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1
DYNAMIC BITRATE RANGE SELECTION IN
THE CLOUD FOR OPTIMIZED VIDEQO
STREAMING

CROSS REFERENCE T OTHER
APPLICATIONS

‘This application claims priority to U8, Provisional Patent
Application No. 62/089.158 entitled DY NAMIC BITRALT
FRANGE SELECTION IN THE CLOUD FOR OPTIMIZED
VIDECQ STREAMING filed Dec. 8, 2014 and to U.S.
Provisional Patenl Application No. 62/161,790 entitled
BITRATI RANG CONTROI. filed May 14, 2015, both ol
which are incorporated herein by reflerence lor all purposes.

BACKGROUND OF THE INVENTION

Achieving high qualily content streaming on the Inlernet
can be challenging. For example, the dvnamic nature of
networks, as well as the dvnamic heterogeneity of the
devices used by end-users (o access conlenl. can make 1t
difficult o achieve a consistently high quality across the
myriad types of devices accessing conlenl on various nel-
works.

BRIV DESCRIPTION OF TTIE DRAWINGS

Various embodiments of the invention are disclosed in the
following detailed description and the sccompanying draw-
ings.

IIG. 1A illustrates an example embodiment ol an cnvi-
ronment in which dynamic bitrale range sclection lor opli-
mized video streaming is pertormed.

FIG. 1B is an alternate example embodiment of an
environmenl in which dynamic bitrale range sclection lor
optimirzed video streaming is performed.

I'IG. 2A is & block diagram illustrating an embodiment ol
a client.

FIG. 2B 15 a block diagram illustrating an embodiment of
a client.

I'IG. 3 i a block diagram illustrating an embodiment ol
a content distribution coordinator,

FIG. 4A illustrates an example of a multidinensional
table.

IIG. 413 illustrales an example ol a multidimensional
lable.

FIG. 5 is a flow diagram illustrating an embodiment of a
process for selecting a bitrate range.

I'IG. A 1s a How diagram llustrating an embodiment ol
4 process [or oblaining an oplimal bilrale range.

I'ICr. 613 is a How diagram llustrating an embodiment ol
a process for obtaining an optimal bitrate range.

FIG. 7A illustrates an example of a policy configured to
[acilitate AS13 Lesting.

IIG. 713 illustrates an example of a policy

FIG. 8A is an example graph with respect 1o device model
variability.

FIG. 8B is an example graph with respect 1o device model
variability.

I'IG. 9A illustrates an example graph with respeet o [SP
variability.

FIG. 9B illustrates an example graph with respect 1o ISP
variability.

FIG. 10 illustrates an example able including various
[actors and dimensions.

FIG. 11 i3 an example tree representation of bitrate range
decision making,
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FIG. 12 illustrates an example table illustrating example
deeisions and Impacis.

DITATLED DESCRIPTION

The invention can be implemented in numerous ways,
including as a process; an apparalus; 2 syslom: 4 composi-
lion of mailer; a compuler program product embodied on a
computer readable storage medinm; and/or a processor, such
as a processor configured 10 execute instructions stored on
and/or provided by a memory coupled 1o the processor. In
this speeilication. these implementations, or any other lorm
that the invention may lake. may be referred o as wech-
niques. [n general, the order of the steps of disclosed
processes may be altered within the scope of the invention.
Unless staled otherwise. 1 component such as a processor or
a moemory described as being conligured o perlorm a lask
may be implemented as a general component thal is lem-
porarily confisured 1o perform the task at a given time or a

20 specific component that is manutactured 1o perform the task.

As used herein, the lerm “processor’ relers 0 one or more
devices. cireuits. andior processing cores comligured 1o
process data, such as computer program instructions.

A detailed description of one or more embodiments of the
invention is provided below along with accompanying fig-
ures that illustrale the principles of the invention. "The
invention is deseribed In connection with such embodi-
ments, but the invention is not limited to any embodiment.
The scope of the invention is limited only by the claims and
the invention encompasses numerous allernatives, modili-
calions and equivalents. Numerous specilic details are sel
forth in the lollowing description in order lo provide a
thorough vnderstanding of the invention. These details are
provided for the purpose of example and the invention may
be practiced according (o the claims withoul some or all of
these speeilic details. or the purpose ol clarity, technical
material that 1s known in the technical felds related w0 the
invention has not been described in detail so that the
invention is 0ot unnecessarily obscured.

In distribuling content, client devices are used o access
conlenl. such as audiovisual conlenl (c.g.. movics, songs,
television shows, sporting events, games, images, ete.) that
is owned by content owners. Content is stored (or captured)
at origin servers, then distributed via other servers, caches,
conlent delivery networks (CIINg), proxics. cle. (collee-
lively, “content sources™). Lxamples of C1INs include Aka-
mai, Limelight Networks, and Level 3 Communications.
Content sources employ a variety of technologies and
include TP Adobe Iash Media, and Microsoli Intemnel
Inlormation Service servers.

When requesting conlent, the client is direcled {ec.g.. by a
content management system) to a patticular CDN and uli-
mately o a particular CDN node. The client device then
begins streaming comlent [rom the CIDN node over a net-
work (such as (he Internet). which is in turn rendered on the
client device (e.g., via a Flash, Silverlight, or HTMLS player
it' a web browser application is being wvsed). Examples of
client devices include personal computers, laptops, cellular
phemes/personal digital assistants. and other types ol inlor-
malion appliances such as scl-lop boxes. game consoles,
smart TVs, broadband routers, file servers, video servers,
and digital video recorders, as applicable.

Conlenl may be cncoded by publishers in multiple dil-
ferent bilrales or bandwidths. When clients are directed 1o a
CDN (o stream content, the CIDN provides clients with a
manifest file that includes the full supersetlist of all avail-
able bitrates at which the requested content is encoded. The
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manitest file that includes the full list of available bitrates is
4 file that is [ormatted and includes syntax that 1s specilic to
a particular video prolocol (c.g. Appledt 1TTTP Live
Streaming ([11.8), MPEG-DASIL ele).

Some clients are confipured with adaptive bitrate (ABR)
logic 1o make locally, at the client, a selection of one of the
bilrales al which to sircam content. Client-side ABRR logic is
typically configured o make selections (which can change
over tine) based, for example, on changing network condi-
tions.

In some content distribution solutions, every client is
provided the same setflist ol available bitrales. which s
capped al a maximum bitrale (c.g. thal may be scl by
publishers). Client devices, however, may vary dramatically
in processing power and capabilities, where some devices
may be constrained in thelr ability o render content at
cerlain bitrates. For example, older devices with lower
perlormance capabililics may only be able Lo render content
at lower bitrates, while a newer device may have the
performance capability to render content at very high
bilrales. Additionally. client devices may also operale on
nelworks provided by various Intermet Service Providers
(ISPs) of different types (e.g., cellular, cable, DSL, etc.) that
provide differing levels of bandwidth and networl perfor-
mance, which can constrain the bitrates at which data can be
streamed reliably and with high quality.

In an effort to address the vast helerogeneity ol device and
network capabilities, publishers, in some solutions, are
forced to choose a maximum bitrate at which to cap the

encoding of content thal compromises qualily for high 2

perlormance devices {or 15Ps) o ensure thal the quality lor
lower perlorming devices (and [8Ps) is decent and reliable.

However, such compromise can lead to suboptimal selec-
tions of bitrates by the ABR logic resident on clients. For

example. while existing AR logic is designed 1o make a3

scleetion based on dynamic changes in a network. the ARBR
logic operates under the assumption thal 10 can sustain any
bitrate that it is provided (where the ABR logic can decide
that a bitrate in a provided list cannot be sustained at a
certain moment based on dynamic congestion). Without
issues in dynamic nelwork congestion, the ABR logic will
attempt to play higher and higher bitrates in the list of
bitrates the client has been provided, even if the device itself
does not have the performance capability to render higher
bilrale streams. Thus. low end devices may suller when
allempting 1o render such bitrale sireams. resulling. lor
example, in stuttering, device overheating, and a poor qual-
ity experience tor an end-user viewer,

As all clients. regardless ol type or network. are provided

the same set ol available bitrates, the highest bitrate made s

available {which has been artificially capped) o a high
performance device may be lower than what the device is
capable of rendering. Thus, the experience for such high end
devices 1s unduly limited, where the end-user is prevented
[rom having a higher quality experience.

Solutions in which all clients are provided the same set of
bitrates regardless of device or network capabilities may
result in suboptimal streaming decisions that can lead to
lower quality  streaming  experiences and  impact user
engagement.

Described herein are various techniques for bitrate con-
trol, including determining customized, optimal bitrate
range selection al a location al least partially remote [rom the
client device. Using the technigues described herein. an
optimal st ol bitrales that a specilic device should utilize
can be determined based on factors such as the network that
the device is on and the type of the device. Within that
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determined range (which may be a subset of the full list of
available bitrales al which content 1s encoded), clients can
adaplively sclect whalever bitrale is appropriate al a par-
tlicular moment in time.

For example, based on knowledge ot the specific network
that a device is on, and/or the static characteristics of a
specitic device being vsed (e.g., tvpe of device, device
hardware capabilities (c.g., display resolution, processor
speed, ele.), dillerent clients can be given dillerent ranges
ol bitrates that are oplimally selecled/determined based on
thase characteristics/atiributes. As will be described in fur-
ther detail below, the determination can be automatically
made by predicting the optimal bitrate based on data aggre-
gated from multiple clients. The determination ol the range
can also be manually conligured. lor example, using poli-
cies. Thus, out ol a Ml set of. [or example. len bilrales, a
lower performance mobile client can be given only a subset
of the four lowest bitrates, while a home set-top box on a

2 high performance home Internet connection can be provided

# larger range ol bitrales. "The different devices then adap-
lively make sclections (e.g., by using the local AR logic
already resident on the devices) from the provided subsets.

As will be described in turther detail below, the tech-
niques described herein provide a bitrate range control
mechanism (hal maximizes viewer engagement by aligning
the set ol bitrales provided to each client device o the
capability of a specific device model and the network/ISP 10
which the device is connected.

While example embodiments in a video streaming (e.g.,
live and on-demand streaming) ceosystem are deseribed
below, the technigues described herein can variously be
adapted 1o accommodate any tyvpe of multimedia‘audiovi-
sual content distribution, as applicable.

IF1G. 1A illustrates an example embodiment of an envi-
ronment in which remole dynamic bitrate range sclection lor
optimived video streaming 15 perlormed.

In the example shown, suppose that a user of client device
102 wishes 1o watch a video using plaver application 104, In
some embodiments, the player application 15 a dedicated
application. In other embodiments, the player application is
provided by a web browser application. The user begins a
video streaming session (e.g., by hitting “play™ on a selected
video). As used herein, a session refers 10 an entity repre-
senling an instance ol a user’s playback inleractions with a
conlent assel. The session may begin wilth 2 user’s request
for a particular content, and end when the user ceases
plaving the content (e.g., the vser stops watching a requested
video).

Client 102 also includes adaptive bitrate (AI3R) logic 106,
which is conligured (0 make a selection ol a bitrale [rom a
list of candidate bitrates (e.g., as included in a manitest file)
based on factors such as dynamic network congestion during
4 slreaming session. Client device 102 comnects o conlent
management system {CMS) 108 {c.g., via one or more
networks 110} and requests the content.

In this example, rather than directing the client 1o a CDN
{e.g., CDN 112) 10 obtain a manitest file, the CMS redirects
the client {e.g.. via a provided universal resource localor
{URL.Y) o oblain a manilest file from content distribulion
coordinator (CDC) 114, When the client is redirected to the
CD(C, the client also provides multidimensional client attri-
bute metadata. The multidimensional client inlormation can
include metadata such as device type and network {e.g.,
ISP). Other examples of multidimensional client metadata
will be provided in further detail below. The CDC is also
provided an indication of the coutent 10 be streamed. The
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particular CDN node(s) hosting the content may also be
provided to the CIIN (or the C1X can delermine the
CIN(s)).

In the example shown, the CDC s conligured o commu-
nicate with CDN 112. The CDC abtains from CDN 112 a full
manitest file that is stored on the CDN that includes the full
list/supersel of bitrales available for the requested conlent.
The C13C is then conligured o perlomm awtomated seloction
of an optimal bitrate range from the full list of bitrates,
ensuring that the requesting device, based on its character-
istics (e.g., extracted from obtained multidimensional client
metadata inlormation), is given an appropriate range ol
hilrales on session start. The determination can be made
based on a prediction vsing global data aggrepated from
various clients (e.g., clients 116 as well as client 102) as well
as rules dictated/delined by policies (which can be manually
conligured). Varlous technigques [or making predictions, as
well as example policies [or use in delermining the oplimal
bitrate ranges, will be described in turther detail below.

Based on the determined subset bitrate range, the CDC is
then conligured o rewrile the original [ull manilest [ile.
generating a modilicd/constrained e that includes only the
determined subset bitrate range, rather than the full list/
superset in the originally/previously obtained manitest file.
Geperating the modified manifest file includes manipulating,
truncating, or olherwise modilying the obtained [ull mani-
lest file. In some embodiments, rewriling the full manilest
file includes moditving the tull manitest file by removing the
bitrates that are not 1o be provided 1o the client. The CDC is
conligured o process (c.g.. parse and rewrite) manilest files
corresponding (o various video prolocols.

The CDC 1s then conligured (o provide the reduced
manpitest file to the client. During the streaming session,
ABR logic 106 on client 102 is configured 1o make bitrate

scleetions using the reduced manilest (ile provided by the 3

CIC backend. Video data {e.g., video chunks) encoded at
the sclected bitrate is then obtlained rom the CDN and
rendered tor plavback on the client.

Alternate Scheme—Client-side Reduction Mechanism

In (he above content distribution environment ol I TAL
in which a content distribution coordinator oblains and
reduces a full manifest file betore passing the reduced
manpitest file to the client, no changes to the client are
required.

II' the clients can be changed/modilied, an example aller-
nale scheme can be used, where the client is conligured (o
locally generate a reduced manifest (rather than receiving a
reduced manifest from a backend). Described herein is an
example embodiment ol such an allernate scheme.

FIG. 113 is an allernate cxample embodiment ol an s

environmenl in which dynamic bitrale range sclection lor
optimvized video streaming is performed. In the example
shown, suppose that a user of client device 152 wishes to
walch a video using player application 154, The user beging

a4 video streaming session (c.g., by hitling “play™ on a 3

selected video). Client device 152 connects 1o content man-
agement system (CHS) 156 (e.g., via one or more networks
158) and requests the content.

In this example. the client. rather than being redireeted by
the contenl managemenlt syslem o oblain a manifest (Tle as
described in the example environment of FIG. 14, is
directed (e.g., via a provided manitest URL) to a CDN 160
1o oblain an original manilest le that includes the [ull
supersel ol available bilrales.

In the example environment shown. the client includes
logic that is then configured 1o parse the original manifest
file 10 obtain‘extract the full superset of available bitrates.
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The full list of available bitrates is then sent to a content
distribution coordinator (C12(7) 162. Meladala inlormalion
associaled with the client, such as nelwork (e.g., 18P} and
device lype. is also provided Lo the C13C as deseribed above.
A custom protocol can be nsed to communicate data‘infor-
mation between the client and the backend CDC.

