing device(s) 106. The request may include a request to make
a voice call using one or more networks. The controller server(s) 102 may output an
indication of a network path over which the source-destination pair can communicate. In
some examples, the controller server(s) 102 may output a network path to a source-
destination pair in response to each request received, while in other examples the controller
server(s) 102 may periodically (e.g., every hour, every day, etc.) send out a list of network
paths for the source computing device(s) 104 and destination computing device(s) 106 to
use so the controller server(s) 102 don’t need to respond to a request every time a source-

destination pair requests to make a voice call.
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[0026] In some examples, after the source-destination pair has completed a voice call
using a particular network path, one of the source computing device(s) 104 or the destination
computing device(s) 106 may send a call record of the call to the controller server(s) 102.
The controller server(s) 102 may then include the call record with the other previously
obtained call records to update network performance data for network paths over time. For
example, the controller server(s) 102 may re-determine the network performance for the
network paths continually or periodically using newly received call records. In this way,
network performance data is updated in near-real time to dynamically determine network
performance data for network paths over time. In various examples, old network
performance data, or data that has been stored for over a threshold period of time, may be
deleted.

[0027] FIG. 2 is a schematic diagram showing an example controller server 200 to
perform various operations for data-driven network path selection for Internet voice calls.
The controller server 200 may include any type of controller server, such as controller
server(s) 102, configurable with one or more modules to analyze network path
measurements and determine network paths for voice calls based on the network path
measurements. Control server 200 may include one or more processors 202 coupled to
computer-readable media 204, such as by a communication bus. The processor(s) 202 may
include a central processing unit (CPU), graphics processing unit (GPU), a microprocessor,
and so on.

[0028] Computer-readable media 204 may store an operating system 206 and a network
path selection module 208. The operating system 206 may include computer-readable
instructions that manage hardware and software resources of the controller server 200. The
network path selection module 208 may include one or more modules for determining a
network path usable by devices to communicate a voice call, such as a network expansion
module 210, a prediction module 212, and a selection module 214.

[0029] The network expansion module 210 may include computer-readable instructions
that, when executed by the processors(s) 202, perform various operations for expanding a
set of available network paths for voice calls. For example, network expansion module 210
may analyze a plurality of network path measurements stored in the computer-readable
media 204, such as in network path measurement(s) 216 data store. The network path
measurement(s) 216 may include records of calls previously made by source-destination
pairs of computing devices and/or actively obtained measurements, such as from network

path probing. The network path measurements may indicate various network performance
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metrics, such as (1) round trip time (i.e., an amount of time for a signal to be sent from a
source computing device to a destination computing device plus an amount of time for an
acknowledgement of the signal to be received from the destination computing device), (ii)
loss rate for data (i.e., an amount of data lost with respect to an amount of data sent, or with
respect to time), and/or (iii) jitter in a signal (i.e., the deviation from true periodicity of a
periodic signal). Further, the network path measurements may indicate which network path
was used for the call, such as by using traceroute techniques. In some examples, the network
expansion module 210 may analyze a plurality of network path measurement(s) 216 and
determine, based on the network performance metrics, the total network performance for all
network paths included in the network path measurement(s) 216. For example, higher round
trip time, higher data loss rates, and higher jitter in a particular network path may lower an
overall network performance score for the particular network path, whereas lower round trip
time, lower data loss rates, and lower jitter in signals may raise the overall network
performance score for the particular network path. Thus, in this example, the lower the
network performance value, the better the network path is performing. Identifiers associated
with the known network paths may be stored in the computer-readable media, such as in
network path(s) 218 data store. The network expansion module 210 may associate the
network performance data with the network path(s) 218. In various examples, the network
expansion module 210 may update the network performance data for the network path(s)
218 as new call records for recently made calls are received from source computing devices
and/or destination computing devices.

[0030] In some examples, the network expansion module 210 may further be configured
to identify additional network paths which are not identified in the network path
measurement(s) 216. For example, by analyzing the network path measurement(s) 216,
network performance data for network paths(s) 218 that were actually used in previous calls
or actively measured may be known. However, additional network paths that are available,
but for which no network path measurement(s) have been obtained, may be determined by
network expansion module 210. In some examples, determining the additional network
paths may include determining, based on the network path measurement(s) 216, one or more
network models that represent the one or more networks used to communicate the voice
calls. By combining end-to-end measurements across several, partially overlapping
network paths for which network performance data is known, and based on the one or more
network models, network performance data for unknown portions (i.e., “holes”) in the one

or more networks may be determined by identifying or estimating network performance
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data for each segment of the network model. Additional details regarding determining
network performance data for the unknown portions of the one or more networks are
described below with reference to FIGS. SA and 5B. Once the network performance data
is determined for the previously unknown portions of the one or more networks, network
performance data for additional network path(s) 218 may be identified, and the additional
network path(s) 218 may be combined with a first group of network paths to create a second
group of network paths associated with network performance data.

[0031] In some examples, the prediction module 212 may include computer-readable
instructions that, when executed by the processors(s) 202, perform various operations for
predicting a group of top-k network path(s) 218. For example, prediction module 212 may
identify which of network path(s) 218 have the best network performance based on the
analysis performed by the network expansion module 208. The prediction module may
narrow down the network path(s) 218 into a group of top-k options comprising the network
path(s) 218 which have the highest network performance scores. In some examples, £ may
be statically defined, such as the top 5 options or top 10 options. In other examples, £ may
be dynamically determined based on the mean (xr) and standard error of mean (SEM;) for
each relayed network path. For instance, the top-k options may include the minimal set of
relayed network path(s) 218 such that the lower 95% confidence bound (x- — 1.96 SEM;) of
any relayed network path(s) 218 not in the top-£ is higher than the upper 95% confidence
bound (1 + 1.96 SEM;) of any relayed network path(s) 218 in the top-k. Thus, because the
lower the network performance value suggests that the network path is a better option, there
may be a high degree of confidence that any relay option that is not included in the top-k is
worse than any that is.

