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CAPACITY PLANNING AND RECOMMENDATION SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  None

BACKGROUND

[0002] The subject matter of this application generally relates to a network traffic
engineering system for determining bandwidth, processing power, or other network
requirements for maintaining a desired Quality-of Experience (QoE) to each of a

group of individual users, or each set of a plurality of sets of users.

[0003] Traffic engineering is an important endeavour that attempts to quantify
the network resources (e.g. link bandwidth capacity, processing power, etc.) required
provide and/or maintain desired Quality of Experience levels for a single subscriber or
for a combined set of subscribers who share interconnection links in the Internet or
who share processing resources in a Server. For example, traffic engineering is useful
to determine the number of telephone trunks required for telephone subscribers
sharing a telephone link, or the number of touch-tone receivers that are needed in a
central office to support a given set of telephone subscribers. Traffic engineering can
also be used to determine the amount of LTE Wireless spectrum required for a set of
mobile subscribers or the size of a cell in a Mobile Network environment, to
determine the processing power required in a CMTS Core or the Ethernet bandwidth
capacity required in a Spine/Leaf network or the DOCSIS bandwidth capacity
required in an HFC plant connected to a RPHY Node for High-Speed Data delivery to
DOCSIS subscribers connected to a single HFC plant. Thus, Traffic Engineering can
be applied across a broad array of applications within a large number of infrastructure
types (Voice, Video, and Data) used by a large number of Service Providers (Telcos,

Cable MSOs, and Wireless Providers).

[0004] Traffic engineering usually combines various aspects of system

architecture, statistics, cost analysis, and human factors to determine the appropriate
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amount of bandwidth capacity or processing power required to deliver content to
subscribers at a quality satisfactory to them. It also simultaneously involves detailed
cost analyses, since any proposed solution must also be cost effective to the service
provider as well as, ultimately, the subscribers. “Keeping subscribers happy™ at a cost
reasonable to them is a difficult modelling exercise given the subjective nature of the
issues: How happy are the subscribers today? How happy will they be in the future if
no changes are made? How happy will they be in the future if changes are made?

How much bandwidth capacity or processing power is required to keep them happy?

[0005] It is difficult to determine the QoE of each subscriber even for a present
moment in time, which would probably require placing a probe on neurons within
each subscriber’s brain, a minute-by-minute survey to be filled out by each of the
subscribers to track their opinions, or similar impossible, odious and/or impractical
techniques. It is even more difficult to determine the QoE that each subscriber may
have in the future when Intemet application, traffic patterns, and Service Level
Agreements have changed; trying to do so while also investigating many different
network design options for the future can make the problem even more complicated.
Nevertheless, these daunting calculations and predictions are necessary in order to

steer future evolution of the network.

[0006] What is desired, therefore, is an improved traffic engineering system that
more accurately assesses the network resource allocation necessary for providing

and/or maintaining a desired QoE for individual subscribers and/or sets of subscribers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] For a better understanding of the invention, and to show how the same
may be carried into effect, reference will now be made, by way of example, to the

accompanying drawings, in which:

[0008] FIG. 1 shows an exemplary generic model of downstream CATYV content

flowing from the Internet to a subscriber.
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[0009] FIGS. 2A-2C show a procedure for calculating the QoE level given a
Subscriber “service group” size, a set of transmission characteristics, and available

bandwidth capacity.

[0010] FIG. 3 illustrates the Mapping of Subscribers into Subscriber Type
Groupings.

[0011] FIG. 4A shows a hypothetical data-set with two attributes where a manual

grouping approach can be used to classify subscribers into different groups.

[0012] FIG. 4B shows a hypothetical data-set with two attributes that requires a

data-driven automatic cluster to classify subscribers into different groups.

[0013] FIG. 5 shows steps for creating Bandwidth Probability Density Functions

for each Subscriber or Subscriber Type Grouping.

[0014] FIG. 6 shows Bandwidth Probability Density Functions for first and

second subscribers, and a service group comprised of those Two Subscribers.

[0015] FIG. 7 shows a Bandwidth Probability Density Function for the first
subscriber of FIG. 6.

[0016] FIG. 8 shows a Bandwidth Probability Density Function for the second
subscriber of FIG. 6

[0017] FIG. 9 shows a Bandwidth Probability Density Function for the service
group of FIG. 6

[0018] FIG. 10 shows an exemplary Final Aggregate Bandwidth Probability

Density Function for a “Service Group™ with 400 subscribers.
[0019] FIG. 11 illustrates a system that typically exhibits high QoE Levels.
[0020] FIG. 12 illustrates a system that typically exhibits low QoE Levels.

[0021] FIG. 13 illustrates ingress bandwidth and egress Bandwidth on a CMTS.
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[0022] FIG. 14 illustrates a system where actual bandwidth fluctuates to

sometimes provide a high QoFE and sometimes provide a low QoE.

[0023] FIG. 15 shows a calculation of a Prob(“Green™) and Prob(“Yellow™) from
a Final Aggregate Bandwidth Probability Density Function and an Available
Bandwidth Capacity.