The CDC then determines. as deseribed above. whal
subset bitrate range of the [ull supersel ol available bitrates
is optimal/usable for the client given its characteristics. As
described above in the example environment of FIG. 1A, the
bitrate range determination can be made based on global
intelligencefshared dala aggregated from various clients
{e.g.. clients 164 and client 152) as well as policies. Insirue-
tions can then be sent to the client, which instruct the client
to restrict/constrain its pool of candidate bitrates to the
subset of bitrates the backend has delermined that the client
should use. lior example, the C1C can send the determined
subsel as an array/list ol usable bitrale values (o the client
{rather than a manifest file as in the example environment of

20 FIG. 1A).

Upon receiving (he usable 1ist ol bitrates determined by
the backend CDC, the client is conligured o use reduction
logic 166, which is configured 1o restrict the usable range of
bitrates according to the decision made by the CDC. For
example, the client reduction logic can be configured 1o
rewrile the original manilest fle (received from CION 1607
according (o the subsel of bitrales determined and provided
by the CDC (ie., the bitrate range restriction/manitest
reduction mechanism is performed locally on the client,
rather (than on the backend CDC as deseribed above with
respeet o UG, 1), "Thus, n this example, the backend C1C
provides an indication of the bitrate range thal the client
should vse, while the client is configured to locally take the
action of reducing the set of bitrates that will be nsed 10
stream conlent {e.g., by reducing a manifest (ile).

In the above example. the backend CDC provides the
client with a list ol usable bitrates, which are then used by
the client to reduce a manifest file. The list of usable bitrates
is derived from the full list of bitrates, and is a subset of the
bitrates included in the Tull list ol bitrales. As another
cxample, rather than. or in addition o providing a list of
bitrates, the backend CDC provides a threshold bitrate, such
as a maximum recommended/suggested bitrate tor the cli-
ent. A set of hitrates that should not be plaved by the client
can also be provided. "The local reduciion logic then uses the
provided bitrate cap andior set of bitrales Lo be excluded 10
determine a usable set of bitrates from a tull set of bitrates
{e.g., by selecting the bitrates in a full set of bitrates from a
manilest [ile that [all below the threshold bitrate. as well ag
removing any bitrales that should be excluded, as deter-
mined by the C13CY. In some cmbodiments. (the instructions
provided by the CDC, such as the vsable list of bitrates and
the threshold bitrate, are determined without requiring the
client Lo provide a [ull list of usable bitrates (c.g., withoul
having 1o extract the full sel of bitrates rom a manilest [ile
and providing the full set to the CDC). For example, the
CDC can determine an appropriate threshold bitrate cap
and/or a set of bitrates that should not be plaved by the
client, based on the characteristics on the client. withoul
relerring Lo or having knowledge of the [ull superset of
available bitrates specified in 1 manifest file.

The ABR logic 168 resident on the client then uses the
locally rewritten/reduced manilest [ile when making a
bitrate sclection during a streaming session. Video data (e.g.,
video chunks) cncoded al the selected bitrate is (hen
obtained from the CDN and rendered for plavback on the
client.
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In some embodiments, a content management system
(t.g.. conlent management systems 108 and 156 ol F1GS. 1A
and 113, respectively) and a conlent distribution coordinator
(t.g.. content distribution coordinatlors 114 and 162 ol IGS.
1A and 1B, respectively) are operated by the same entity. For
example, an online movie streaming service could operate
hoth a conlenl management system and a conlent disiribu-
tion coordinator. A conlent distribution coordinator can alse
be operated by other entities. For example, a content distri-
bution coordinator can be operated by an operator of a CDN.
A content distribution coordinator can operate indepen-
dently ol a conlent management system andfor indepen-
dently of a CIIN. As one example. the owner ol a content
distribution coordinator could provide services to multiple
content Management systems (e.g., that may be associated
with dillerent services) and/or multiple CIHDNs.

As shown in the above examples, clients can be provided
an oplimal sel o bitrate ranges based on their characteristics
(e.g., ISI, device type, etc.). By having a backend such as
CDC 114 or CDC 162 perform dvnamic bitrate range
scleetion. the [unctionality and intelligence needed to handle
device model and ISP network limitationsicapabilitics can
be separated trom device-level ABR algorithms, which are
designed primarily to handle dvnamic congestion. Quality
and engagement can then be maximized by eliminating the
need (o compromise when scleeting the [ull range ol bitrales
lor encoding,

Client

FIG. 2A 15 a block diagram illustrating an embodiment of

a client. In some embodiments. elient 200 is an example ol 3

client 102 of FIG. 1AL In the example shown. client 200
includes player 202, communications interlface 204, moni-
toring engine 206, adaptive bitrate logic 208, and streamer
210

Player 202 is a portion of a client device application and 3

is conligured 1o provide controls lor controlling playing ol
4 video stream. lior example. the player [acilitales/supporls
the controls of a user intertace (Ul) that an end vser interacts
with. In some embodiments, the plaver is a portion of a
client applicalion or agent thal provides Ul controls with
which users inleracl. The player is also configured to render
streaming content,

Communications interface(s) 204 is configured to tacili-
tate communication of data‘information, over a hetwork
such as the Internet. between a client {or player resident on
the elient. such as player 202) and remole entitics. such as
content management system 108, CDN 112, and Content
Distribution Coordinator 114, in the manner described in
G, TA.

Monitoring engine 206 is confligured (o monilor perfor- 5

mance and quality information assoclated with a client. The
tormation collected by the monitoring engine includes
quality metrics. Examples of quality metrics inelude bitrate,
average bitrale (c.g.. average bitrale sustained over the

lifctime of a session during which a video is played). s

buffering, tailures, startup time (measure of tine of how
long the content took to start plaving), failure events (e.g.,
failure to start), ete. Another example of a quality metric
monilored by the monitoring engine is buflering ratio. which
is a melric indicaling operaling interruplions. lior example.
the buttering ratio represents a measure of how often (e,
percentage of time) a stream is being buffered (and inter-
rupled).

Other examples of inlormation collected by the monitor-
ing engine include local state inlormation. The local state
information includes current measurements of the client,
such as a content plaver's current bitrate, current CDN,
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current plaver state (e.g., playing, buffering, pause, stopped),
current player bufler length, current play head time/position,
current bandwidth measurement esiimations, currenl [rame
rale. cle. Other stale information can include events such ag
buffering and error events.

In some embodiments, the quality metrics, performance
inlormation, and state information are collected on a per-
session basis.

In some embodiments, the monitoring engine is config-
vred 10 generate summaries of state changes, such as all
bitrates plaved so far during a session (and plaving time and
bullering time [or cach eme). all the CIINs used so [ar (and
the playing time. bulTering time. and crrors [or cach one),
sliding window of sepment download info (e.g., start time,
end time, duration, bytes, ete.), sliding window of average
download bandwidth, sliding window of [rame rale mea-
surements. as well as other historical inlormation aboul user
interactions (c.g., sceking forward. seeking backward. elel).

The client is configured to transmit the collected/momn-

20 tored information, as well as summary information 1o the

CDC (e.g.. using communications interlace(s) 204) for pro-
cessing, The qualily metrics can be transmitted on a per-
sesgion basis. The information can be sent, for example, via
heartheat messages, where, 10 some embodiments, a “heart-
beat” message refers 10 a package/pavload of information
that is sent [rom the client 1o (he backend. As will be
described in lurther detail below, the backend C12C s
configured 10 aggregate the collected quality metrics across
multiple dimensions (such as the attributes of a client and a
session).

Metadata associated wilh the clieny'session 1s also trans-
mitied with the collecled quality metrics (e.g., on a per-
sesgion basig). Examples of metadata information include
ISP and geo-information (e.g., city, state, country, ete.).
Metadala information also includes device inlormation, such
as device model, device version, device type (c.g., mobile,
sel-lop box. gaming comsele, cle.). operaling syslem running
oi the client device, version of the operating system, ete.
The metadata can also include content intormation, such as
the name of the content o be played. the iype of the
conlentiassel  {eg..  ONDEMAND.  LINHAR_LIVIL
LIVE_EVENT, etc.), the tvpe of video protocol associated
with the content/asset (e.g., HLS, Smooth Streaming, HDS,
efc.), streamer type (e.g., Native Android streamer, Nex-
Streaming streamer. ele. lor Android: MP MovicPlayer or
AV Foundation streamer for 108, ete). ITITP user-agent ol
the content-playing, device, custom tags, etc.

Adaptive bitrate logic 208 is configured to select, from a
list ol bilratles, an appropriate bitrale al which (o slrcam
conlenl. In some embodiments, the list of bitrates is pro-
vided in the lorm of a manifest [ile. which is read by the
adaptive bitrate logic. The adaptive bitrate logic is config-
ured 10 make a selection based on various factors, such as
dynamic network changes. In some embodiments, the adap-
live bitrale logic operates under the assumption that all ol the
bitrates that it is provided are plavable by a device.

Streamer 210 is configured 10 stream actual video data. In
some embodiments, the streamer is implemented using a set
ol librarics and code thal communicale with and download
data {c.g.. video chunks) [rom a conlent source (e.g., a
CDN). In some embodiments, the streamer cooperates with
content sources To optimize usage of a streaming butler,

In some embodiments, il the client is unable (o commu-
nicale with the backend (e.g., due 1o network conditions!
igsues). the client is conligured (o enter inlo a [ailover mode.
For example, the client can revert to obtaining 8 manitest file
from a CDN (e.g., where the CMS provides the client with
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a detault URL for obtaining the original manitest file) and
using the manilest direetly (c.g.. withoul having a rewritlen
manilest [ile provided by a C12C7). Failover mode can be
enlered, Tor example, i no response rom a backend {c.g..
for a bitrate range or manifest file) is received affer a
threshold amount of time, or after a threshold number of
allempts al communication (c.g., il no response 1s received
[rom the C1XC aller a threshold number of heartbeat moes-
sages has been transmitted).

In the example of client 200, as described in FIG. 1A, the
client does not include logic for redueing the set of bitrates
in a manilest file. Rather. the client is configured o oblain
manilest [iles from a backend such as CDC 114 ol FIG. TAL
For example, rather than being directed by a CMS 10 obtain
a manifest file from a CDN, the client is provided s URL that
redirects the elient request [or content o a C1C. The client
uses the URIL. (c.g.. via communications interface(s) 204) (o
request @ manifest [ile from the CDC. In some embodiments.
multidimensional client atiributes associated with the client
are also provided from the client to the CDC.

As will be described in urther detail below. the C1C is
conligured o perlorm the processing ol oblaining an origi-
nal manifest file intended for the client (that includes a full
list of available bitrates), and providing a modified manifest
file that includes the usable subset of available bitrates
determined (o be appropriate lor the requesting client (based
on the altribules ol the requesting client). "The elient then
directly uses the provided manitest file, where, for example,
from the perspective of the adaptive bitrate logic, the trun-

cated range ol bitrates is the complele sel ol available/ 3

candidate bitrales al which conlent can be oblained. In this
example. the client does nol have knowledge of the bitrales
that were removed from the toll superset of bitrates in the
original manifest file, and thus will not attempt 1o select

those bitrates which a backend has determined that the client 3

should not atlempt o play. In such 2 scenario. implemen-
tation of dynamic bitrale range sclection does nol require
modification to the ¢lient.

In some embodiments, as described in the example of
IFI¢r. 113, 1l a client is gble to be conligured/modified. the
cliecnt can be configured with local logic 1o perlorm the
action of reducing a full set of bitrates o a uvsable range of
bitrates (where the nsable range is still determined by a
backend such as CDC 162 of FIG. 1B).

I'ICr. 213 is & block diagram illustrating an embodiment ol
a client. In some embodiments. elicnt 250 is an example ol
client 152 of FIG. 1B. In the example shown, client 250
includes plaver 252, communications interface 254, moni-
loring engine 256. manilest processing engine 258, adaptive

bilrale logic 264, and streamer 266. Manilesl processing s

engine 258 lurther includes maniflest parsing engine 262 and
manitest reduction engine 260.

In this example, client 250 includes local logic/mecha-
nisms for reducing a [ull sel ol bitrales {c.g.. provided in a

manilest) Lo a subsctusable list of bitrales o be used by the s

client to stream content.

In some embodiments, plaver 252, communications inter-
face(s) 254, adaptive bitrate logic 264, and streamer 266 are
examples ol player 202, communications interlace(s) 204.
adaplive bitrale logic 208, and streamer 210 ol FIG. TA.
respectively.

Manifest processing engine 258 is configured 1o perform
processing ol manilest files (e, oblained [fom an entity
such as a CDN via communications interlace(s) 254). Mani-
lest parsing engine 262 ol the manilest processing engine
258 is confipured 1o parse obtained manifest files. In some
embodiments, parsing obtained manitest files includes read-
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ing the manifest files and extracting the full set of available
bitrates indicated in the manilest [iles. The parsed manilest
files can include original maniflest fles oblaimed rom a
conlenl management system or CION as deseribed in the
example environment of FIG. 1B. The extracted full list of
bitrates is then transmitted to a backend such as CDC 162 of
111G, 113, for example. via communications inlerlace(s) 254.

As will be deseribed in furiher detail below, the CHDE s
configured 10 evalvate the tull set of bitrates and determine
a set of instructions which indicates what subset of the full
set of bitrates is vsable for the requesting client. As
deseribed above. the nstructions can include an array or list
that includes cach bitrale which 1s usable by the client. In
other embodiments, the instructions include a threshold
bitrate, where all bitrates at or below the threshold are usable
by the client. The instructions can also include those bitrates
that should be excluded [rom being played by the client. The
reduction mechanism is then conligured o evaluale the
obtained original manifest and determine which of the

20 individval bitrates specitied in the original manitest should

be removed based on the received nstructions.

Muanilest reduction engine 2600 ol the manilest processing
engine 258 is configured to interpret the instructions and
reduce the bitrates indicated in an original manitest file
accordingly. In some embodiments, bitrate range reduction
includes rewriling the manilest file 0 only include the
usable range ol bilrales (e.g., by removing the bilrales in the
original manifest file that are not usable). In other embodi-
ments, bitrate range reduction includes generating a new
manilest ile that includes only those bitrales determined by
the backend 1o be appropriaie and usable by the client.

The reduced manifest ile can then be used {e.g.. by the
adaptive bitrate logic) when obtaining streaming content, as
described above.

In some embodiments, il the client is unable (o commu-
nicale with the backend (e.g., due 1o network conditions!
igsues). the client is conligured (o enter inlo a [ailover mode.
For example, the client can revert 10 using the original
manifest file obtained from a CDN directly (e.g., withont
requesiing a bitrale range [rom a C1C7). lailover mode can
be entered. lor example. il no response [rom a backend (e.g.,
for a bitrate range) is received atter a threshold amount of
time, or after a threshold number of attempts at communi-
cation (e.g., it 1o response is received from the CDC atter
a threshold number ol hearlbeal messages has been trans-
mitied).