[0032] In various examples, the selection module 214 may include computer-readable
instructions that, when executed by the processors(s) 202, perform various operations for
selecting a network path from the network path(s) 218. In some examples, the selection
module 214 may simply select the network path with the best network performance score
out of the group of top-k network path options identified by the prediction module 212. In
other examples, the selection module 214 may apply a multi-armed bandit algorithm to
explore different network path options from the group of top-k network paths. In such
examples, the multi-armed bandit algorithm may greedily explore other network paths in
the top-k options other than the highest ranked option. The multi-armed bandit algorithm
may identify other network paths in the group of top-k network paths based on various

factors, such as confidence measures in the measurements contained in the network path
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measurements for a particular network path, insufficient information for a particular time of
day, an overall cost factor associated with adding traffic onto the one or more networks, or
other factors. By greedily exploring network path options in the group of top-k network
paths, additional and more recent network path measurements may be obtained and analyzed
for network paths that may not ordinarily, or as frequently, be selected for a voice call. In
other examples, the selection module 214 may further explore the available network path(s)
218 by periodically (e.g., every 50 selections, every 100 selections, etc.) selecting at random
a network path that is outside of the top-k options for a voice call. In this way, network path
measurements for network paths that are not selected as often may be obtained to update the
network performance data for those network paths. In some examples, once the selection
module 214 has selected a network path for a call, the selection module 214 may output, via
one or more network interfaces 220, the selected network path to a source computing device
and/or destination computing device requesting a path for a voice call. In some examples,
the selection module 214 may periodically (e.g., hourly, daily, etc.) output a list of network
path(s) 218 for source-destination computing device pairs to select from. In this way, the
selection module 214 need only determine optimal network paths periodically rather than
for every request that is received.

[0033] The controller server 200 may further include the network interface(s) 220 (i.e.,
communication connections) to send and receive data over one or more networks. Network
interface(s) 220 may include one or more network interface controllers (NICs) or other types
of transceiver devices to send and receive communications over a network, such as wide
area network(s) 112 and/or relayed networks formed by the data center(s) 108. For example,
network interface(s) 200 may send indications of network paths for performing a voice call
to source computing devices and/or destination computing devices. Additionally, the
network interface(s) 200 may receive, from source computing devices and/or destination
computing devices, network path measurements comprising information about a call
performed by the particular source-destination pair.

[0034] The controller server 200 may additionally include one or more input/output
(I/0) interfaces 222 to allow the controller server 200 to communicate with other devices
such as input peripheral devices (e.g., a keyboard, a mouse, a pen, a game controller, a voice
input device, a touch input device, a gestural input device, a tracking device, a mapping
device, a visual content item camera, a depth sensor, a physiological sensor, and the like)
and/or output peripheral devices (e.g., a display, a printer, audio speakers, a haptic output,

and the like). In this way, users (i.e., administrators) of controller server 200 may interact
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with the controller server 200 to perform various operations, such as updating computer-
readable instructions stored on the controller server 200.

[0035] FIG. 3 is a schematic diagram showing an example end-user computing device
300 to perform Internet voice calls. End-user computing device 300 may comprise any type
of computing device, such as source computing device(s) 104 and destination computing
device(s) 106. While illustrated as a portable laptop computing device, end-user computing
device 300 may comprise any type of computing device configurable for performing voice
communication calls, such as personal data assistants (PDAs), tablet computers or tablet
hybrid computers, smartphones, mobile phones, or other telecommunication devices,
portable or console-based gaming devices, automotive computers such as vehicle control
systems, vehicle security systems, autonomous vehicles, or any other type of end-user
computing device.

[0036] The end-user computing device 300 may include one or more processors 302
communicatively coupled to computer-readable media 304, such as by a communication
bus. The processor(s) 302 may include a central processing unit (CPU), graphics processing
unit (GPU), a microprocessor, and so on. Computer-readable media 304 may store an
operating system 306 and one or more applications 308. The operating system 306 may
include computer-readable instructions that manage hardware and software resources of the
end-user computing device 300. The application(s) 308 may include one or more
applications and modules for communicating voice calls using one or more networks, such
as a voice over internet protocol (VoIP) application 310 (e.g., SKYE®, GOOGLE
HANGOUTS®, etc.).

[0037] In some examples, VoIP application 310 may perform functionalities for
performing voice calls over the Internet, such as communicating with a controller server
(i.e., controller server(s) 102) to determine a network path, and sending and receiving data
in a voice call with a destination end-user computing device 300. In various examples, the
VoIP application 310 may further include a selection module 312. The selection module
may include computer-readable instructions that, when executed by the processor(s) 302,
select a network path from the network path(s) 314 for the end-user computing device 300
to use to perform a voice call. In some examples, the VoIP application 310 may receive a
request from a user of the end-user computing device 300 to perform a voice call with a
destination computing device. The VoIP application 310 may then send the request to a
controller server. The controller server may then send an indication of a network path for

the VoIP application 310 to use for a voice call. In other examples, the VoIP application
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310 may periodically (e.g., hourly, daily, etc.) receive a list of network path(s) 314 that the
selection module 312 may select from. For instance, the selection module 312 may receive
a list of network path(s) 314 from a controller server that the selection module 312 may
choose from. The selection module 312 may select a network path from any in the list of
network path(s) 314 using methods similar to those described with respect to selection
module 214. For instance, the selection module 312 may identify a group of top-k
candidates in the network path(s) 314 based on network performance data determined for
the network path(s) 314, and may (i) select the top candidate based on network performance,
(i1) apply a multi-armed bandit algorithm to the top-k candidates to greedily explore-exploit
a network path, or (ii1) select a network path at random from the network path(s) 314 that
are not in the top-k options.

[0038] In various examples, the VoIP application 312 may store network path
measurement(s) 316 from calls performed by the end-user computing device 300 with other
computing devices and/or of actively obtained measurements. The VoIP application 310
may then send the network path measurement(s) 316, either after each call or periodically
(e.g., twice a day, once a day, etc.) in a bunch, to a controller server. In this way, the
controller server may determine network performance data for the network paths to adjust
for changes in network performance data over time.

[0039] The end-user computing device 300 may further include one or more network
interfaces 318 (i.e., communication connections) to send and receive data over one or more
networks. Network interface(s) 318 may include one or more network interface controllers
(NICs) or other types of transceiver devices to send and receive communications over a
network, such as wide area network(s) 112 and/or relayed networks formed by the data
center(s) 108. For example, network interface(s) 318 may send requests for a network path
to a controller server, send network path measurement(s) 316 to a controller server, perform
voice calls over one or more networks, and receive a list of network path(s) 314 from a
controller server.

[0040] The end-user computing device 300 may additionally include one or more
input/output (I/O) interfaces 320 to allow the end-user computing device 300 to
communicate with other devices such as input peripheral devices (e.g., a keyboard, a mouse,
a pen, a game controller, a voice input device, a touch input device, a gestural input device,
a tracking device, a mapping device, a visual content item camera, a depth sensor, a
physiological sensor, and the like) and/or output peripheral devices (e.g., a display, a printer,

audio speakers, a haptic output, and the like). In this way, users of end-user computing
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device 300 may interact with the end-user computing device 300 to perform various
operations, such as performing voice calls using the VoIP application 310.

[0041] The computer-readable media 204 and 304 can include computer storage media
and/or communication media. Computer storage media can include volatile memory,
nonvolatile memory, and/or other persistent and/or auxiliary computer storage media,
removable and non-removable computer storage media implemented in any method or
technology for storage of information such as computer readable instructions, data
structures, program modules, or other data. Computer memory is an example of computer
storage media. Thus, computer storage media includes tangible and/or physical forms of
media included in a device and/or hardware component that is part of a device or external
to a device, including but not limited to random-access memory (RAM), static random-
access memory (SRAM), dynamic random-access memory (DRAM), phase change memory
(PRAM), read-only memory (ROM), erasable programmable read-only memory (EPROM),
electrically erasable programmable read-only memory (EEPROM), flash memory, compact
disc read-only memory (CD-ROM), digital versatile disks (DVDs), optical cards or other
optical storage media, miniature hard drives, memory cards, magnetic cassettes, magnetic
tape, magnetic disk storage, magnetic cards or other magnetic storage devices or media,
solid-state memory devices, storage arrays, network attached storage, storage area networks,
hosted computer storage or any other storage memory, storage device, and/or storage
medium that can be used to store and maintain information for access by a computing
device.

[0042] In contrast, communication media can embody computer readable instructions,
data structures, program modules, or other data in a modulated data signal, such as a carrier
wave, or other transmission mechanism. The term “modulated data signal” means a signal
that has one or more of its characteristics set or changed in such a manner as to encode
information in the signal. Such signals or carrier waves, etc. can be propagated on wired
media such as a wired network or direct-wired connection, and/or wireless media such as
acoustic, RF, infrared and other wireless media. As defined herein, computer storage media
does not include communication media.

[0043] In some examples, processor(s) 202 and 302 can represent, for example, a CPU-
type processing unit, a GPU-type processing unit, a HPU-type processing unit, a Field-
Programmable Gate Array (FPGA), another class of Digital Signal Processor (DSP), or
other hardware logic components that can, in some instances, be driven by a CPU. For

example, and without limitation, illustrative types of hardware logic components that can
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be used include Application-Specific Integrated Circuits (ASICs), Application-Specific
Standard Products (ASSPs), System-on-a-Chip systems (SOCs), Complex Programmable
Logic Devices (CPLDs), etc. In various examples, the processor(s) 202 and 302 can execute
one or more modules and/or processes to cause the controller server 200 and end-user
computing device 300 to perform operations for data-driven selection of network paths and
performing voice calls. Additionally, each of the processor(s) 202 and 302 may possess
their own local memory, which also may store program modules, program data, and/or one
or more operating systems.

Example Diagrams

[0044] FIG. 4 is a flow diagram showing an example process 400 to identify a network
path for an Internet voice call and provide network performance feedback for the identified
network path. The operations of process 400 may be performed by modules of one or more
computing devices, such as the controller server 200 and/or the end-user computing
device 300.

[0045] At block 402, the network expansion module 210 may analyze previous network
path measurements to determine network performance data for various network paths used
to communicate Internet voice calls. The previous voice network path measurements may
be analyzed based on one or more factors or metrics indicating network performance, such
as the round trip time for the voice call, a rate at which data packets are lost with respect to
time or a total amount of data, and/or a measure of jitter in a signal. One or all of these
network performance metrics may be analyzed and determined for an entire call of a call
record. One or all of the network performance metrics may be combined in any manner
(i.e., normalized and combined) to determine a total network performance for particular
network paths. In some examples, one or more predefined thresholds may be determined
or identified for each of the metrics, and/or for the total network performance.

[0046] At block 404, the network expansion module 210 may expand the network
coverage by determining network performance data for additional network paths. The
network expansion module 210 may determine a network tomography for networks between
one or more source-destination pairs. For instance, the network expansion module 210 may
determine the internal characteristics of the one or more networks using information derived
from end-point data contained in the call records. Based on the end-to-end measurements
between the source-destination pairs, internal characteristics of the one or more networks
may be identified. For example, the one or more networks internal characteristics may be

determined, such as by using traceroutes, such that the one or more networks may be
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modeled using one of, or a combination of, network models (e.g., star model, mesh model,
etc.). Once the network has been suitably modeled, the additional network paths may be
determined based on the network model or models and the network performance data for
the first plurality of network paths. For example, as discussed in more detail in FIG. 5,
multiple network paths from the first plurality of paths that partially overlap may be used to
determine network performance data for missing portions of the second plurality of network
paths. In this way, network performance data for a second plurality of network paths, which
includes the additional network paths and the first plurality of network paths, may be
determined and expand the coverage and available options for relaying a call based on
network performance data.