In contrast to the example of client 200 of FIG. 24 client
250 includes a local reduction mechanism for modifving a
manilest (Tle that is 0 be provided 1o the adaplive bitrale
logic. The lollowing is an example scenario ilustrating how
the various components of client device 250 inleract with
each other. Rather than obtaining an already modified mani-
test file from a backend such as CDC 162 of FIG. 1B, the
client first oblains an original manifest (ile {ec.g., via com-
munications interlace(s) 254), lor example, rom conlent
management svstem 156 of FIG. 1B. The original manitest
file includes a full list/superset of all of the available bitrates
at which content is encoded. The client then parses the
original manilest file {c.g.. using manilest parsing engine
262) (o extract the [ull list of available hitrates. The client is
then configured 1o pass the tull list of bitrates parsed from
the original manifest file to the CDC, along with the mul-
tidimensional client attributes ol the requesting client. "The
CDC s then conligured o make a determination as o what
subscetrange of the [ull 1ist of available bitrales is usabled
appropriate to the client, based on the characteristics of the
client. The CDC then provides instructions to the client



Us 10,178,043 Bl

11

based on the determination. In some embodiments, the CDC
provides. as instructions, a threshold bitrate. which. lor
example. indicates a maximum usable bitrale lor a client.
and/or & set ol bitrates Lo be excludedfremoved. The resull-
g usable set of hitrates may be disjoint and non-contigu-
ous. In some embodiments, the instructions provided by the
C12C. such as the usable list ol bitrates, the threshold bitrale
cap, andfor the set ol bitrales 1o be excluded. are delermined
and provided without requiring the client to provide a full
list ot usable bitrates (e.g., without extracting the full set of
bitrates from a manifest file). For example, the CDC can
determine the appropriale threshold bitrate/appropriale sct
ol bitrales based on the characleristics on the client. without
referring to or having loowledge of the tull superset of
available bitrates specified in a manifest file.

Client 250 is then conligured 1o locally modily the
original manilest [ile according 1o the instructions provided
by the CDE {e.g., using manilest reduction engine 260). For
example, it' a usable list of bitrates is provided, the client is
configured 10 rewrite the original manifest file (or generate
a4 new manilest (Tle) that only includes (he usable listset
provided by the C1CL T a threshold bitrate is provided. the
client is confipured 10 rewrite the original manifest file (or
generate a new manifest file) that only includes bitrates in
the original full list/superset in the original manifest file that
are al or below the threshold bitrate cap. IT a sel ol bitrales
1o be excluded 1s provided. then those bitrales are removed
from the manifest file.

The rewritten (or newly generated) manifest file is then

provided (o the adaptive bitrale logic 264. which is conlig- 3

urcd o make bitrate selections only [rom the usable list
provided in the rewritlen/mewly generated manilest file (le..
the reduction process is transparent 1o the adaptive bitrate
logic, which does not have lnowledge of the bitrates that

woere removed [rom the [ull set ol bitrates in the original 3

manifest file. and thus will not attempl o seleet those
bilrales which a backend has delermined that the client
should not attempt to play).

Content Distribution Coordinator

I'IG. 3 i a block diagram illustrating an embodiment ol
a4 conlent distribution coordinator. In some embodiments.
content distribution coordinator 300 is an example of con-
tent distribution coardinator 114 of FIG. 1A and content
distribution coordinator 162 of FIG. 1B. In the example
shown, content distribution coordinator 3000 includes com-
munications inlerface{s) 302, inpul engine 304, global intcl-
ligence engine 306, database 308, policy engine 310, bitrate
range decision engine 312, output engine 314, reporting
engine 316. and testing engine 318, Bitrale range decision

engine 312 further includes bitrale range analysis engine 3200 s

and bitrale range sclection engine 322,

Communications interface(s) 302 is configured to tacili-
tate communication of data/intormation between the content
distribution coordinator and other enlities, such as clients.

contenl management systems. CDNs. ele. over a network s

such as the Internet.

Input engine 304 is configured 10 process data received by
the content distribution coordinator (e.2., via communica-
tions interface(s) 302). One example of inlormation received
by the inpul engine is inlormation received [rom clienis.

An example of such client nformation is multidimen-
sional client information received from clients such as
clicnts 200 and 250 of IGE. 2A and 213, respectively. The
multidimensional client inlormation includes information
associated with the client, as well as information associaled
with the session for which content is being requested. In
various embodiments, the multidimensional client informa-
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tion includes device model, operating system, operating
system version. 18P geo-location. conlent type. and conlent
name. As will be described in lurther detail below. the
multidimensional client inlormation can be used by bitrale
range decision engine 312 1o determine an appropriate range
of bitrates 10 be provided to the requesting client, given its
characleristics.

Anolher example of client inlormation received [rom
clients includes client local state information, as well as

; pertormance and quality (e.g., Quality of Experience (QoE))

information, as described above. As will be described in
lurther detail below, the client local state. perlormance. and
quality imformation can be aggregatedicollecled/pooled as
global shared data and processed by global intellipence
engine 306 to generate a global view of performance across
nodes.

Anolher example o inlormation received by the content
distribution coordinaior includes manilesi files, which can
be received, for example trom CDNs, as described in the

20 example environment of FIG. 1A As will be described in

luriher detail below, the manilest files associated with con-
lent requested by a client can be oblained and processed by
the content distrilbution coordinator 1o determine what range
of bitrates in the superset of bitrates specified in the obtained
manifest files is appropriate for a particular requesting, client
based on its characleristics. As will also be described in
luriher detail below, (he oblained manifest [iles are used as
starting points which are modified {(or used as templates 10
create a hew manitest file) that include the range of bitrates
determined appropriate lor a client andf/or have those bitrales
thal are delermined 10 nol be appropriate removed.

Anolher example o inlormation received by the content
distribution coordinator includes tull lists of bitrates, such as
those received from clients as described in the example
cnvironment of VIGS. 113 and 17 comjunction with client 250
ol PIG 2B, As will be described in [urther detail below, the
full lists of bitrales arce the supersel of available bitrales as
specitied in 8 manitest file (processed by a client). In some
embodiments, the CDC is configured 1o determine which
subset ol bitrates in the [l list ol available bitrates is
appropriale candidate bitrates [or a requesting client.

Global intelligence engine 306 is configured to generate a
global view of performance across nodes (e.g., client play-
ers, content sources such as CDN’s, ete.). The global view
s generated using information aggregated [rom  various
clients. conlent sources, and other nodes in a content distri-
bution environment. For example, data can be extracted/
inferred from client heartbeats received from mumerous
nodes. Dala can also be aggregated/eaptured for nodes by
polling various clients and resources lor shared event inlor-
malion.

The information can include telemetrv/performance infor-
mation, The global information aggregated from the various
client nodes. comtent sources, cle. can include imlormaiion
related to dillerent bitrates/resolutions ol streaming content,
etc. In some embodiments, performance and quality metrics
collected on clients are aggregated by the global intellipence
engine.

Ag deseribed above, the quality metrics include bitrale,
average bitrate sustained during a session, Ume 1o starl
plaving (a video during a session), and interruptions (e.g.,
interruptions dve 1o buffering, as measured according 1o a
bullering ratio). Other inlormation aggregated by the global
intelligence engine  includes local stale inlormation. as
deseribed above in conjunction with client 2000 ol IG. 2A.

Ag described above, the performance and quality metrics
and local state information are collected on a per-client,
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per-session basis. In some embodiments, the performance
and qualilty metrics are stored om a per-client basis, where
cach unigue client has a corresponding record (c.g., on
database 308) o which information associated with a par-
ticular client (e.g., quality metrics) is stored.

The global intelligence engine is configured to process
and aggregate the collected intormation across various
dimensions. In some embodiments. (he qualily metrics and
olher data collected from clients are aggregated across
various altributes and dimensions including client attributes.
such as ISP, geo-information (e.g., city, state, country), eic.
Other dimensions include device attributes, such as device
Tvpe, device model, device version, operating system, and
operating system version. Another example ol a dimension
is a slreamer Lype. Per-sesslon qualily melrics can also be
aggregaled across dimensions including content attribules.
such as content name, content type (e.g., live or on-demand),
ete.

In some embodiments, processing the aggregated infor-
mation across muliiple dimensionalitics includes storing
(t.g.. in database 308) the information in a manner in which
it can be broken down across multiple dimensions. For
example, sessions/clients can be indexed according to their
corresponding metadata, allowing the quality metrics for
those sessions/clients 1o be identificd and retrieved. This
allows the quality metrics o be accessed and viewed accord-
g 1o various dimensions of interest. For example, quality
metrics for sessions volving a certain type of device,
certain I8P in a particular region can be obtlained.

In some embodiments. the collected and aggregated inflor-
mation is anonymived and stored in a pool ol accessible.
community global shared data. The global shared data is a
knowledge base that is built using the data aggregated across

multiple devices andi/or sessioms. The global shared data can 3

be used o generale @ multidimensional map that is updated
in real-lime as more information is collecled [rom various
nodes.

The global intelligence engine is configured to evaluate
aggregaled data. Por example. analylics and statistical pro-
cessing can be used Lo delermine a global snapshol [or all
clients being monitored. Metrics and measures associated
with different slices of clients and sessions can also be
identified from the global intormation (where the slices are
based on the dillerent sets ol atiributes associaled wilh
clients and scssions).

Asg will be described in further detail below, the global
shared data generated by aggrepating the information col-
lected [rom various nodes is used (o delermine appropriate!

oplimal bitrate ranges lor clienis requesting Lo stream con- 5

Lent.

Database 308 is configured to store data. The data stored
in the database includes multidimensional global intelli-
gence data as well as policy data. The multidimensional dala

that is stored 15 a resull ol the aggregation and compulation s

of metrics by the global intelligence engine. As described
above, the global data is aggrepated by the global intelli-
gence engine from numerous clients. In some embodiments,
the data collected [rom the various clients is aggregated inlo
a pool ol global shared data and stored. such that sessions
and clients with particular attributes/characteristics can be
identified/filtered, and the metrics associated with those
scssions and  clients can be made accessible. In some
embodiments, the data stored includes per-client/ per-session
records. “The mullidimensional  global intelligence  data.
policy data, and/or per-client/per-session data is evaluated
by the global intelligence engine and the bitrate range
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decision engine in order 10 determine an appropriate bitrate
range 1o provide a requesting client.

l'or example. when a request 1o make a decigsion lTor a
particular client/session is received by the content distribu-
tion coordinator, the attributes (e.g., multidimensional client
information) of the particular requesting client can be vsed
o partition/[ilter the global shared data 1o identily clients?
sesslons similar or otherwise correlaled o the particular
client. For example, the requesting client can be classified by
metadata attributes such as ASN, the CDN trom which it is
receiving data, geographic attributes (e.g., DMZ code, city,
or slale). device model, device type. 18P content Lype. ele.
A sel ol clients/sessions sharing similar altributes {e.g.,
device model, network, region, and content tvpe) can then be
identified. The aggregate quality/performance for the clients
in the determined partition can be oblained {as such histori-
cal data has been aggregaled and been made available by the
global inlelligence engine, as described above) and used
{e.g., by bitrate range decision engine 312, described in

20 forther detail below) 1o determine a usable bitrate range for

the requesting client.

The data stored in database 308 [urther includes policies,
which will be described in turther detail below.

Policy engine 310 is configured 1o maintain and enforce
policies that define network streaming conditions and
paramelers. The policics can be manually conligured. "The
policies can be maintained in a data slore such as database
308. As will be described in further detail below, policies are
considered when the CDC determines how clients are to
obtain content and (he ranges of bitrates (hat they should be
provided. lior example. the rules specilied in policies can be
used o constrain bitrale ranges based on a varicly ol
conditions, such as ISD, device type, device model, operating
svstem that is running on the device, user characteristics,
conlent type. network congestion, cle. Lxamples ol policy
types include network policics. publisher policics, client
policics. cle.

A network policy specifies rules such as throvghput limits
ol specific links, aggregate traftic in a given time (e.g., a
month or time ol day). ele. lior example. because cvenings
are known o be peak times during which networks are more
congested, a policy can specify that bitrates for all sessions
during such peak times be constrained to a subset of lower
bitrate ranges in order to allow more viewers 10 stream
conlent withoul bullering during such Gimes.

Ag another example. a nelwork policy can be used 1o
constrain bitrate ranges based on factors such as geograply
and/or network ISP For example, an ISP in one geographical
region may have dilferent network characteristics than the
same I8P in another geographical region. Thus policics can
be specilied 1o have dilferent bitrale range rules/parameters
based on the combination of ISP/network.

Policies may be driven based on cost reasons. For
cxample, publishers may not wish o publish a high bitrale
lo a device il 1t i not benelicial 10 the publisher’s business,
as higher bitrates tvpically ineur higher costs of delivery.
Thus, for example, a publisher can specity a policy that
indicates that for a particular tvpe of device, bitrates should
be limiled 1o a capped bitrale. Such policies, which may be
manually confligured. are one mechanism that can be used 1o
constrain bitrates, as will be described in further detail
below.

The constraints on bitrale specificd by a policy may be
independent ol the ability 1o deliver conlent al cerlain
bitrates. or ol the capability ol devices o render content al
certain bitrates. For example, suppose that content has been
encoded at up 10 7 Mbps. However, for a particular gaming
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device, it has been found (e.g., based on the analysis of
aggregaled client data) that bitrates beyond 4 Mbps do not
improve user engagement, even though the gaming device is
able o render content at higher bitrales withoul issue.

Given such knowledge, a publisher can specify a pub-
lisher business policy that constrains the bitrates at which
content is provided to the gaming device to a maximum of
4 Mbps. cven though the first device is capable of playing
content al higher bitrales. or a network/ISP used by the
device is able o support delivery of content al higher
bitrates. Thus, using the policy, the publisher can avoid the
costs of delivering content at higher bandwidihs that do not
result in increased vser engagement.

‘The policies can be conligured on-demand. For example.
suppose that a publisher delermines thal there s an issue
with the encoding ol a content ilem al a particular bilrate.
The publisher can specify a policy (or modity an existing
policy) on-demand that prevents all devices requesting the
content item from being provided the particular bitrate.
When the issue wilh the particular bitrale is resolved. the
policy can be modilicd (or removed) o remove the restric-
tion on the particular bitrate,

Through configuration of policies, entities such as pub-
lishers can manually specity constraints on the bitrate ranges
that may be provided (o clients based, [or example. on the
allributes ol the requesting clientsession. As will be
described in further detail below, the policies can be used in
conjunction with algorithms (described in further detail

helow) used Lo determine playable/usable bitrales based on 3

slatic characleristics, such as device and nelwork capabili-
lics. lor example. the policies can be used o impose
limits/constraints on the output of the bitrate range analvsis
algorithins.

In some embodiments. multiple pelicies can be conlig- 3

urcd and ellective. As will be described in Turther detail
below. when perlorming a bitrale range decision, the com-
plete list of policies can be evaluated, for example, sequen-
tially and in order, to apply the various rules on what bitrate
ranges 1o apply (o a given individual elient.

‘The policics can be stored In a data store such as dala store
308. The policies can be indexed according to various
dimensions and attributes. Those attributes, such as those
ineluded in client/session metadata, can be used 1o perform
a lookup ol relevant policies. lor example, ila device model
is provided as inpul. all policies associaled with the particu-
lar device model can be accessed and/or retrieved. Similarly,
policies can be indexed and made searchable according to
other dimensions, such as ISP conlent Lype, conlent name.
geo-localion. cle. (or any combination therenl).

As will be deseribed below, policies can also be conlig-
ured using the policy engine 1o facilitate A/B testing (e.g., to
determine the impact of different bitrates on measures such
as user engagement).

Bitrate range decision engine 312 is conligured lo deler- s

mine an optinal bitrate range. As will be described in turther
detail below, the decision of an optimal/nsable bitrate range
is based on policies (which are manually configured) and/or
an evaluation/analysis ol data such as global shared data.