[0047] At block 406, the prediction module 212 may perform data-driven prediction
based pruning of the network paths to identify top-k options to use for communicating a call
between a source-destination pair. Using the network performance data determined for the
network paths, the controller server may identify a group of the top options, or the options
with the best historical network performance data. The network performance data may be
determined using one or more of the network performance factors, and the top-k options
(i.e., top 5, top 10, etc.) may be identified based on their network performance data.

[0048] At block 408, one of the selection modules 214 or 312 may select a network path
for use by a source-destination pair. For instance, one of the selection modules 214 or 312
may simply identify the top network path from the top-k options and output an indication to
a source computing device to use that particular network path. In some examples, one of
the selection modules 214 or 312 may include a multi-armed bandit algorithm and apply the
multi-armed bandit algorithm to the top-k options. The network paths included in the top-k£
options may each be considered an “arm” of the bandit where the network performance
obtained is the reward. The multi-armed bandit algorithm may greedily explore the options
in the top-k group and exploit the best decision based on various factors, such as the
confidence in the measurements used for determining the network performance data of the
network paths, the particular time of day, or any other factors. In some examples, one of
the selection modules 214 or 312 may select the network path at random from the network
paths outside of the top-k options. By selecting a random network path outside of the top-4
options, additional data for network paths that may not otherwise be explored is obtained
and the network path performance is updated.

[0049] In some examples, selecting the network path at block 408 may take into account

budgeting factors. For example, the selection modules 214 or 312 may take into account
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various benefits and costs associated with using certain network paths. As an example,
using a relayed path (i.e., a path through one or more relays positioned at data center(s) may
benefit a voice call (i.e., better performance), but there may be costs, such as placing too
much load on the network of relays, which result in the relayed path not being the best
selection based on overall cost. In some examples, thresholds for a minimum call
performance increase may be set, such as the call benefits predicted using a relayed path
must be higher than a 5% increase in call performance compared to the direct path (i.e.,
public Internet path). If the benefits for the call performance is not greater than a 5%
performance increase, the relayed path may not be selected. In some examples, threshold
percentages for an amount of calls sent through the relayed networks may be set. For
example, a percentage threshold of voice calls (e.g., 10%, 20%, etc.) that are allowed to be
sent through relayed paths may be determined for the total number of voice calls being
made. Thus, in some examples only a certain percentage of calls are sent through the relayed
network option, such as the 20% of calls who experience the most improved network
performance using the relayed paths. In some examples, thresholds of calls may be set for
particular relays as well to keep the load balanced. Thus, in various examples selecting
between one or more relayed network paths and direct network paths (i.e., wide area
networks) may be based on overall cost benefits, such as total network load for a relayed
network, total load for individual relays, etc.

[0050] At blocks 410, 412, or 414, at least one of the selection module 214 or the
selection module 312 may select a network path by selecting the top choice candidate from
the top-k options (410), by selecting a network path from the top-k options using a multi-
armed bandit algorithm (412), or by selecting a network path for randomized exploration
(414).

[0051] At block 416, the source computing device(s) 104 and/or destination computing
device(s) 106 may receive the selected network path and perform a voice call using the
selected network path.

[0052] At block 418, one or both of the source computing device(s) 104 and/or
destination computing device(s) 106 may provide feedback to the controller server. For
instance, one or both of the source computing device(s) 104 and/or destination computing
device(s) 106 may send a call record including information about the call and the network
performance metrics to the controller server to be analyzed at block 402.

[0053] FIGS. 5A and 5B are schematic diagrams 500 and 502 of example network path

coverage expansion techniques for determining network performance data for network paths
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that do not have previous network path measurements. The techniques described herein
may be performed by one or more modules, such as the network expansion module 210.
[0054] As shown in FIG. 5A, diagram 500 depicts a portion of a network with nodes A,
B, C, and D. In some examples, the nodes may include computing devices in a network
(i.e., relays, servers, data centers, etc.) and end-point computing devices for performing
voice calls (i.e., source computing devices, destination computing devices, etc.). As shown
in diagram 500, network performance data (i.e., time for a signal to traverse a segment) may
be known based on network path measurements for certain segments of the portion of the
network. As illustrated, network performance data may be known for segments A—C,
A—D, and B—D. As further illustrated, using these known network performance data for
the segments, network performance data for segments of the portion of the network may be
determined. For example, it may be determined that, as shown in Calculation 504, the total
time to traverse segment A—B is 3ms. Once network performance data for segment A—B
are known, it may further be determined that, as shown in Calculation 506, the total time to
traverse segment B—C is 2ms.

[0055] As shown in FIG. 5B, diagram 502 depicts a portion of a network with nodes A,
B, C, D, and a relay node RN. Similar to diagram 500, diagram 502 depicts a portion of a
network that is modeled as a star network. Network performance data may be known based
on network path measurements for certain segments of the portion of the network, such as
segments A—B, B—C, and A—D. Using these known network performance data, as shown
in calculation 508, network performance data for the missing segment C—D may be
determined.

[0056] Thus, FIGS. 5A and 5B illustrate how to use network performance values
obtained from network path measurements for known segments of a network to determine
missing network performance data for portions, or “holes,” of the network. Using these and
other similar techniques, the network expansion module 210 may expand the network path
options with known or estimated network performance data to provide a larger selection of
network paths for data-driven selection of network paths for voice calls. Although the
illustrated techniques are performed with respect to time for a signal to traverse a portion of
a network, the techniques may be applied to determine other missing network performance
metrics, such as jitter and data loss. For instance, by observing total data flow rates for
various portions of a network, it can be determined how much data is lost for segments of a
network that do not have network path measurement information.