Using the leehnigues deseribed herein, dillerent ranges ol
bitrates can be determined/defined and provided for different
devices/sessions/views based on their attributes/characteris-
tics. As will be deseribed in [urther detail below, the range
1o be provided to various clients can be controlled manually.
lor example. via policics. leamed awlomatically (c.g.. using
glohal shared data aggregated from a plurality of clients), or
both,
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Bitrate range analvsis engine (320) is configured 1o deter-
mine oplimal bitrale ranges lor requesting clients. The
optimal bilrate range 1s determined based on an evalualion!
analysis of the data collected rom various clients and
aggrepated (e.g., by the global intelligence engine) across
multiple dimensions. In some embodiments, the optimal
bitrale range is the range ol bitrales thal can be reliably
played ([rom a quality andior performance perspeclive) by
the requesting client. The optimal bitrate range can be
defined vsing variovs determined values, such as maximum
bitrate caps, bitrates 1o be excluded, quality scores, etc.
lixamples ol algorithms used 1o determine such values Tor
defining optimal bitrale ranges will be deseribed in Turther
detail below.

In some embodiments, the bitrate range analvsis engine
oblains data aggregated and stored by the global intelligence
cngine. lor example, using the attribules of a requesling
clientsession. the global shared data is partiioned (o deter-
mine the set of clients/sessions similar or otherwise corre-

20 lated (e.g., having the same set of attributes) to the request-

ing client/session. The quality metrics and other measures
for thal partition ol clients/sessions are then oblained and
vsed by the analysis engine to tacilitate determining a bitrate
range that is optimal for the client/session with the particular
set of attributes.

As one example. supposc (hal the analysis engine is
confligured 0 evaluale qualily metrics according 10 two
dimensions, ISP and client device tvpe. For each unique
combination of ISP and client device type, the analysis
cngine can predict an appropriate bitrale range. lior cxample,
for a particular combination ol a particular ISP and particu-
lar client device Lype, the analysis engine [irst oblains the
quality metrics associated with sessions plaved on a device
of the particular client device tvpe using the particular ISP
The analysis engine then evaluates the oblained set of
quality metrics o delermine various measures particular 1o
that combination of 18P and device type. which are used 1o
determine/predict, or are indicative of an optimal bitrate
range for clients ronning on the particular device tvpe using
the particular ISP Any number ol dimensions can be con-
sidered. Vor example. lour dimensions. I8P, geo-location,
device model, and content type, can be considered.

Bitrate Control Algorithins

Various algorithims can be utilized to implement bitrate
control. examples ol such algorithms are provided in further
detail below.

Quality Score:

In some embodiments, for a given combination of atti-
butes/dimensions {c.g.. [8P, device model), a measure such
as 4 score thal represents the aggregate quality of sessions
with thal particular combination of aliribules is generated.
The quality score is then vsed in turn to determine an
optimal range of bitrates 1o provide, as will be described in
lurther detail below.

As one example, suppose that quality metries [or all
sesgions on the Comeast ISP in the San Franeisco region are
aathered. An aggregate quality score for sessions in that
particular combination of ISP and region is computed. The
quality score indicales an aggregale quality for clients!
sessions across the particular [BPfregion.

The quality score can then be vsed to determine/predict an
optimal range of bitrates tor clients/sessions on the Comeast
ISP in the San lirancisco regiom. As one cxample ol a
prediction algorithm that uses the qualily score, il the
aggregale score is low. representing a poor qualily, then
those sessions on Comeast in San Francisco are provided at
constrained (i.e., lower) bitrate ranges. If'the aggregate score
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is high, indicating that quality is very good (e.g., lower
bullering interruptions where higher bitrates are able (0 be
streamed), then a larger range of bitrales is provided. Thus.
in this example algorithm. higher quality scores lead o
larger ranges, while lower quality scores lead 1o smaller
ranges. {nher decision algorithms based on an analysis of
qualily metrics across mulliple dimensions can be imple-
menled.

In some embodiments, the quality score is a weighted
combination of different metrics, where the weighting of a
given metric is based on its significance in contributing to
the qualily score.

As a numerical example. a compuled score can have a
minimum value of zero, and a maximwm valie of one
hundred (with a spectrum of scores between), where a zero
indicates the lowest qualily, and one hundred indicates the
highest quality. In one example algorithm, a qualily score ol
sere will resull in the lowest bitrale being provided 1o a
client, while a quality score of one hundred will result in all

available bitrates being determined as the optimal set of 2

bilrales that the client can reliably play.

As deseribed above, the aggregale score 1s compuled
across multiple dimensionalities. In the above example, IS
and geographical region were vsed. Scores can be computed
with respect to other dimensions as well, such as device
type. device model. operaling syslem. content Lype {e.g. live
or on-demand video). or any other appropriate meladala
associated with client sessions.

In some embodiments, the quality score is dvnamically
updated over lime, lor example, as inflormation is collected
[rom clients and aggregaled. New qualily scores can also be
generated lor new segments ol clients {e.g., lor new Lypes ol
devices, operating svstems, [SPs, etc.).

Maximum Bitrate Cap

In some embodiments. a maximum bitrale cap is deler- 3

mined. A maximum bitrale cap can be delermined in a
varicly of manners.

For example, some plaver inplementstions are more
aggressive 10 pushing higher bitrates. This may cause issues
such as increased bullering and problems with quality ol
experience when switching up o bitrates thal are nol sus-
tainable, especially for more volatile networks, such as
mobile networks and public Wiki hotspots, and [SD satura-
tion during events such as large, live sporting events online,
or even al the homes ol some viewers. Described below are
examples of algorithms that utilize imformation ol other
“similar” views (based on a number of attributes of the
views, where a “view,” as used herein, reters to a streaming
session in which conlenl wasdis being viewed), as well as

historical data ol a viewer's expericnce and network condi- s

tions o identily patlerns that are polentially problematic.
The vse of such algorithims can be vsed 1o prevent plavers
from being given higher bitrates such that the issues
deseribed above can he avoided.

As will be deseribed in fTurther detail below. various s

difterent algorithims can be used, including clustering, clas-
sification, and advanced statistical and machine learning
algorithins 1o identify the best, highest bitrates for a par-
Licular view al a particular time of play starl. The maximum
bilrale 1o be provided (o the client can then be capped using
the identified best, highest bitrate.

In some embodiments, the algorithms vsed first classity
views based on a number of altributes. Then. for cach group.
the algorithms caleulate the metries or wiility Tunctions
based on the highest bitrate played by the view so [ar, or
other per bitrate performance metrics. If there exists a bitrate
{(or bitrate range) in which the metrics and utility fonctions
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are significantly worse (e.2., as measured against a thresh-
old) than the metrics/ulility Tunciions ol lower bitrale
ranges. then those bitrates higher than the bitrale determined
o be problematic can be removed.

In some embodiments, the algorithins group all views that
are current, in real-time. The algorithms can also group past
views, which can be grouped on various different time
scales, such as the last one minule, the last live minuics, the
last hour, o more sophisiicaled sliding Gime scales with
considerations such as time of day, day of the weelk, etc. The
algorithms can also grovp views based on attributes such as
conlent lype {e.g.. live. video-on-demand (Vold) short, Vol
long. ele). geo inlormation {e.g., counlry, slale. cily), net-
work information (e.g., ISIYASN), connection type (e.g.,
mobile network, DSL, cable modem, fiber/Coax/enterprise
network, public hotspot, ete.), ete. Plaver information can
also be used to group views, lor example. based on platlorms
fe.g.. 108, Android, Web, Samsung IV, Xbox One, P83,
P54, etc.), operating svstems, versions of the operating
svstelms, plaver versions, plaver frameworks (e.g., AVFoun-
dation lor 108, NexStreaming for Android. ele.). or any
other appropriale player inlormation.

The lollowing are examples ol two view groups:

(Live, New York Ciry, NY,, USA, T-Mobile ISP 4G
conanection, Samsung 53, NexStreaming Android Frame-
work)

(Vol) Short form, 3oston, Mass., USA, Comeast Cable
Model, PS4, WebMAF Framework)

I'irst lixample Algorithm

I'or cach group of views. the highest bitrate played so [ar
is identified. Groups are partitioned based on that highest
bitrate played or range of the highest bitrates plaved (e.g.,
group by the highest bitrale played so [ar in the [bllowing
bucket ranges: <200 Kbps. 200 Kbps-500 Kbps. 500 Kbps-
1000 Khps, 1000 Kbps-1300 Kbhps, 1500 Kbps-2000 Kbhps,
2000 Kbps-2500 Kbps, 2500 Kbps-3000 Khbps, =3000
Kbps). Pertormance metrics (e.g., quality metrics such as
bullering ratio and average bitrales, engagemenl melrics
such as average play lime. content completion rale. ele.) are
then caleulated for a particular implementation. For
example, for each group of views, buifering ratios can be
calculated for each of the buckets/ranges.

Below is an example of bufllering ratios caleulated [or
cach buckelrange lor the view group ol “Live. Now York
City, N.Y,, USA, T-Mobile ISP 4G Counnection, Samsung
85, NexStreaming Android Frameworle:™”

<200 Kbps: 5.5%

|200 Kbps, 500 Kbps): 3.4%

[500 Kbps, 1000 Kbps): 1.8%

[1000 Kbps, 1500 Kbps): 1.2%

[1500 Kbps, 2000 Kbps): 1.2%

[2000 Kbps. 2500 Kbps): 1.0%

|2500 Kbps. 3000 Kbps: 2.1%

> 3000 Kbps: 2.5%

Asg shown in the above example, the first two bitrate
ranges for this particular view would have high buffering,
because the similar views playing on those bilrales arc views
with bad connections. |owever, [rom the analysis, iU is
determined that the middle set of ranges is associated with
a drop in buffering (3.4%—1.8%—1.2%,—1.0%). If, atter
that drop. there is a bitrate thal causes an up lick again in
bullering ratio by a non-lrivial amount (c.g.. a pereenlage
threshold increase such as 30%). (he bitrate is indicated as
being too high (and should not be provided). In this example,
the bitrate of > 2500K results in a buffering ratio more than
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double that of the buffering ratio of the previous bucket
(2. 1% s, 1.0%). Based on this analysis. 2 decision can be
made o avoid bitrates >=2500 Kbps lor this group of views.

Second Example Algorithm

In some embodiments. detailed performance information
lor each bilrate is collected and aggregated. lor example. for
cach bitrate played. the Gme spent playing conlent al a given
bitrate, or the time spent buttering while plaving content at
the given bitrate can be collected and aggregated. When
such detailed performance inlormation for cach bitrale 1s
available. another algorithm can be used lo delermine a
bitrate cap. For example, if' a buttering time and playving time
for each bitrate is available, the buffering ratio for each
bitrate can be calculated (e.g., buffering time/time spent
playing). The following are example caleulated bufllering
ralios:

64 Kbps: 8.3%

250 Kbps: 5.1%

450 Kbps: 2.8%

200 Kbps: 1.9%,

1400 Kbhps: 1.3%

2200 Kbps: 0.9%

3400 Kbps: 1.5%

As shown in the above calculaled dala, similar 1o ihe
example scenario shown in algorithm 1, higher bitrates are
associated with lower buffering (because there is room to
switch down to lower bitrates when there are problems). In

this particular example, the buffering experienced at 3400 2

Kbps exceeds the bulfering expericnced at 2200 Kbps by a
large margin (1.5% vs. 0.9%). Thus, in this example sce-
nario, vse of the 3400 Kbps bitrate should be avoided. This
is done by setting the bitrate cap at 2200 Kbhps.

Third lixample Algorithm

Another approach 1o determine a maximum bitrate cap is
based on machine learning algorithims. For example, sup-
pose that there are seven lolal available bitrales. as in the
example scenario of the sceond algorithm above (64 Kbps.
230 Kbps, 450 Kbps, 800 Klps, 1400 Kbps, 2200 Kbps, and
3400 Kbps). The algorithm considers caps at two different
bitrates, 2200 Klps (hence removing the 3400 Kbps bitrate),
and 1400 Kbps (henee removing the two highest bitrates.
3400 Kbps and 2200 Kbps), as well as considering not
having a cap. Thus, there are three choices for the machine
learning algorithm to consider (2200 Kbps, 1400 Kbps,

no-cap). The machine learning algorithm then uses a small

subscl of the views (c.g. 2% ol tolal rallic) o sced a s

unilorm random distribution o the three subgroups:
No-cap
Cap at 2200 Kbps (remove 3400 Kbps)
Cap at 1400 Kbps (remove 2200 Kbps and above)

Over time. metrics and utility lunctions can be caleulaled s

for each subgroup. In this example, suppose that average
play time is used as a vtility fonction. Suppose that, after
time has elapsed, and data (time spent plaving) for a
sullicient number ol sessions (e.g., several hundred sessions)
in cach subgroup has been collected, the following average
play times are calculated for each subgroup:

No-cap: 20 minutes

Cap at 2200 Kbps: 25 minules

Cap at 1400 Kbps: 22 minules

Based on the caleulated average play limes lor cach
subgroup, the algorithim determines that the cap of 2200
Kbps should be selected, as it is associated with the highest
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average play time. In some embodiments, the performance
ol cach subgroup continues to be monitored. For example, a
small pereentage of views (c.g. 2%) can be randomly
assigned Lo the three subgroups. Adjustiments 1o the assign-
ment over time can be made based on the utility funections
defined here. For example, if later on, becavse of network
changes. the subgroup capped at 1400 Kbps is delermined 1o
perform the best, the cap lor the overall group of views can
be capped to 1400 Kbps during that time.

In some embodiments, the algorithms described above
can be modified to perform dynamic classification/seginen-
tation ol views based on a number of altributes of the views.
lior example, in addition o or inslead ol the static classili-
cation of views as described in the algorithim examples

3 above, dvnamic classification can also be used. For example,

by keeping track of large numbers of meladata aliributes, the
allribules can be used (o fincly classily views inlo [fine
groupsislices. As [mer classilication may lead 10 smaller
aroups, which might in turn result in less robust metrics or

20 utility function values, in some embodiments, fine groups

can be merged inlo coarser groups. Aller the groups are
defined. algorithms such as the (hree examples deseribed
above can be applied again for subgroups and selection of a
bitrate cap.

Removing Mid Bitrates

In some embodiments. rather than, or in addition o,
determining a maximum bilrale cap. mid bitrates o be
removed are determined. For example, when dealing with a
large diversity of plattorms, devices, video plaver trame-
works, cle., as well as a large diversity of video encoding
and publishing work [ows [rom many different video pub-
lishers. there may be times al which some bitrates n the
middle of an available set of bitrates cavse some perfor-
mance and quality of experience (QoE) issuves for some
subgroup ol views. lor example, a video publisher’s 108
player may have issucs with a bitrate thatl had an incorrect
cncoding prolile in the manifest (e, causing issues with that
bitrate. By removing that bitrate, the performance and vser
experience for the plaver is improved. Further, using the
lechnigques deseribed herein, the player does nol need 1o
re-learn such an issue lor cach view.

The tollowing is an example algorithm for determining
mid bitrates 1o remove, Static classification/segmentation of
views based on a number of artributes of the views is
performed. the atiribules including player platlormioperat -
ing system/lramework. nelwork attributes (c.g. of ISP/
CDN), video object (e.g., asset ID), etc. For each group,
detailed intormation is collected for each bitrate, including
crrors thal ocewrred al (hat bilrale, perlormance metrics of
the bitrates (c.g.. bullering ratio specilic (o this bitrate). other
issues with a given bitrale (e.g.. (he player buller grows, on
average, hegatively instead of growing positively or staving
steady), the frequency of switching events 1o and from the
bitrate. elc.

As one example scenario. consider the lollowing illusira-
tive example view group:

(Live, New York Ciry, NY,, USA, T-Mobile ISP 4G
connection, Level 3, Samsung S35, NexStreaming Android
liramework. Game of Thrones Session 3 1ipisode 1 (video))

Suppose that a threshold of crror count/viewing minutes
is set at =»0.5/minute, and the tollowing are determined for
a set of bitrates:

64 Kbps: 0.1/viewing minule

250 Kbps: (.05/viewing minule

450 Kbps: (.3/viewing minule

800 Kbps: 1/viewing minute

1400 Kbps: 0.01/viewing, minute
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2200 Kbps: 0.1/viewing minute

3400 Kbps: 0.06/viewing minule

(GGiven the above crror countviewing minule for the
bilrales, caleulated from the aggregale collected data, the
algoritlun determines that the 800 Kbps should be removed,
becavse the average error exceeds the threshold.

In some embodiments. similar o the dynamic classilica-
tion'segmentation ol views deseribed above lor delermining
maximum bitrate caps, dvnamic classification of views can
also be performed to remove any middle bitrates.

As will be described in further detail below, the results of
the algorithms ulilized by the bitrale range analysis can be
returned and provided (e.g.. (o bitrale range sclection engine
322) as outpur and used when determining/defining an
appropriate bitrate range to provide 1o a requesting client!
session.

In some embodiments, the resulls relumed by the analysis
engine are stored. For example, multidimensional tables are
generated based on the evalvation of the aggregated intior-

mation across different dimensions. An example of a muol- 2

lidimensional lable is provided below in conjunction with
IFICES. 4A-413. The resulls of the evaluation are then stored
in the table, and provided, for example, as lookup values.
For example, a table can be constructed where each row of
the table represents a specific combination of attributes/
dimensions and a corresponding value. For example, con-
sider a scenario n which sessions/clients are sliced accord-
g to tour dimensions: ISP location, device model, and
content type. Each row can represent a specific set of values

lor those [our dimensions (representing views with a par- 3

ticular set ol attribules). Fach ol those rows in turn can be
associaled with a value based on the prediction algorithms
described above. For example, each row can have a corre-
sponding quality score, buffering ratio, maximum bitrate

cap, bitrales 10 be removed, cle. In some embodiments, the 3

lable includes the optimal bitrale range delermined/pre-
dicted lor cach slice of dimensions.

In some embodiments, the table is dynamically updated
over Time, as hew intormation is collected and aggregated
[rom clients over time (e, by the global inlelligence
syslem). As new lypesfslices ol sessions and clients are
ohserved (e.n., new types of devices, operating systems,
I8Ps, ete.), new entries are added to the table, with corre-
sponding new quality scores, predicted maximum bitrate
caps. and bilrales-lo-be-avoided generated as well. Other
dala structures besides lables can also be used.

As will be described in further detail below, when a client
requests data, a loolap of the tables can be used to define an
optimal bitrale range. or example, the altributesicharactler-

istics ol the requesting clientsession are used as keys o 5

identily an appropriale row in the tables. The corresponding
quality score or determined upper-bound bitrate (or set of
bitrates) iz then used to determine the optimal (based on
aggregale, global shared data) bitrale range [or the request-

ing client/session. lor example, the quality score is (rans- s

lated into a bitrate range, where higher quality scores result
in larger ranges, while lower quality scores result in smaller
ranges of bitrates. The upper-bound bitrates are vsed 1o set
the maximum value ol the bitrate range. where bitrales al or
helow the threshold upper-bound can be provided Lo request-
ing clients. If a bitrate 10 remove is returned, then the bitrate
is prevented from being provided 1o the client.

In some embodiments. the analysis engine is conligured
1o perlorm analysis ol global shared data on demand, lor
example. In response o a request by a client [or content. For
example, rather than storing a table and performing a
lookup, the bitrate range analvsis pertforms the prediction
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analysis such as that described above, on-demand. As one
cxample, using the attribules/characteristics ol the request-
ing clientfsession, the global shared data is partitioned 1o
identily those clients/sessioms similar (o the requesting cli-
ent/session. The metrics associated with the identified par-
tition of clients/sessions are then evaluvated according 1o
algorithms such as those described above. The results of
those algorithms are (hen used o delermine an oplimal
bitrale range for (he requesting client.

Bitrale range sclection engine 322 is conligured to [acili-
tate dvhamic selection of an appropriate, usable bitrate range
for a requesting client. The hitrate range selection engine
comprises a bitrate control mechanism vsed to control the
bitrale range which requesting clients use to oblain content.
As will be deseribed in further detail below, the usable sel
ol bitrates for a requesting client is based on an analysis of
global shared data (as described above) and/or the rules
specitied in relevant policies.

When determining the nsable set of bitrates for a client,
the selection engine is conligured (o oblain {¢.g.. [rom inpul
cngine 304} metadata associated with a clientsession,
including the attributes and characteristics of the client/
session. For example, the selection engine is configured 1o
obtain metadata such as the device model, ISP, geo-location,
conlenl lype, operaling system, cle. associaled with the
requesiing client. In some embodiments. the sclection
engine obtains the metadata information associated with a
requesting client/session that has been extracted by the input
cngine lrom heartbeal messages provided by the requesting
client. The obtained metadata is then provided (o both the
bitrale range analysis engine and the policy engine. The
results returned by the bitrate range analvsis engine and the
policy engine are then used together to determine/define an
optimal bitrale range. as will be deseribed in lurther detail
below.

The metadala is used by the bitrate range analysis engine
to determine, as described above, an optimal bitrate range
for the requesting client based on an evaluation of global
shared data collected from clients similar or otherwise
correlaled 1o the requesting elient. As deseribed above, the
metadata can be vsed as a loolap of a table in order 1o obtain
values usable to determine an appropriate bitrate range for
the requesting client. In other embodiments, the bitrate range
is determined on-demand. As described, various types ol
resulls can be obtained [rom the bilrale range analysis
engine, such as threshold bitrates (e.g., vpper-bound/maxi-
mum bitrates), bitrates 1o be excluded, quality scores, etc. As
will be deseribed n further detail below, the outputs returned
by the analysis engine are used (In parl) (o delermine a
usable sel of bitrates. As will be deseribed in [urther detail
below, the usable set of bitrates can be determined from a
tull set of bitrates (e.g., extracted from a manifest file or
provided by a client).

The metadata sent o the policy engine 1s used lo deler-
mine a set of appropriate policies relevant to the requesting
client'session. For example, policies corresponding to the
various attributes included in the metadata are located and
relricved. As one example. il the meladata under consider-
ation includes device model and 15P metadala inlormation,
then policies corresponding to that particular device model
and ISP (either individually or in combination) are obtained.
lior example, il the device is an iPhone 6, then the policy {or
policies) with rules specilic o the iPhone 6 can be oblained.
Similarly, il the device is using the Verizon cellular network,
the policy (or policies relevant to the Verizon cellular
network) can be obtained.
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The results of the global shared data evalvation and the
rules specified in the oblained policies identified as relevant
1o a requesling elient are used together, in combination. o
scleet/deline a usable bitrate range o provide Lo the request-
g client.

The optimal bitrate range can be defined in a variety of
MANNCTS.

As one example. the scelected bitrale range is determined
as a usable list of bitrates for the requesting client. In some
embodiments, the uvsable list of bitrates is determined/
refined/derived from a full list of bitrates. The full list of
bilrales can be oblained in a varicly ol ways and includes the
[ull superset of all of the bitrales al which a conlent item is
encoded. For example, as shown in the example of FIG, 1A,
in some embodiments, the full list of bitrates is extracted
[rom an original manilest fle obtained by the backend (c.g..
via inpul engine 304). As another example. as shown In the
example of 1G. 113, in some embodiments, a Tull list of
bitrates is provided by a client to the backend CDC (where,
for example, the client is configured 1o locally extract the
[ull 1ist of bilrales from an oblained manilest [ile).

‘The results of the global shared data evaluation andfor the
obtained policies can then be applied to the full list of
bitrates to arrive at the nsable list of bitrates.

Agone example, the full list of bitrates can first be refined
according Lo the results ol the evaluation of global shared
data. The resulling subsel of bitrales can then be lurther
refined vsing the obtained relevant policies to arrive at the
final wsable list of hitrates to provide 10 a client. The results

ol the global shared data evaluation and the rules specified 2

in the relevant policies can be applied In any appropriate
order.

If a quality score is returned based on the evaluation of the
global shared data evalvation, then a subset of bitrates in the

[ull 1ist that maich to the qualily score can be delermined. 3

l'or cxample, the higher the quality score, the larger the
range ol bitrales that s acceplable in the [ull list of bitrates.
Asg one example, suppose that quality scores range from zero
1o one hundred, with zero indicating the lowest possible
quality, and one hundred indicating (he highest possible
quality. One way that the score can be used is 1o treal the
quality score as a proportion‘percentage of the full list. For
example, suppose that a score of fifty is determined for a
client/session. The guality score of fifty, on the scale of one
hundred. can be used W delermine that the lower (ifly
pereent of the ull set ol bitrates is usable for the client.
Similarly, if the client recerves a score of twenty-five, then
the lowest one-fourth of the full set of bitrates is the usable
subscl ol bitrales [or the client (based om the analysis ol

global data). Any appropriate translation/mapping of quality s

score Lo bitrate range can be used.

If an vpper-bound threshold bitrate is determined/ returned
based on the global shared data evalnation, then those
bilrales in the [ull list ol bitrales that [all at or below the

upper-bound threshold bitrate are kepl in the usable list ol s

bitrates, while those not in the range are removed.

If'a set of bitrates 1o be avoided is determined based on the
global shared data evaluation, than those bitrates in the full
list of bitrales that match 10 the one or more bitrales (o be
avoided are removed. As the bitrales 10 be removed may be
in the middle of a bitrate range, the resulting subset of
bitrates may be disjoint.

In some embodimenis, the bitrales determined o0 be
avoided as well as the upper-bound/maximum are both
returned by (he global shared data evaluation process and
used together in combination 1o refine a foll list of bitrates
1o determine a usable list (e.g., by removing the bitrates that
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exceed (or are at) the maximum cap and those bitrates that
should be excluded based on the global shared data evalu-
alion).

The subsel ol bitrates determined based on the application
of the results of the global shared data evalvation can then
be further refined by applving obtained policies. For
example, if’ an obtained policy indicates a constraint/rule
such as a bitrale cap, the cap can be applied accordingly 1o
the subsel o [urther limil the bitrale range and arrive at the
[inal usable set of bitrates.

As one example, suppose that based on an evalvation of
global shared data, it is determined that for a requesting
client with a particular set of atiributes, the maximum
upper-hound bitrate that should be provided (o the request-
ing clicnt is 7 Mbps. However, a policy lor the ISP that the
device is on indicates thal because the request is being made
during a time period of peak traflic, all bitrates should be
capped at 3 maximum of 3 Mbps. By applyving the cap

2 imposed by the obtained policy 1o the upper-bound threshold

provided by the analysis of the global shared data, the
upper-hound of the usable bitrale range o provide o the
client iz 5 Mbps.

Multiple policies may be determined 1o be applicable 1o a
aiven client'session. For example, suppose that both a
device model policy and a network policy are retricved lor
a parlicular client session. The list of bitrales can be evalu-
ated sequentially, in order 10 arrive at a final set of policy-
imposed bitrate constraints, which can in turn be applied to
the results ol the evaluation ol global shared data.

The determined usable range of bitrates need not be
conliguous. and can be digjoint. lior example, given a [ull list
{as specified in 1 manifest file) of available bitrates, multiple
disjoint subsets of bitrates that are appropriate for a given
clientsession can be delermined as appropriate [or the
requesiing client/session.

l'or example. it may be determined based on an analysis
of aggrepated data that while clients with a particular device
are able to stream bitrates of up to 10 Mbps without issue,
# large number ol clients with the particular device have
dilliculty playing content encoded at 2.3 Mbps (c.g.. due 1o
software implementation issves, rather than hardware capa-
bilities of the device). Thus, the 2.5 Mbps can be excluded
from being provided 1o the client. As another example, it
may be delermined through global shared data analysis that
a signilicant portion ol devices, regardless ol type, have
difficulty playing the same content item at a particular bitrate
{e.g., because the publisher’s encoding of the content item at
that particular bitrate is corrupled). Thus. that particular
bitrate for the conlent ilem can be prevented Trom being
provided 1o clients so (hat the clients will not be able 1o
attempt 1o play the content item at that particular bitrate,

Asg described above, the application of both the global
shared data evaluation resulls and the oblained policies is
used o delermine a usable bitrale list. When determining a
usable list of bitrates from a full list of bitrates, the results
of the global shared data evalvation and the oltained poli-
cies can be applied in any order, or at the same time. For
cxample, the global shared data evaluation and the obtained
policies can be applied to cach other first, with thal resull in
turn applied 1o a full list of bitrates. As another example, the
policies can be applied first to the tull list of bitrates, with
the resulling subsel then [urther relined by the resulis of the
global shared dala cvalualion. As another example. the
global shared data evaluation resulls and the obtained poli-
cies can be applied concurrently to a full list of bitrates 10
obtain the vsable list of bitrates.
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As will be described in further detail below, the usable list
ol bitrates determined [rom the [ull list of bitrales can then
bhe provided (o output engine 314 and used o delermine
instructions o be provided to the client.

In some embodiments, rather than returning a vsable list
of bitrates, the bitrate range selection engine is configured to
return other types of values thal can be used o determine
instructions o be provided to the clients.

For example, as described above, an upper-bound of the
range of bitrates that a client can play can be predicted (in
some cases, irrespective of knowledge of the actuval full set
ol bitrates that are available). I a prediction algorithm as
deseribed above determines an upper-bound performance/
quality threshold, the rules/constraints specified in obtained
policies can be applied to the predicted performance thresh-
old 1o determine whether the threshold should be lurther
constrained. e resulting threshold based on the combina-
tion ol global shared data analysis and relevant policics 1s
then the final bitrate cap for the vsable bitrate range for the
client/session (i.e., all bitrates at or below the threshold are
made available o the client). As will be deseribed in Turther
detail below, the single threshold value is then provided (o
the client. The threshold bitrate is used to control the set of
bitrates potentially played by the client 1o those bitrates at or
below the determined threshold.

As another example. a sel ol bitrates o be excluded is
returned by the bitraie range selection engine. For example.
the evalvation of the global shared data and/or the obtained
relevant policies can specity bitrates to be removed.

In some embaodiments, a combination ol values usable o 3

define the usable bitrate range [or the requesting client 1s
returned by the bitraie range selection engine. For example.
a maximum bitrate cap as well as a set of bitrates 10 be
excluded can be returned. As one example, suppose that the

upper-bound  threshold determined by the evaluation ol 3

global shared data is 5 Mbps. The cvaluation ol global
shared data also indicates that there are issues with the 2
Mbps bitrate and thus, 1t should be excluded. Further, an
obtained policy specifies that the 3 Mbps bitrate should not
be played. duc o encoding issucs noticed by the publisher.
The three bitrate values can be used to deline the acceptable
bitrate range tor the client, where the client is 10 be limited
1o playing only those bitrates that are 3 Mbps or lower, and
i addition, is prevented from plaving content at the 3 Mbps
and 2 Mbps bitrates. As will be deseribed in [urther detail
helow. the combination ol values (c.g.. maximum bitrale cap
and bitrates to be excluded) can be returned directly to
clients such as those with local reduction mechanisms.

As will be deseribed in [urther detail below, the various

values used Lo deline bitrale ranges, such as the usable list s

ol bitrates, bitrate thresholdicap  values. bitrales o be
excluded, combinations of bitrate caps/exclusions, etc. are
used 1o determine a set of instructions usable to control the
bilrale range which requesting clients use o oblain conlent.