Example Processes
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[0057] The processes described in FIGS. 6-8 below are illustrated as a collection of
blocks in a logical flow graph, which represent a sequence of operations that can be
implemented in hardware, software, or a combination thereof. In the context of software,
the blocks represent computer-executable instructions stored on one or more computer-
readable storage media that, when executed by one or more processors, perform the recited
operations.  Generally, computer-executable instructions include routines, programs,
objects, components, data structures, and the like that perform particular functions or
implement particular abstract data types. The order in which the operations are described is
not intended to be construed as a limitation, and any number of the described blocks can be
combined in any order and/or in parallel to implement the processes. The processes
described below may be performed by modules stored on one or more of controller server
200 and/or end-user computing device 300, such as network expansion module 210,
prediction module 212, selection module 214, and/or selection module 312.

[0058] FIG. 6 is a flow diagram showing an example process for analyzing network
path measurements to determine a network path to be used for a voice call.

[0059] At block 602, the controller server 200 may receive, from a source computing
device via network interface(s) 220 and over one or more networks, a request to transmit a
call from the source computing device to a destination computing device.

[0060] At block 604, the network expansion module 210 may analyze, based at least in
part on one or more network performance factors, network path measurements of calls made
using a first group of network paths through one or more networks and between the source
computing device and the destination computing device to determine network performance
data for the first group of network paths. In some examples, the one or more network
performance factors may comprise at least one of an amount of time for a signal to be sent,
using a particular network path, from a first computing device to a second computing device
plus an amount of time for an acknowledgment of the signal to be sent, using the particular
network path, from the second computing device to the first computing device, a rate at
which packets of a signal traversing a particular network path are lost with respect to at least
one of time or an amount of packets sent in the signal, or a measure of jitter in a signal
caused by traversing a particular network path.

[0061] At block 606, the prediction module 212 may determine, based at least in part
on the network performance data for the first plurality of network paths, network
performance data for a second plurality of network paths, the second plurality of network

paths including the first plurality of network paths. In some examples, determining the
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network performance data for the second plurality of network paths may include selecting,
based at least in part on the first plurality of network paths, one or more network models to
model the one or more networks; identifying, based at least in part on the one or more
network models and the network path measurements, segment specific network
performance data for segments of the first plurality of network paths; determining, based at
least in part on the one or more network models and the segments, additional network paths
through the one or more networks; and determining additional network performance data
for the additional network paths.

[0062] At block 608, the selection module 214 may identify, based at least in part on
the network performance data, a network path from the second plurality of network paths to
use for transmitting the call. In some examples, identifying the network path from the
second plurality of network paths includes identifying a group of network paths from the
second plurality of network paths based at least in part on respective network performance
data for each network path in the group of network paths relative to other network paths in
the second plurality of network paths; and selecting the network path from the group of
network paths based at least in part on the network path having a highest network
performance in the group of network paths. In various examples, identifying the network
path from the second plurality of network paths comprises: identifying a group of network
paths from the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to other
network paths in the second plurality of network paths; and selecting the network path from
the group of network paths by applying a multi-armed bandit algorithm to the group of
network paths. In some examples, identifying the network path from the second plurality
of network paths comprises: identifying a group of network paths from the second plurality
of network paths based at least in part on respective network performance data for each
network path in the group of network paths relative to other network paths in the second
plurality of network paths; and selecting the network path randomly from the other network
paths in the second plurality of network paths.

[0063] At block 610, the controller server 200 may output, using the network
interface(s) 220, an indication of the network path identified for transmitting the call to the
source computing device. In some examples, outputting the indication of the network path
may comprise outputting a plurality of network paths usable to transmit the call.

[0064] FIG. 7 is a flow diagram showing an example process 700 for analyzing network

path measurements to determine a network path to be used for a voice call.
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[0065] At block 702, the network expansion module 210 may analyze, based at least in
part on one or more network performance factors, records of voice communications made
using a first plurality of network paths through one or more networks for a particular source-
destination pair to determine network performance data for the first plurality of network
paths. In some examples, analyzing records of voice communications comprises:
identifying a source computing device and a destination computing device of the source-
destination pair; and identifying the first plurality of network paths based at least in part on
the first plurality of network paths traversing a route between the source computing device
and the destination computing device of the source-destination pair.

[0066] At block 704, the selection module 214 may identify a network path from the
first plurality of network paths or a second plurality of network paths based at least in part
on a network performance of the network path relative to the network performance data of
the first plurality of network paths and network performance data for the second plurality of
network paths. In some examples, the one or more network performance factors comprise
at least one of: an amount of time for a signal to be sent, using a particular network path,
from a source computing device to a destination computing device of the source-destination
pair plus an amount of time for an acknowledgment of the signal to be sent, using the
particular network path, from the destination computing device to the source computing
device; a rate at which packets of a signal traversing a particular network path are lost with
respect to at least one of time or an amount of packets sent in the signal; or a measure of
jitter in a signal caused by traversing a particular network path.

[0067] At block 706, the controller server 200 may output, via network interface(s) 220,
an indication of the network path to a computing device.

[0068] FIG. 8 is a flow diagram showing an example process for sending a request to
perform a voice call, receiving an indication of network paths to perform the voice call, and
selecting a network path for performing the voice call.

[0069] At block 802, a request may be sent, via network interface(s) 318 and to a
controller server 200, to perform voice communication with a destination computing device
via one or more networks.

[0070] At block 804, a message may be received, from the controller server, comprising
an indication of one or more network paths between the computing device and the
destination computing device and through the one or more networks, the message further
comprising previous network performance data associated with each of the one or more

network paths. In some examples, the message further comprises a suggested order to
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choose from the one or more network paths for performing the voice communication; and
selecting the network path from the one or more network paths is based at least in part on
the suggested order.