Ouiput engine 314 is conligured (0 generaile a sel ol s

struetions 10 provide to the requesting client. The tvpe of
struetions that are generated as well as the manner in
which the global shared data evaluation results and obtained
policics are ulilized o delermine a sel of instruclions are
dependent on a variely ol [actors. lior example. the sel of
struetions that is generated can depend on whether or not
the client is configured with local logic to reduce manifest
flles. The sel of instructions thal is generaled can also
depend, lor example. on the type ol result values oblained
[rom the bitrale range sclection engine {(c.g.. usable list
bitrate cap valve, set of bitrates to be excluded, combination
of bitrate caps/exclusions, etc.).
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For example, if the client does have local logic, a variety
ol dilferent types ol instructions can be provided. lior
cxample, as shown in the example environment ol UIG. 113,
in some cmbodiments. a Mull list ol bitrales 1s provided by a
client to the backend CDC. A usable list of bitrates can be
generated from the provided full list, using the results of the
evaluation of the global shared data and the relevant policies
as deseribed above. The usable list is provided directly o the
client, [or cxample, in an array or any other appropriale data
structure, where the client perlorms local reduction of a
manifest file such that the reduced manifest file includes
ouly those bitrates specified in the vsable list provided by the
CDcC.

Other types ol values can also be provided as instructions
to the client il it is conligured with local reduction logic. lor
cxample, the maximum bitrale caps and/or bitrale(s) o be
excluded can be transmitted to a remote client as instruc-
tions. The local reduction mechanism resident on the client

2 18 then configured to locally reduce a full set of bitrates in a

manilest [ile accordingly. lor example. the client 1s conlig-
ured 1o exclude those bitrates that exceed the determined
threshold (i.e., include only those bitrates that are at or
below the cap value), as well as remove any bitrates that the
CDC has determined should not be played by the client.

Il the client is not conligured with a local manilest
reduction moechanism {(e.g., as deseribed in the example
environment of FIG. 1A}, then the output engine is config-
vred to reduce an original manitest (or generate a new
manilest (Tle). The modified (or new) manilest file is then
provided 10 the client.

In some embodiments. the usable list determined by the
bitrate range selection engine is vsed 1o perform manitest
reduction. For example, as the usable list was derived from
the Tull list included in the manilest (le oblained by the
1, the obtained manilest file is modilied such that the
bitrates in the full Tist that are not in the determined usable
list are removed. The output engine is configured to handle
manifest files for various tvpes of protocols, which may have
dillering syntax and [ormal. "The outpul engine is conligured
Lo provide a manilest [ile that is in the appropriate lormal [or
the requesting client device (e.g., based on wetadata from
the client, such as video protocol to be used).

It instead of a vsable list, 8 maximum bitrate cap and/or
a sel of bitrales (o be excluded are retumed by the bitrale
range selection engine o the outpul engine. then the mani-
fest file is rewritten such that the superset of bitrates indi-
cated in the manifest file is filtered/refined according 1o
those bitrale cap/excluded values.

As deseribed above. (he range ol bitrales Lo be provided
Lo a client can be controlled manually. [or example, via the
configuration of policies and/or automatically learned over
time, tor example, based on an evaluation of aggrepate,
global sharcd data.

Reporting engine 316 is conligured 10 lacilitate reporting.
Various tvpes of reporting are provided. For example, the
reporting can include summary reports regarding, the bitrate
range decisions made for various clients/attributes. The
summary reports can be viewable across different dimen-
sions, for example. o view decisions made lor dillerent
slices of clients and sessions. In some embodiments, visu-
alizations (which can be interactive) of the decisions can be
generaled. An example of a visual representation of bitrale
range decisions is shown in conjunction with IIG. 11, In
some cmbodiments. the swmmary reports are generated
vsing information generated by the global intellipence
engine and/or the bitrate range analysis engine.
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In some embodiments, the reporting engine is contigured
1o provide reporls assoclaled with experiments and tests
(c.g. AN wsting) perlformed (e.g. using lesling engine
318). liurther details regarding A3 lesting and the type of
information that can be reported are described in further
detail below,

In some embodiments, the reporting engine is conligured
1o provide recommendations and inferences based on the
bitrate range decisions. For example, based on statistical
analvses (e.g., performed by the hitrate range analvsis
engine) of quality metrics with respect 1o plaved bitrates,
recommendations as o whether o atlempt o introduce
higher bitrales can be made. As another example, inlerences
can be made as to whether a network is capable of handling
certain bitrates. As another example, inferences can be made
that there are issucs with certain bitrales {c.g.. based on an
vbservation that clients/sessions playing the cerlain bitrales
have poor quality). lurther examples ol recommendations
and inferences will be provided in further detail below,

The recommendations/inferences can also be made based
om an analysis ol the resulls ol experimentation/lesting. or
example. il a publisher performed A/ westing lo delermine
whether a new higher bitrate should be added, the reporting
engine can perform statistical analvsis of the higher bitrate
10 determine its impact o vser engagement. It for example,
the higher bitrate resulled in a signilicant, measurable
increase in user engagemenl (e.g.. that exceeds a threshold).
the reporting engine can recommend that the bitrates at
which content is encoded be increased.

In some embodiments, the reporting engine is conligured 3

o provide alerts/motifications. lior example. il 1 1s inferred
[rom data analyses thal a broad swath ol clients are having
issues with playing content encoded at a particular bitrate,
the publisher can be notified with an alert indicating that

there may be an issue with the particular bitrate. Similarly. 3

il the issue with playback of the particular bitrale is deler-
mined (o be limiled o a particular (ype ol device, the
manufacturer of the device can be notified of the issue (e.g.,
that there may be a firmware issve that prevents the device
type from reliably playing the particular bitrale).

Testing engine 318 is conligured to lacilitate experimen-
tation. As will be described in turther detail below, using the
bitrate control techniques described herein, testing such as
A/B testing to determine the impact of bitrates on metrics
such as user engagement can be perlformed. In some embodi-
ments. the lesling engine communicates with the policy
engine, where policies can be configured that define the
parameters of the experiments 1o be pertormed.

Content distribution coordinator 300 s illusiraled as a

single logical deviee in UIG. 3. In some embodiments. s

content distribution coordinator 3000 comprises  slandard
commercially available server hardware (e.g., a multi-core
processor, 4+ Gigabytes of RAM, and one or more Gigabit
nelwork interlace adapiers) and runs typical server-class

operating systems (e.g.. Linux), as well as Java HTTTP server s

sottware stack. Contenr distribution coordinator 300 can
also be implemented vsing a scalable, elastic architecture
and may comprise several distributed components, including
components provided by ome or more third partics. I'urther.
when content distribution coordinator 3000 is referred o
herein as performing a task, such as storing data or process-
ing data, it is 1o be understood that a sub-component or
multiple sub-components ol content distribution coordinalor
300 {whether individually or in cooperation with third parly
components) may cooperale o perlorm that task.

FIG. 4A is an example of a multidimensional table. In this
example, table 400 is a four-dimensional table, where the
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four dimensions include Internet Service Provider (ISP},
location, device model. and conlent lype. As shown. cach
row of the table corresponds o a dilferent combination of
values lor those lour dimensions. AL 402, qualily scores
{e.g., determined by bitrate range analysis engine 320 of
FIG. 3) for each row are shown.

I"1(. 413 is an example of 2 multidimensional table. In this
cxample, lable 450 is a [our-dimensional table, as shown in
the example of FIG. 4A. In this example, at 452, a column
of values corresponding 1o the highest sustainable bitrate
{e.g., without buffering ratio exceeding a threshold level)
determined lor cach row is shown. Al 454, a colunm of
values corresponding Lo one or more bitrales 10 remove (e.g.,
based on whether a threshold number of errors is exceeded)
is shown. In some embodiments, the birrate cap and mid
bitrales Lo remove are determined by bitrale range analysis
cngine 320 ol I 3.

1G5, 5 15 a (low diagram illustraling an embodiment of a
process for selecting a bitrate range. In some embodiments,

20 process 500 is executed by content distribution coordinator

300 ol I'IG. 3. 'The process begins al 302 when a conlent
request 15 received. In some embodiments, metadata asso-
ciated with the client is also recerved. The metadata infor-
mation includes an indication of a client device tvpe and a
network associated with the client. Other examples of meta-
data include geo-localion. conlent (ype. operaling system,
cle.

At 504 an optimal bitrate range is determined for the
client. In some embodiments, the bitrate range is dynami-
cally determined, on-demand. in response o the client’s
request. The bitrale range can be determined on a per-session
basis, lor example. al the beginning of a video sireaming
session.

The optimal bitrate range is determined based at least in
part om the received client metadata. The optimal bitrate
range can also be delermined based on an evaluation of
qualily metrics (¢.g.. real-lime quality metrics). The quality
metrics can be associated with the client and/or associated
with similar clients (e.g., obtained from global shared data).
The oplimal bitrale range can also be delermined based on
a sl of one or more policies.

In some embodiments, global shared data wneludes data
aggrepated from multiple clients. The data can include
real-time performance data as well as quality metrics asso-
cialed with client sessions. In some embodiments, the evalu-
ation ol global shared data is performed across dillerent
slices of client metadata attributes.

For example, an evaluation of clients and sessions can be
made based on the aliributes ol device type and network
{eg.. ISP). Different bitrale ranges can be provided lor
dillerent combinations of device type and network. lior
example, bitrate ranges can be separately determined for
iPhone 6s on the Verizon network and iPhone 6°s on the
A& network, Thus, dillerent bitrales/subsel of biirale
ranges may be determined as optimal for dillerent clients.

In some embodiments, performing the evaluation of
global shared data includes obtaining the quality metrics
associated with clients/sessions similar to or otherwise cor-
related with the requesting clientsession. The correlated
clientsfsessions are those clientsdsessions with the same sel
of attributes (e.g., device model and ISI?) as the requesting
client/session. The quality metrics associated with the par-
tition ol similar clients are (hen evaluated 1o lacilitate
determination ol a bilrale range.

Ag one example. a qualily score is determined for the
aroup of clients/sessions with the particular set of attributes/
dimensions of interest. In some embodiments, the quality



Us 10,178,043 Bl

29
score indicates a measure of the quality of the client/session
based on its altribules. The delermined quality score can
then be mapped 10 a range ol bitrales. As one example.
higher scores map o larger ranges of bitrales, while lower
scores map to smaller ranges of bitrates.

In some embodiments, rather than or in addition to
generating a qualily score lor the group of similar/correlated
clients, the global shared data is evaluated 1o predict a bitrale
range based on observed client/session performance/quality.
Ag described above, various types of values vsed 1o define
the bitrate range can be determined uvsing a varety of
algorithms. l'or example, a maximum bitrate cap andfor a set
ol bitrales 10 be excluded is determined. As deseribed above.
intormation of similar views (e.g., other sessions that share’
have matching attributes with the requesting client/session),
as well as historical data ol a viewer's experience and
nelwork conditions can be used o identily patlemns that are
potentially problematic.

For example, the algorithms (e.g., as vtilized by bitrate
range analysis engine 320 of FIG. 3) classify requesting
clicnis/sessions/views based on a number ol altribules. such
as the received client meladata information deseribed above
(e.g., device model, ISE, geo-location, content tvpe, ee.).
Dyvnamic classification, as described above, can also be
performed. The algorithms then calculate metrics or unility
[unctions based on data such as the highest bitrales played
by similar views so lar, as well as other perlormance metrics.
such as the quality metrics (e.g., buffering ratio, average
bitrates, etc.) as well as enpagement metrics (e.g., average
play time, completion rate. cle.). The metrics and utility
[unctions are then used Lo delermine maximum bitrate caps
and/or bitrales {including middle bitrales) o be excluded!
removed. Thus, the plavers are prevented from being given
higher bitrates and/or middle bitrates that are problematic/
causing issucs (c.g.. in qualily or perlormance).

The evaluations of the global data can be updated over
time. Vor example. the evaluations can be perlormed as a
batch process, periodically, dvnamically, on-demand, etc.
For example, the evaluations can be updated as new data is
collecied rom clienis, new device models and ISPs arc
encountered. ele.

In some embodiments, the results of the evaluation of the
global data are stored. For example, the results are stored to
multidimensional tables, where the tables store, for a set of
dimensions/atiribules, quality scores. predicted bitrates, cle.
lor cach combination ol allribule/dimension values. lor
example, each combination of device model and ISP (e.g.,
(iPhone 6, Verizon), (Samsung Galaxy S6, Verizon), (iPhone
6. AT&T). cle.) can be associaled with a corresponding
determined quality score andéor predicled bitrale.

When a request [or a manilest flle or bitrale range is
received, the values stored in the multidimensional tables
are retrieved. For example, a lookup of the multidimensional
Lables using the altributes and characteristics ol the request-

ing client/session as keys (o the multidimensional tables is s

performed. The corresponding values, such as quality scores
and predicted upper-bound thresholds are then returned and
used to determine an optimal bitrate range. In some embodi-
ments. rather than retrieving the values from tables. the
values are delermined on-demand in response o a clientf
5285100 request,

In some embodiments, policies include specifications of
rules governing what bilrales are appropriale lo provide Lo a
requesting client. "The policies can be applicable based on a
varicly ol lactors, such as device model and network. For
example, a policy can be specified that includes constraints
on the bitrates 10 be plaved on a particular device. As one
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example, a publisher can configure a policy that specifies
that all clients using a particular type of gaming device are
o be limiled (o playing a maximum bitrale ol 5 Mbps. As
another example. an ISP can specily a policy delining
constraints on what bitrates are 1o be plaved at different
times of day. For example, during peak hours, the policy
may limil bitrates lor all clients. regardless ol type, o 3
Mbps. During oll-peak hours. the limils are removed. "The
limits may be specified for a variety of reasons, such as on
a cost-driven basis (e.g., as delivering higher bitrates typi-
cally incurs higher costs) and nerwork considerations (e.g.,
congeslion), and may be specified irrespective ol the capa-
bilitics ol a device

When determining an optimal bitrate range, policies rel-
evant to a client’session are obtained. For example, the
allribules ol the clientsession. such as ils corresponding
device model and 18P are used 1o obtain appropriale policics.
Multiple policies may be oblained.

In some embodiments, the final optimal bitrate range 1o

20 provide to a requesting client is selected based on a com-

bination of the global shared data evaluation {c.g.. ol real-
lime quality measures) as well as the rules specilied in the
policies. For example, the results of the prediction algo-
rithms and the rules specified in the policies are applied
together 1o determine the oprimal bitrate range (or determine
valucs 10 define the optimal bitrale range). I muliiple
policies are oblained. the policics are applied o cach other
sequentially (and in order, if such priority is defined).

Various types of bitrate ranges can be determined/defined.
One example is a value delining upper-bound of the bitrale
range (1.c.. maximum bitrale cap) (thal can be reliably played
by the requesting client.

For example, it a device policy constrains a particular
device model 10 a maximum bitrate of 7 Mbps, and a
separale 18P policy constrains the maximum bitrate 10 5
Mbps, then the policy-specilied bitrale range is 5 Mbps. "The
policy-specilied bitrate range is applicd (0 the results ol the
2lobal shared data evaluation to determine an optimal bitrate
range. For example, suppose that the predicted upper-bound
bitrate (based on obscrvations of sustainable bitrales, or an
analysis ol bilrate versus interrupls) lor the combination of
device model and network of the requesting client is 6 Mbps.
The & Mbps bitrate range trom the global shared data
evaluation is combined with the 5 Mbps policy-specified
bitrale range 1o arrive al a inal bitrale range with 4 maxi-
mum bitrale ol 5 Mbps. In this example, the maximum
bitrate range was determined as the minimum of the upper-
bound thresholds determined by the evalvation of global
shared data and the rules specilied by the obtained relevant
policies.

Anolher example way o deline a bitrale range is by
determining those bitrates (including middle bitrates) that
should be removed. Removal of such middle bitrates results
in the disjoint bitrale ranges.

Anolher example way in which a bitrale range is defined
is through a uwsable list‘set of bitrates which the client is
determined to be capable of reliably playing. The usable set
of bitrates can be determined from a full set of available
{c.g.. candidale) bitrates {(where the usable sel is a subsel ol
the [ull set). In some embodiments. the [ull set of available
bitrates is extracted from an obtained original manitest file,
which includes the superset of all available bitrates at which
a requested content item is encoded. In some embodiments,
the [ull set of available bitrates is oblained as a list, [rom a
client, which is conligured to perform the parsing ol a
manifest file to extract the fu1ll list of bitrates, which are then
provided 10 a backend such as CDC 300 for processing.
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The usable list of bitrates is determined by applving the
resulls ol the evaluation ol global shared data andior the
rules specified in (he policies delermined o be relevant o
the requesting clientsession (o the [ull list'set ol bitrates.

The results of the global shared data evaluation can be
applied, for example, as tollows. A quality score correspond-
ing o the attribules of the requesting clicntisession is
obtained. The qualily score can be oblained by perlorming
a lookup of a multidimensional table, as described above. In
some embodiments, the quality score is determined on-
demand. The quality score is then mapped 10 a subset of the
[ull set of bitrates. For example. suppose thal the quality
score 1s measured on a range ol vero W one hundred, with
zero indicating the worst quality, and one hundred indicating
the best quality. One example of a mapping between the
quality score and the [ull set of bitrates is (hat the higher the
quality score. the larger the range ol bitrales in the [ull set
that the client is determined 10 be able o reliably play (i.c..
higher scores translate to higher plavable bitrates). The
lower the score, the smaller the range of bitrates that the
client is determined to be able to reliably play (L., lower
scores lranslale o lower playable bitrates).

If a threshold bitrate is provided as a result of the global
shared data evaluation (e.g., generated by prediction algo-
rithms as described above), then the threshold bitrate can be
applicd o the [ull set as [ollows. The threshold bitrate 1s
treated as the maximum. upper-bound of the bitrales that the
requesting client can reliably play. The bitrates in the full set
that exceed the threshold are removed, with the remaining
bilrales (i.c., those thal are al or below the threshold)
lorming (he usable set ol bitrates that the requesting client
can reliably play.

If a set of bitrates 10 be excluded is provided as a result
of the global shared data evaluation, then those bitrates in

the full sel matching 1o the bitrates o be excluded are 3

removed. In some embodiments. both the maximum bitrale
cap and the set ol bitrates o be removed are used (o reduce
a full set of bitrates.

The one or more policies are also applied to the full list
ol bitrales. lior example. any constraints such as bitrate caps
can be used Lo (ilter the [l list o bitrates (i.c., removing any
that fall bevond the bitrate cap). As another example, it' a
policy specifies a particular bitrate to be excluded, the bitrate
can be removed from the foll list/set of bitrates. If multiple
policics are oblained. then the policics can be applicd
soquentially {(or in order, il such order is deflined).

The combined application of the results of the evalvation
of global shared data and the rules specified in the policies
is used 1o determine the [linal, optimal bitrate range for the

requesting client. The global shared data cvaluation resulls s

and the policy rules can be applied (o the [ull list in any order
or appropriate manner. The evaluation results and the policy
rules can be applied to each other betore being applied to the
[ull list as well.

AL 506, oulpul is generated based al least in parl on the s

determination. The output includes an indication of the
optimal bitrate range determined for the client. In some
embodiments, the tvpe of output generated is based on the
[unctionality ol the client.

lor example. il the client is requesting a manilest [ile. and
does not have a mechanism by which 1o reduce a manifest
file 1o only include the determined bitrate range, then a
manilest (ile is generated. In some embodiments, generating
the manifest [ile includes reducing an original maniflest [ile.
Ay deseribed above. an original manilest [ile that includes
the full set of available bitrates at which content is encoded
is obtained (e.g., from a CDN). A usable list of bitrates
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which can be reliably plaved by the requesting client is
generaled [rom the Ml list of bitrates extracted rom the
original manilest (ile. The original manifest [ile 1s reduced 10
only include those bitrates in the determined usable list. Lior
example, those bitrates in the tull set that are not included in
the vsable list are removed from the original manifest file. In
some cmbodiments. a new manilest [ile that includes only
those bitrates in the determined usable list 1s generated. "The
reduced (or new ) manifest file including only the determined
vsable list of bitrates is provided as output 1o the requesting
client.

IT the client does include a mechanismilogic lor reducing
manilest files. a variety ol dillerent types ol oulpuls can be
generated. As one example, if the requesting client provided
a tull list of bitrates (e.g., as described in the example of FIG.
1131, a usable list of bitrates as described above is retumed
as oulpul lo the client. The usable list can be seni, lor
cxample, as an array thal includes the usable bitrates that the
client has been determined 1o be able to reliably play. The

20 client is configured 1o uwse irs local manifest reduction

mechanism o locally reduce an oblained manifest [ile
according Lo the usable list ol bitrates.

Ag another example, rather than outputiing a usable list of
bitrates, a value, such as a maximum bitrate, is provided. As
described above, based on the evaluation of global shared
data and the rules speeified in relevant policies, a maximum
bitrale is determined that indicales the upper-bound ol the
range of bitrates that the requesting client has been deter-
mined 10 be capable of reliably playving. The client is
confligured. using the local manilest reduction, 1o reduce an
original manilest [ile according o the maximum bitrale
range (c.g., by removing those bitrates in the [ull sel of
bitrates that exceed the maximum threshold bitrate range).

Other types of outputs such as combinations of bitrates
{c.g.. an upper-bound bitrate along with a sct of bitrates 1o
be excluded) can be provided o the client, which is In lumn
conligured (o use the oulput 1o locally reduce a manilest file.

Asg shown, the type of output to be generated for and
provided to the client is based on the tvpe of request that is
received. Por example. il the elicnt requests a manifest lile,
as deseribed in the example environment ol FIG. 1AL then a
manifest file is provided. If the client, however, indicates
that it is equipped with a local reduction mechanism and
requests instructions tor a set of one or more values (e.g.,
usable list o[ bilrates or bilrale cap and/or excluded bitrates),
then values such as a threshold bitrate or a usable list ol
bitrates are provided as output. At 508, the generated output
is provided 1o the client. The client is configured 1o obtain
conlent according o the generaled oulpul (e.g. select
bitrates al which Lo obtlain content based on the indicated
optimal bitrale range).

FIG. 64 is a low diagram illustrating an embodiment of
a process for obtaining an optimal bitrate range. In some
cmbodiments. process 600 is exceuted by client 200 ol FIG.
2. The process begins at 602 when a request [or a manilest
file is transmitted. In some embodiments, the request for a
manifest file is sent to an entity such as CMS 108 of FIG.
1A, The request for the manitest file is then redirected 10 a
backend such as CIDE 300 ol PIG. 3. In some embodiments,
the request for the maniflest Nle includes meladata associated
with the client, such as device model and network (e.g., ISI)
of the client.

AL G604, a manilest ile is received. In some embodimenis,
the mani [est 1l has been reduced (e.g., by CDC 300 ol IIG.
3) [rom an original manilest [ile 1o include a usable (optimal}
set of bitrates which have been determined as being able 10
be reliably played by the client. The reduced manitest file is
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received from an entity such as CDC 300 of FIG. 3, which
is also conligured (o determine the usable sel of bitrales for
the client based on iis metadata aliributes, an evaluation ol
global shared dala, as well as relevant policies {(e.g., as
desecribed in process 500 of FIG. 5).

The client is then configured 10 obtain content according
10 the received manifest file. For example, the manifest file
is provided (0 logic such as adaplive bitrate {ABR) logic
resident on the client, which will use the determined oplimal
bilrale range (with which the manilest [ile has been rowrit-
ten) as the candidate, starting set of available bitrates when
selecting a bitrate at which 1o obtain content.

FIG. 6B is a flow diagram illustrating an embodiment of
4 process lor oblaining an optimal bitrate range. In some
embodiments, process 630 is exceeuled by client 250 ol LG,
213, The process begins al 652 when a request lor instruc-
tions usable 1o reduce a manitest file is received. In some
embodiments, the manitest file 1o be reduced is an original
mapitest obtained from an entity such as a CDN that
includes the Mull set ol available bitrales at which a content
iterm is encoded.

In some embodiments. (he request s transmitled o an
entity such as CDC 300 of FIG. 3. The request can also
include metadata information associated with the client,
such as device model and network (c.g.. 18P) ol the client.

‘The request can alse include a [ull list of bitrates. "The [ull
list ol the bitrates is the Tull superset of bitrates included in
the original manifest file. [n some embodiments, the clientis
configured 1o parse the original manitest file and extract the
full superset of hitrates to generate the full list that is
transmitled in the request.

AL 654, instructions usable o reduce the original manilest
file are received. "The instructions can be determined by an
entity such as CDC 300 of FIG. 3 based on the metadata
attributes of the client, an evaluation of global shared data,
as well as relevant policies (e.g., as described in process 500
of FICG. 8). Various types ol instructions can be received. as
deseribed above. As one example. a usable list ol bitrales 1s
received. In some ombodiments, as described above, the
usable list of bitrates is determined from the full list of
bitrates provided by the client, and includes those bitrates in
the tull set that the client has been determined to be able to
reliably play.

In some embodiments, bitrate cap andfor scl ol bitrates Lo
be excluded is received. For example, the bitrate cap is the
maximum bitrate that has been determined as the upper-
hound lor the range of bitrates (hat (he client can reliably

play. The bitrales 10 be excluded include bitrates [or which s

it is determined that the client should avoid playing (c.g..
bitrates which it has been determined that the client cannot
reliably play).

AL 656, the original manilest file is reduced using the

received instruciions. lior example, the client is configured s

with local logie to locally reduce the original manifest file.
It ausable list of hitrates is received as instructions, reducing
the original manifest file includes removing the bitrates in
the original manifest [ile not included in the usable list (i.c..
modilying the original manilest file 1o only include the
bitrates in the determined wvsable list of bitrates). If a max
bitrate 1s received as instructions, then all bitrates in the full
scl ol bitrales included in the original manilest (ile that
exceed the threshold bitrate are removed. ITa set of bitrales
10 he excluded is also received, then those bitrates in the [ull
set of bitrates that match to the excluded bitrates are
removed accordingly.

[
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In some embodiments, a new manifest file is generated
from the original manifest (e that only includes the appro-
priate/usable bitrate range delermined for the client.

The client is then conligured (o oblain content according
to the reduced manifest file. For example, the reduced
manifest file is passed 10 logic such as ABR logic resident on
the client, which will use the optimal bitrale range in the
reduced manilest flle as (he candidaic sel ol available
bitrates when selecting a bitrate at which to obtain content.

A/B Testing,

Ags described above, the content distribution coordinator
i conligured to lacilitale experimentation (e, AY3 lesling)
ol dilferent bitrates (e.g., using lesting engine 318 ol I 33,
By vsing the bitrate range control mechanisms described
herein, entities such as publishers can perform experimen-
tation (o 1dentily a [ull range ol bitrates at which lo cncode
conlenl

l'or example. delivering content al higher bitrales can
incur increasing costs. Thus, betore encoding content at new,

20 higher bitrates, publishers may wish to determine whether

cncoding the content at the higher bitrates has benelils, such
as increasing engagement. Using the lechniques deseribed
herein, publishers can determine whether it is beneficial 10
allocate resources 1o introduce new, higher bitrates, and if
so, how high the bitrates should go.

Using the testing engine. publishers (or any other appro-
priate enlity) can perform experiments 1o determine il ever
increasing hitrates result in higher engagement. Publishers
cal continve to experiment and 1ty encoding at higher
bitrates uniil engagement no longer oceurs. The publisher
can then identify the highest bitrate al which engagement is
maximized. belore increases in bitrale no longer have an
impact o0 user engagelent,

Example Experiment

The [ollowing is an example use case implementalion of
an experiment using the bitrale range control mechanism
deseribed herein, Using a policy engine such as policy
engine 310 of CDC 300 of FIG. 3, an entity operating the
experiment can configure a policy based on random AB
groups. The policy can be conligured Lo specily that for 50%
ol viewers, a policy cap ol 5 Mbps is 10 be enlorced. The
policy can be configured to specify that for the other 50% of
viewers, a policy cap of & Mbps is 10 be enforced. This
allows a fair comparison of the two bitrates to be performed.
During the (esting. quality metrics and cngagement mea-
surcs (e.g., a metric ol the amount of lime spent viewing a
content item, the length of a session, ete.) associated with
each group of viewers can be collected and evalvated 10
determine dillerences in engagement between the two popu-
lations. allowing the tester o determine whether introducing
the higher 6 Mbps bitrate resulted in higher engagement. In
this example experiment, while the analysis of global shared
data can still be used 1o determine, on a per-client basis, an
appropriale bitrale range (c.g.. based on meladala associaled
with the client). the tesling policy is used (o provide Turther
constraints on the maximum hitrate that can be provided 1o
clients.

Thus, through the example experiment, the policy
cnlorces a 50750 random split through which engagement
can be measured 1o determine whether introducing the new
bitrate vielded higher engagement. The test can be repeated
with higher bitrates being introduced to determine the
impact ol bitrale on engagement. The resulls ol the lest can
then be oulpulied (e.g.. in a report) 1o the tester. For example,
a graph ol bilrale versus engagemenlt (c.g.. with bitrale
increasing along the X-axis, and increasing engagement on
the v-axis) can be penerated and provided to the tester.
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The ability 1o perform a randomized test of the impact of
bilrale on engagement s [acilitaled using bilrale range
control/sclection techniques deseribed herein based on two
[actors. “The first is the intelligence and data analysis that
allows for bitrate ranges to be constrained lower tor devices
that cannot handle higher bitrates. The second factor is the
conliguration of policics which, when enfloreed. allow lor
random split A3 Lests (o be perlormed. Without the 1irst
factor, increasing bitrate may not necessarily result in higher
engagement, as those viewers who do not have the capability
1o play the higher bitrate (e.g., because of device or ISP
limitations) may in lacl have a worse experience. 13y utiliz-
ing both analysis ol aggregaled data, as well as policy
configuration to control the bitrate ranges provided to indi-
vidual clients, such experimentation can be implemented.

I'IG. 7A 1 an example ol a policy conligured Lo Tacilitate
A/ testing. In this example. policy 700 specilies rules lor
PlayStation® 4 devices. In this cxample, the policy specilics
that for sessions iwvolving a PlayStation®: 4, 50% of the
sessions are 1o be capped at 5 Mbps, while the remaining
50% ol sessions are capped at 6 Mbps. This policy can be
used Lo perform AY3 lesting for only devices matching the
tvpe of the first gaming device,

FIG. 7B 15 an example ot a policy. In this example, policy
750 indicates that for all devices (device any), cap 100%
ol sessions al 5 Mbps.