[0071] At block 806, a network path may be selected, by one or more processors, from
the one or more network paths based at least in part on a respective previous network
performance of the network path. In some examples, selecting the network path from the
one or more network paths comprises identifying a group of network paths from the one or
more network paths based at least in part on the previous network performance data of the
group of network paths being higher than the previous network performance data for others
of the one or more network paths; and selecting the network path from the group of network
paths based at least in part on the network path having a best previous network performance
in the group of network paths.

[0072] Atblock 808, a voice communication may be sent using the network interface(s)
318 to the destination computing device using the network path.

Example Clauses

[0073] A. A system comprising: one or more processors; and memory
communicatively coupled to the one or more processors and storing one or more modules
that, when executed by the one or more processors, cause the client computing device to
perform operations comprising: receiving, from a source computing device, a request to
transmit, via one or more networks, a call from the source computing device to a destination
computing device; analyzing, based at least in part on one or more network performance
factors, network path measurements for a first plurality of network paths through one or
more networks and between the source computing device and the destination computing
device to determine network performance data for the first plurality of network paths;
determining, based at least in part on the network performance data for the first plurality of
network paths, network performance data for a second plurality of network paths, the second
plurality of network paths including the first plurality of network paths; identifying, based
at least in part on the network performance data, a network path from the second plurality
of network paths to use for transmitting the call; and outputting, to the source computing
device, an indication of the network path identified for transmitting the call.

[0074] B. A system as paragraph A recites, wherein the one or more network
performance factors comprise at least one of: round trip time using a particular network
path; data loss for a particular network path; or a measure of jitter in a signal caused by

traversing a particular network path.
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[0075] C. A system as paragraph A or B recite, wherein determining the network
performance data for the second plurality of network paths comprises: selecting, based at
least in part on the first plurality of network paths, one or more network models to model
the one or more networks; identifying, based at least in part on the one or more network
models and the network path measurements, segment specific network performance data for
segments of the first plurality of network paths; determining, based at least in part on the
one or more network models and the segments, additional network paths through the one or
more networks; and determining additional network performance data for the additional
network paths.

[0076] D. A system as any of paragraphs A-C recite, wherein identifying the network
path from the second plurality of network paths comprises: identifying a group of network
paths from the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to other
network paths in the second plurality of network paths; and selecting the network path from
the group of network paths based at least in part on the network path having a highest
network performance in the group of network paths.

[0077] E. A system as any of paragraphs A-C recite, wherein identifying the network
path from the second plurality of network paths comprises: identifying a group of network
paths from the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to other
network paths in the second plurality of network paths; and selecting the network path from
the group of network paths by applying a multi-armed bandit algorithm to the group of
network paths.

[0078] F. A system as any of paragraphs A-C recite, wherein identifying the network
path from the second plurality of network paths comprises: identifying a group of network
paths from the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to other
network paths in the second plurality of network paths; and selecting the network path
randomly from the other network paths in the second plurality of network paths.

[0079] G. One or more computer-storage media storing computer-executable
instructions that, when executed by one or more processors, configure the one or more
processors to perform operations comprising: analyzing, based at least in part on one or
more network performance factors, records of voice communications made using a first

plurality of network paths through one or more networks for a particular source-destination
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pair to determine network performance data for the first plurality of network paths;
identifying a network path from the first plurality of network paths or a second plurality of
network paths based at least in part on network performance data of the network path
relative to the network performance data of the first plurality of network paths and network
performance data for the second plurality of network paths; outputting an indication of the
network path to a computing device.

[0080] H. One or more computer-storage media as paragraph G recites, the operations
further comprising: identifying, based at least in part on the network performance data for
the first plurality of network paths, segment specific network performance data for segments
of the first plurality of network paths; selecting, based at least in part on the first plurality
of network paths, one or more network models to model the one or more networks for the
particular source-destination pair; and determining, based at least in part on the one or more
models and the segment specific network performance data for the segments of the first
plurality of network paths, network performance data for the second plurality of network
paths.

[0081] I. One or more computer-storage media as paragraph G or H recite, wherein
identifying the network path comprises: identifying a group of network paths from at least
one of the first plurality of network paths or the second plurality of network paths based at
least in part on respective network performance data for each network path in the group of
network paths relative to network performance data of other network paths in the first
plurality of network paths and the second plurality of network paths; and selecting the
network path from the group of network paths based at least in part on the network path
having a highest network performance in the group of network paths.

[0082] J. One or more computer-storage media as paragraph G or H recite, wherein
identifying the network path comprises: identifying a group of network paths from at least
one of the first plurality of network paths or the second plurality of network paths based at
least in part on respective network performance data for each network path in the group of
network paths relative to network performance data of other network paths in the first
plurality of network paths and the second plurality of network paths; and selecting the
network path from the group of network paths by applying a multi-armed bandit algorithm
to the group of network paths.

[0083] K. One or more computer-storage media as paragraph G or H recite, wherein
identifying the network path comprises: identifying a group of network paths from at least

one of the first plurality of network paths or the second plurality of network paths based at
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least in part on respective network performance data for each network path in the group of
network paths relative to network performance data of other network paths in the first
plurality of network paths and the second plurality of network paths; and selecting the
network path randomly from the other network paths in the first plurality of network paths
and the second plurality of network paths.

[0084] L. One or more computer-storage media as any of paragraphs G-K recite,
wherein the one or more network performance factors comprise at least one of: an amount
of time for a signal to be sent, using a particular network path, from a source computing
device to a destination computing device of the source-destination pair plus an amount of
time for an acknowledgment of the signal to be sent, using the particular network path, from
the destination computing device to the source computing device; a rate at which packets of
a signal traversing a particular network path are lost with respect to at least one of time or
an amount of packets sent in the signal; or a measure of jitter in a signal caused by traversing
a particular network path.

[0085] M. One or more computer-storage media as any of paragraphs G-L recite,
wherein analyzing records of voice communications comprises: identifying a source
computing device and a destination computing device of the source-destination pair; and
identifying the first plurality of network paths based at least in part on the first plurality of
network paths traversing a route between the source computing device and the destination
computing device of the source-destination pair.

[0086] N. One or more computer-storage media as any of paragraphs G-M recite,
wherein identifying the network path from the first plurality of network paths or the second
plurality of network paths comprises: determining a first number of voice communications
being relayed through a first network of the one or more networks, the first network
comprising one or more relays;, determining whether the first number of voice
communications exceeds a predefined cost threshold associated with the first network; and
in response to determining that the first number of voice communications does not exceed
the predefined cost threshold, selecting the network path, the network path comprising a
communication path through the first network.

[0087] O. A computer-implemented method comprising: sending, via one or more
network interfaces and to a controller server, a request to perform voice communication
with a destination computing device via one or more networks; receiving, from the
controller server and via the one or more network interfaces, a message comprising an

indication of one or more network paths between the computing device and the destination
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computing device and through the one or more networks, the message further comprising
previous network performance data associated with each of the one or more network paths;
selecting, by one or more processors, a network path from the one or more network paths
based at least in part on a respective previous network performance of the network path; and
sending, via the one or more network interfaces, a voice communication to the destination
computing device using the network path.

[0088] P. A computer-implemented method as paragraph O recites, wherein the
message further comprises a suggested order to choose from the one or more network paths
for performing the voice communication; and wherein selecting the network path from the
one or more network paths is based at least in part on the suggested order.

[0089] Q. A computer-implemented method as paragraph O or P recite, wherein
selecting the network path from the one or more network paths comprises: identifying a
group of network paths from the one or more network paths based at least in part on the
previous network performance data of the group of network paths being higher than the
previous network performance data for others of the one or more network paths; and
selecting the network path from the group of network paths based at least in part on the
network path having a best previous network performance in the group of network paths.
[0090] R. A computer-implemented method as any of paragraph O or P recite, wherein
selecting the network path from the one or more network paths comprises: identifying a
group of network paths from the one or more network paths based at least in part on the
previous network performance data of the group of network paths being higher than the
previous network performance data for others of the one or more network paths; and
selecting the network path from the group of network paths by applying a multi-armed
bandit algorithm to the group of network paths.

[0091] S. A computer-implemented method as paragraph O or P recite, wherein
selecting the network path from the one or more network paths comprises: identifying a
group of network paths from the one or more network paths based at least in part on the
previous network performance data of the group of network paths being higher than the
previous network performance data for the remaining network paths of the one or more
network paths; and selecting the network path randomly from the remaining network paths.
[0092] T. A computer-implemented method as any of paragraphs O-S recite, the
operations further comprising sending a record of the voice communication performed using
the network path to the controller server, the record including network performance

information.
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[0093] U. One or more computer-readable media encoded with instructions that, when
executed by a processor, configure a computer to perform a computer-implemented method
as any of paragraphs O-T recite.

[0094] V. A device comprising one or more processors and one or more computer-
readable media encoded with instructions that, when executed by the one or more
processors, configure a computer to perform a computer-implemented method as any of
paragraphs O-T recite.

[0095] W. A computer-implemented method comprising: means for sending, via one
or more network interfaces and to a controller server, a request to perform voice
communication with a destination computing device via one or more networks; means for
receiving, from the controller server and via the one or more network interfaces, a message
comprising an indication of one or more network paths between the computing device and
the destination computing device and through the one or more networks, the message further
comprising previous network performance data associated with each of the one or more
network paths; means for selecting, by one or more processors, a network path from the
one or more network paths based at least in part on a respective previous network
performance of the network path; and means for sending, via the one or more network
interfaces, a voice communication to the destination computing device using the network
path.

[0096] X. A computer-implemented method as paragraph W recites, wherein the
message further comprises a suggested order to choose from the one or more network paths
for performing the voice communication; and wherein selecting the network path from the
one or more network paths is based at least in part on the suggested order.

[0097] Y. A computer-implemented method as paragraph W or X recite, wherein
selecting the network path from the one or more network paths comprises: means for
identifying a group of network paths from the one or more network paths based at least in
part on the previous network performance data of the group of network paths being higher
than the previous network performance data for others of the one or more network paths;
and means for selecting the network path from the group of network paths based at least in
part on the network path having a best previous network performance in the group of
network paths.

[0098] Z. A computer-implemented method as any of paragraph W or X recite,
wherein selecting the network path from the one or more network paths comprises: means

for identifying a group of network paths from the one or more network paths based at least
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in part on the previous network performance data of the group of network paths being higher
than the previous network performance data for others of the one or more network paths;
and means for selecting the network path from the group of network paths by applying a
multi-armed bandit algorithm to the group of network paths.

[0099] AA. A computer-implemented method as paragraph W or X recite, wherein
selecting the network path from the one or more network paths comprises: means for
identifying a group of network paths from the one or more network paths based at least in
part on the previous network performance data of the group of network paths being higher
than the previous network performance data for the remaining network paths of the one or
more network paths; and means for selecting the network path randomly from the remaining
network paths.

[0100] AB. A computer-implemented method as any of paragraphs W-AB recite, the
operations further comprising means for sending a record of the voice communication
performed using the network path to the controller server, the record including network
performance information.