Policics 7000 and 750 can be included in a list ol policies.
where the policies are evaluated in order. Thus, if' a request-
g client is identified from metadata as vsing a PlaySta-

tiorri 4, policy 700, which specilics bitrate rules lor Play- 3

Station® 4 client devices. will be evaluated lor that
requesting device. The 30730 randomized bitrale cap will
then be applied (where the requesting client will either be
capped at 5 Mbps or 6 Mbps). If the device is not a

PlayStation® 4 gaming device. then policy 750 is evaluated. 3

where the requesting client is capped al 2 max ol 5 Mbps.
according to the specilication ol the policy 750,

The results of the A/B testing can then be provided in a
report (2.2, by reporting engine 316 of CDC 300 of FIG. 3).
As shown in the examples ol FIGS. 7A and 713, policies can
be conligured that specily, lor dillerent conditions/dimen-
sions (such as device model, ISP), ete., rules regarding the
bitrates 1o be provided 1o clients. The rules include specifi-
cations in the manner in which bitrates are to be provided
(t.g.. percentage ol clients Lo recelve certain bitrales).

Additional Details Regarding 13itrale Range Control

Ag described above, the various teclniques for bitvate
control described herein can be used for a variety of pur-
poses. ncluding o maximize engagement by aligning the

provided bitrales o the capability of a specilic device model s

and the Intermet Service Provider (I8P) that the device 1s
connected to. One scenario where this can be helptl is for
mobile devices due to the device model heterogenenty and
ISP {cellular. cable. 1381.) helerogencity. The examples and

deseriplions described herein relale o bilrale range control s

i1 a mobile environment. However, the techniques described
here may be adapted accordingly 10 be applicable to other
tvpes of devices and/or in other contexts.

I'IGE. 8A, 813, 9A, and 913 show cxample graphs illus-
trating the issues laced given device model and 18P hetero-
geneitv/variability, and the advantages of providing bitrates
that are aligned to the capability of a specific device model
and the ISP o which the device is connectled. The graphs ol
IS, 8A and 9A represent the capability ol several device
models (bars ol UIG. 8A) and several 18Ps (bars ol IGT YA).
The horizontal line represents the maximum bitrate that a
publisher may choose 1o offer. Since this is mostly static,
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publishers are typically forced to choose a maximum bitrate
thal compromiscs qualily [or high perlormance devices (or
ISP} 10 ensure the quality for lower perlorming devices
{and 18Ps) is decent. While ABR algorithms are designed 1o
handle changing network congestion, the ABR algorithms
may be limited when dealing with the vast heterogeneiry of
device and network capabilitics. The graphs ol 'IGS. 813 and
913 represent the result ol a bitrate control leature. What was
a flat horizontal line is now matched closely with the
capability of each device model and ISP, allowing the ABR
algorithms in the devices to handle network congestion (as
they were designed 10) within the appropriatle range.

Device Model Variabilily

FIGS. 8A and 8B illustrate example graphs with respect
to device model variability. In the example of FIG. 8A, a
static bitrale range (B02) is manually sclecled. where the
maximum bitrale of the range (represenied by line 804) 1s a
suboptimal sclection based on compromiscs as described
above. The same static bitrate range 15 provided 1o all

20 devices regardless of device capability (represented by the

bars in the graph, where cach bar corresponds Lo a particular
device type/model). Thus, in the example scenario of FIG.
84, device ABR algorithms must handle hard capability
limits and changing congestion.

In the example of FIG. 8B, the bitrate range provided 1o
clients is awtomatically adjusiedsiailored based in part on the
device type ol a client (as shown by linc B06. which is
matched to the capabilities of the particular device type).
Such avtomatically selected bitrate ranges allow for an
optimal bilrale range per device. withouwt the compromises
deseribed above. Thus. the client-side AIBR algorithm only
needs o handle changing congestion.

ISP Varjability

FIGS. 9A and 9B illustrate example graphs with respect
Lo ISP variability. In the example of UIG. 9A, a stalic bitrate
range (902) is manually selected, where the maximum
bitrate ol the range (represenied by line 904) is a suboptimal
selection based on compromises as described above. The
salne static bitrate range is provided 1o all devices regardless
ol the performance of the ISP that a device is on (represented
by the bars in the graph, where cach bar corresponds 10 a
particular ISP). Thus, in the example scenario of FIG, 94,
device ABR algorithms mwst handle hard capability limits
and changing congestion.

In the example ol FICG. 913, the bitrale range provided 1o
clients is awtomatically adjusiedsiailored based in part on the
ISP of the client (as shown by the line 906, which is matched
to the capabilities of the particular ISP). Such avtomatically
selected bitrale ranges allow Lor an oplimal bitrale range per
device. withoul the compromises described above. "Thus. the
client-side AIBR algorithm only needs o handle changing
congestion.

In some embodiments, the bitrate range control function-
ality deseribed herein allows [or customized bitrale range
selection {e.g.. based on device ype andior ISP, or any other
appropriate factor), maximizing quality and engagement by
eliminating the need 1o compromise when selecting, the full
range of hitrates for encoding,

In some embodiments, the bitrate range control mecha-
nism separales the unclionality and intelligence needed 10
handle device model and ISP limitations/capabilities from
device-level ABR algorithims, which are desighed primarily
o handle dynamic congestion.

In (he examples of FIGS. 8A-913, the bars represent the
maximum bitrale a particular device model or I8P can
handle. The line represents the maximum bitrate provided 1o
each device model and defines the range. Since the maxi-
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mum bitrate is static, a publisher is tyvpically forced to
compromise and select a suboptimal maximum bitrate (and
bilrale range)

Additional Use Case Examples

The [bllowing are (wo example wse casesfactions that
leverage the bitrale range control mechanism deseribed
dbove. in which bilrales are provided that are aligned o the
capability of a specific device model and the ISP to which
the device is connected:

Automated selection of bitrate range: Ensuring that each
device is given the appropriale range of bitrales on session
slarl within the sel of encoded bitrates. Since the dimen-
slonalily ol [actors 10 be considered is high. device model x
ISP % location (where location is considered because ISP
performance varies significantly between locations), manval
selection of bitrate range is difficult. In some embodiments,

the dimension selection is oflline data-driven and (he bitrate -

range 15 online data driven. The updale [requency can be set
based on ollline analysis driven.

Experimentation 1o identity full range of bitrates to
encode: To maximize the usage of bitrate range control and
maximize engagement, the maximum encoded bitrate can be
raised Lo, or above, the highest deviee/ 18P combination {(e.g..
rather than being constrained based on compromise as
deseribed above with respeet o FIGS. 8A and 9A). The
numerical value of the maximum encoding bitrate will not

be immediately known. The functionality of the bitrate range -

control mechanism can be used by a publisher (or other
appropriale enlity) lo experiment with progressively higher
bilrales o delermine the maximum encoding bitrale. This
experimentation ¢an be done periodically (e.g., as device
models and ISP capacities continue 1o evolve).

Use Case Lxample 10 Autlomated Mobile Device
Bitrate Range Selection

Four example lactors/dimensions (hal impacl mobile
device experience include: ISP and connection type {c.g..
cable/IS] feellular, Verleom/ A& T/ ComeastVerizon Wire-
less); location; device model; and content type.

Ag one example scenario, consider 30 locations, 20 ISDs,
and 20 device models, which results in 20,000 combina-
tions. Nurther considering live vs videv-on-demand (vod)
streaming, 40,000 combinations would result. There may
potentially be a much higher number of combinations. An
example table illustrating the various tactors/dimensions is
shown in IP1¢. 10,

Visual Representation of the Decisions

Multiple visnalizations of the decision made by a bitrate
range control mechanisim can be presented. FIG. 11 is an
example tree representation where a user can drill in to sce

the details ol the deecisions made. For example. the user can 5

explore down Lo the leaves or summarics al cach higher level
node

Example of Top Combinations by Volume/Tmpact

IIG. 12 illustrates an example table in which the lop
device model/ISP/location combinations by volume, and the
decisions and impact for each one are shown.,

Use Case lixample 2: Manual Mobile Device
Bitrale Management o Delermine Max Bilrale

ISPs that mobile devices can connect to offer a wide range
of bandwidth capacities. For example, Verizon 4G LTE vs
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T—Mobile 3G vs Comeast Xfinity wired vs Comeast Xfin-
ity mobile vs AT&T Uverse, cle.

The device model can have a signilicant impact on the set
ol bitrales that can be played (c.g., based on CPU perlor-
mance, screen size, hardware acceleration, ete.)

In some embodiments, with an antomated bitrate range
selection sysiem as deseribed in use case example 1, a
publisher can sclect 4 max bitrate and a [ull range ol bitrates
that maximizes engagement without needing to compro-

3 mise. In some embodiments, with appropriate visibility into

bitrate vsage and engagement, a nser (e.g., publisher) can
reliably define the [ull range ol bitrates.

In some cmbodiments. vigibility can be provided inlo
various aspects of streaming, and content distribution. For
example, visibility can be provided into the distribution of
bitrate usage lor cach I8P then lor cach bitrale (or bucket)
lo sce the re-bullering ratio. As another example, visibility
can be provided inte the percent/number of bitrale switches
away from each bitrate. As another example, visibility can
be provided into the engagement for each bitrate bucket.

In some embodimenis, inlerencesdfactions can be made!
taken. lor cxample, il i is determined that there is signill-
cant usage of the top bitrates, the quality is on par or better
than other bitrates, the number of bitrates switch aways
{oumber of times that a bitrate was switched away from 10
another bilrale) is nol signilicant, and engagement is highest
on the high bitrates. then an allempt 1o introduce a higher
bitrate can be recommended. The ISP and/or device model
may be able 10 handle higher bitrates, vielding higher
cngagemoent.

Ag another example. ifitis determined that there is usage
ol the highest bitrate(s). bul the quality of the highest
bitrate(s) is poor compared to the other bitrates, then it can
be determined/suggested that the highest bitrate{s) for this
ISP should be removed. In this example scenario, it has been
inlerred that the ISP camnol handle the highest bitrale(s). bul
because 1l has been provided (o clients. the ABR algorithm
resident on the clients continues to aftempt to play the
highest bitrate(s), resulting in poor quality.

Ag another example. ifitis determined that there is usage
ol the highest bitrale(s) and the quality is on par with other
bitrates(s), but the number of switches away from the
highest bitrate(s) is significantly higher than from other
bitrates, then it can be determined/suggested that the highest
bitrate{s) lor this ISP should be removed. In this example
scenario, il has been inferred that the ISP cannot handle ihe
highest bitrate(s), but because it has been provided to clients,
the ABR algorithm will attempt to play it, resulting in many
swilch downs. impacting the experience.

Although  the  loregoing  embodiments  have  been
deseribed in some detall Jor purposes of clarity of under-
standing, the invention is not limited to the details provided.
There are many alternative ways of iimplementing the inven-
tion. The disclosed embodiments are illustrative and nol
reslriclive.

What is claimed is:

1. A system, comprising:

a set of one or more processors configured 1o, vsing a set

ol one or more interfaces:

receive d request [or content from a [first client;

receive a set of attributes associated with the first client;

based at least in part on the set of attributes associated
wilh the [irst client, determing, [rom a sct of clienis,
a4 partition ol clients correlated with the first client:

hased al least in part om one or more real-lime qualily
measures associated with the partition of clients
determined 1o be correlated with the first client,
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determine, from a set of bitrates, a subset of bitrates
lor the first client, wherein a different subset of
bilrates is determined for a second client. wherein
determining the subset ol bitrales [or the [irst client
comprises determining a threshold bitrate, and
wherein the threshold bitrate is predicted based at
leasl in part on an evalualion ol interrupts with
respect o bitrates: and

provide to the first client the threshold bitrate deter-
mined for the first client, wherein the first client is
configured to locally rewrite an existing manifest file
based al least in part on the threshold bitrale deter-
mined lor the first elicnt. and wherein the lirst client
is configured to obtain content according to the
locally rewritten manifest file; and

a memory coupled (o the sel ol one or more processors

and conligured 1o provide the set ol one or more
processors wilh instructions.

2. The system of claim 1 wherein the set of atributes
necludes information indicative of a client device tvpe and a
nelwork associated with the first client.

3. The system ol claim 1 wherein the real-time quality
measures include measures aggregated from the partition of
clients.

4. The svstem of claim 1 wherein the set of one or more
processors 15 Turther conligured o receive a full list of
bilrales.

5. The system of claim 4 wherein determining the subset
of bitrates for the first client includes determining, from the
[ull list of bitrates. a usable sel ol bitrates that the first client
is capable of reliably playing.

6. The system of claim 1 wherein the threshold bitrale is
predicted based on an observation of bitrates sustained by
the partition of clients.

7. The system ol claim 1 wherein determining the subsct
ol bitrates [or the first client includes delermining a bitrale
o exclude.

8. The system of claim 1 wherein the subset of bitrates tor
the first client is determined based at least in part o a set of
one or more policies relevant to the first client.

9. A method, comprising:

recetving a request for content from a first client;

receiving a set of artributes associated with the first client;

based at least in part on the set of atiributes associated
with the (irst client, determining, [rom a sel ol clients.
a4 partition ol clients correlaled with the first client:

based at least in part on one or more real-time quality
measures associated with the partition of clients deter-
mined 1o be correlated with the first client. delermining.

from a sel ol bitrates and using a sel of one or more 3

processors. a subsel of bitrates for the [first client.
wherein a different subset of bitrates is determined for
a second client, wherein determining the subset of
bitrates lor the first client comprises delermining a

threshold bitraie, and wherein the threshold biirale s s

predicted based at least in part on an evaliation of
interrupts with respect 1o bitrates; and
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providing to the first client the threshold bitrate deter-
mined for the first client, wherein the (irst client is
conligured to locally rewrile an existing manilest fle
hased at least in part on the threshold bitrate determined
for the first client, and wherein the first client is
configured to obtain content according 1o the locally
rewritten manifest file.

10. The method ol claim 9 wherein the set ol aliributes
includes inlormation indicalive ol a client device type and a
network associated with the first elient.

11. The method of clain 9 wherein the real-time quality
measures include measures aggrepated from the partition of
clients.

12. The method ol claim 9 lurther comprising receiving a
full list ol bitrates.

13. "The method ol c¢laim 12 wherein determining the
subset of bitrates for the first client necludes determining,
trom the full list of bitrates, a usable set of bitrates that the

2 first client is capable of reliably plaving,.

14. The method ol claim 9 wherein the threshold bitrate
is predicted based on an observation ol bitrates sustained by
the parlition of clicnts.

15. The method of claim 9 wherein determining, the subset
of hitrates for the first client includes determining a bitrate
o exclude.

16. "The method of claim 9 wherein the subsel of bitrates
for the [irst elicnt is determined based at Teast in part on a sel
of one or more policies relevant 1o the first client.

17. A computer program product embodied in a non-
transitory computer readable storage medivm and compris-
ing compuler instructions lor:

recelving a request or content [rom a [first client:

recelving 4 sel ol aliributes associated with the [irst elient;

based at least in part on the set of attributes associated
with the first client, determining, thom a set of clients,
4 partition of clicnts correlated with the first client;

hased al least in parl on one or more real-lime qualily
measures associated with the partition of clients deter-
mined to be correlated with the first client, determining,
from a set of bitrates and using a set of one or more
processors, a4 subscl ol bitrales for the (st client,
wherein a dillerent subsel ol bitrates is determined lor
a second client, wherein determining the subset of
bitrates tor the first client comprises determining a
threshold bitrate, and wherein the threshold bitrate is
predicled based at least in parl on an cvaluation of
interrupts with respeet o bitrates; and

providing to the first client the threshold bitrate deter-

mined for the first client, wherein the first client is
conligured to locally rewrile an existing manilest fle
hased at least in part on the threshold bitrate determined
[or the firsi client, and wherein the [first client is
configured to obtain content according 1o the locally
rewritten manifest file.
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