Conclusion

[0101] In closing, although the various embodiments have been described in language
specific to structural features and/or methodological acts, it is to be understood that the
subject matter defined in the appended representations is not necessary limited to the
specific features or acts described. Rather, the specific features and acts are disclosed as

example forms of implementing the claimed subject matter.
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CLAIMS
1. A system comprising:
one or more processors; and
memory communicatively coupled to the one or more processors and storing one or
more modules that, when executed by the one or more processors, cause the system to
perform operations comprising:
receiving, from a source computing device, a request to transmit, via one or
more networks, a call from the source computing device to a destination computing
device; analyzing, based at least in part on one or more network performance factors,
network path measurements for a first plurality of network paths through one or
more networks and between the source computing device and the destination
computing device to determine network performance data for the first plurality of
network paths;
determining, based at least in part on the network performance data for the
first plurality of network paths, network performance data for a second plurality of
network paths, the second plurality of network paths including the first plurality of
network paths;
identifying, based at least in part on the network performance data, a network
path from the second plurality of network paths to use for transmitting the call; and
outputting, to the source computing device, an indication of the network path
identified for transmitting the call.
2. The system of claim 1, wherein the one or more network performance factors
comprise at least one of’
round trip time using a particular network path;
data loss for a particular network path; or
a measure of jitter in a signal caused by traversing a particular network path.
3. The system of claim 1 or claim 2, wherein determining the network performance
data for the second plurality of network paths comprises:
selecting, based at least in part on the first plurality of network paths, one or more
network models to model the one or more networks;
identifying, based at least in part on the one or more network models and the network
path measurements, segment specific network performance data for segments of the first

plurality of network paths;
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determining, based at least in part on the one or more network models and the
segments, additional network paths through the one or more networks; and

determining additional network performance data for the additional network paths.

4. The system of any of claims 1-3, wherein identifying the network path from the
second plurality of network paths comprises:

identifying a group of network paths from the second plurality of network paths
based at least in part on respective network performance data for each network path in the
group of network paths relative to other network paths in the second plurality of network
paths; and

selecting the network path from the group of network paths based at least in part on
the network path having a highest network performance in the group of network paths.

5. The system of any of claims 1-3, wherein identifying the network path from the
second plurality of network paths comprises:

identifying a group of network paths from the second plurality of network paths
based at least in part on respective network performance data for each network path in the
group of network paths relative to other network paths in the second plurality of network
paths; and

selecting the network path from the group of network paths by applying a multi-
armed bandit algorithm to the group of network paths.

6. The system of any of claims 1-3, wherein identifying the network path from the
second plurality of network paths comprises:

identifying a group of network paths from the second plurality of network paths
based at least in part on respective network performance data for each network path in the
group of network paths relative to other network paths in the second plurality of network
paths; and

selecting the network path randomly from the other network paths in the second
plurality of network paths.

7. One or more computer-storage media storing computer-executable instructions
that, when executed by one or more processors, configure the one or more processors to
perform operations comprising:

analyzing, based at least in part on one or more network performance factors, records
of voice communications made using a first plurality of network paths through one or more
networks for a particular source-destination pair to determine network performance data for

the first plurality of network paths;
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identifying a network path from the first plurality of network paths or a second
plurality of network paths based at least in part on network performance data of the network
path relative to the network performance data of the first plurality of network paths and
network performance data for the second plurality of network paths;

outputting an indication of the network path to a computing device.

8. The one or more computer-storage media of claim 7, the operations further
comprising:

identifying, based at least in part on the network performance data for the first
plurality of network paths, segment specific network performance data for segments of the
first plurality of network paths;

selecting, based at least in part on the first plurality of network paths, one or more
network models to model the one or more networks for the particular source-destination
pair; and

determining, based at least in part on the one or more models and the segment
specific network performance data for the segments of the first plurality of network paths,
network performance data for the second plurality of network paths.

9. The one or more computer-storage media of claim 7 or claim 8, wherein
identifying the network path comprises:

identifying a group of network paths from at least one of the first plurality of network
paths or the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to network
performance data of other network paths in the first plurality of network paths and the
second plurality of network paths; and

selecting the network path from the group of network paths based at least in part on
the network path having a highest network performance in the group of network paths.

10. The one or more computer-storage media of claim 7 or claim 8, wherein
identifying the network path comprises:

identifying a group of network paths from at least one of the first plurality of network
paths or the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to network
performance data of other network paths in the first plurality of network paths and the
second plurality of network paths; and

selecting the network path from the group of network paths by applying a multi-

armed bandit algorithm to the group of network paths.
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11. The one or more computer-storage media of claim 7 or claim 8, wherein
identifying the network path comprises:

identifying a group of network paths from at least one of the first plurality of network
paths or the second plurality of network paths based at least in part on respective network
performance data for each network path in the group of network paths relative to network
performance data of other network paths in the first plurality of network paths and the
second plurality of network paths; and

selecting the network path randomly from the other network paths in the first
plurality of network paths and the second plurality of network paths.

12. The one or more computer-storage media of any of claims 7-11, wherein the one
or more network performance factors comprise at least one of:

an amount of time for a signal to be sent, using a particular network path, from a
source computing device to a destination computing device of the source-destination pair
plus an amount of time for an acknowledgment of the signal to be sent, using the particular
network path, from the destination computing device to the source computing device;

a rate at which packets of a signal traversing a particular network path are lost with
respect to at least one of time or an amount of packets sent in the signal; or

a measure of jitter in a signal caused by traversing a particular network path.

13. The one or more computer-storage media of any of claims 7-12, wherein
analyzing records of voice communications comprises:

identifying a source computing device and a destination computing device of the
source-destination pair; and

identifying the first plurality of network paths based at least in part on the first
plurality of network paths traversing a route between the source computing device and the
destination computing device of the source-destination pair.

14. The one or more computer-storage media of any of claims 7-13, wherein
identifying the network path from the first plurality of network paths or the second plurality
of network paths comprises:

determining a first number of voice communications being relayed through a first
network of the one or more networks, the first network comprising one or more relays;

determining whether the first number of voice communications exceeds a predefined

cost threshold associated with the first network; and
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in response to determining that the first number of voice communications does not
exceed the predefined cost threshold, selecting the network path, the network path

comprising a communication path through the first network.
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