[0024] FIG. 16 shows an exemplary method for calculating the required
bandwidth capacity given a Service Group size and given a particular set of

characteristics for a given subscriber mix and a given a required QoE level.

[0025] FIG. 17 shows an exemplary method for calculating a permissible Service
Group size (Nsub) given the required QoE, the actual available bandwidth capacity,

and a particular set of characteristics for a given subscriber mix.

[0026] FIG. 18 shows an exemplary method for calculating permissible sets of
characteristics for a given subscriber mix, “Service Group” size, required QoE level,

and actual Available Bandwidth Capacity.

[0027] FIG. 19 shows an exemplary method for calculating permissible
combinations of sizes for subscriber groups and particular sets of characteristics for

those subscriber groups.

[0028] FIG. 20 shows an exemplary method for simultaneously calculating an
appropriate Service Group size (Nsub) and a set of characteristics for that Service

Group size.

[0029] FIG. 21 shows an exemplary method for determining the life span of a

“Service Group,” with and without a node split.
[0030] FIG. 22 schematically illustrates the flow of data in an upstream direction.

[0031] FIG. 23 illustrates potential problems with information flowing in the

upstream direction.
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[0032] FIG. 24 shows an exemplary system utilizing white box hardware to

perform one or more functions described in the present specification.

[0033] FIG. 25 shows a distributed access architecture capable of implementing

embodiments of the disclosed systems and methods.

[0034] FIG. 26 shows an adaptive traffic modeling system used for capacity

planning according to one or more embodiments of the present disclosure.

[0035] FIG. 27 shows an exemplary adaptive traffic modeler of the system of
FIG. 26.

[0036] FIG. 28 shows an exemplary adaptive sampler of the modeler of FIG. 27.
[0037] FIGS. 29 and 30 show utilizations of the system of FIG. 26.
[0038] FIG. 31 shows an exemplary QoE modeler of the system of FIG. 26.

[0039] FIG. 32 shows an exemplary network scorer of the system of FIG. 26.

DETAILED DESCRIPTION

[0040] As previously noted, determining existing and future QoE levels of
subscribers is a complex but necessary task, which typically requires that traffic
engineers resort to use of quantitative estimates of the subjective satisfaction of
individual users. Preferably, these quantitative estimates rely on calculations based on
easily-collectable metrics. Such metrics might include measurements of bandwidth vs.
time, packet drops vs. time, and/or packet delays vs. time - each of which can be
monitored either for a single subscriber or for a pool of subscribers. Ultimately, the
numerical estimate of QoE levels is usually based on calculations of functions that
combine such attainable metrics, and comparisons of the results of those functions
against threshold values that respectively differentiate among a plurality of QoE

levels.

[0041] Most of the traffic engineering methods known to date use relatively

simple metrics, relatively simple formulae, and relatively simple threshold values to
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define adequate QoE for one or more subscribers. As a result, most existing methods
have been somewhat inaccurate, and their ability to correctly predict the required
amount of bandwidth capacity, or other network resources for Internet traffic is
hampered by a numerous and significant problems. First, existing methods do not
always account for the different average bandwidth usage patterns of different types
of subscribers, i.e. different subscribers have significantly different uses for the

Internet and other services.

[0042] Second, existing methods do not always account for the different peak
bandwidth usage patterns of different types of subscribers, i.e. different subscribers
will sign up for, and be permitted to transmit, peak bursts at different levels. Third,
existing methods do not always account for the different types of applications being
used by subscribers, i.e. different applications used by different subscribers may
consume bandwidth very differently. Fourth, existing methods do not permit creation
of various mixes of different types of subscribers and applications when calculating
the Quality of Experience levels. For example, different markets may have different
mixes of high-end subscribers and low-end subscribers, which should be reflected in

QoE calculations, but to date are not.

[0043] Fifth, it is possible to simultaneously have some subscribers transmitting at
their peak levels, some subscribers transmitting at moderate levels, and some
subscribers are relatively idle and not transmitting much at all. Yet existing methods
typically do not account for such concurrent, different transmission levels of multiple

subscribers, or do so properly even when such an attempt is made.

[0044] Sixth, existing methods do not always provide a mechanism to project
changes in bandwidth usage patterns (e.g. user’s average bandwidth, user’s peak
bandwidth, application types, etc.) into the future or into the past. Stated differently,
existing methods gave little or no means to project changes in bandwidth levels
forward or backwards in time, but instead are fixated solely on instantaneous

bandwidth levels.
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[0045] Seventh, existing methods do not always provide a mechanism to permit
providers to specify the required QoE levels for their subscribers. For example,
different providers may want to give higher or lower QoE levels to their subscribers to
match that which is offered by competitors, or to match the size of the financial
budgets of the particular provider. As another example, some providers may wish to
allow for different QoFE levels for different groups of subscribers. Accordingly, a
target QoE levels should in some instances be an input to one or more traffic

engineering functions, but existing methods do not provide such flexibility.

[0046] Eighth, existing methods are not always applicable to groups of
subscribers larger or smaller than the typical number of subscribers utilized, i.e.
Multiple System Operators (MSOs) would only use formulae accurate for groups of
“Service Group™ subscribers whose sizes were less than approximately 400
subscribers, and thus precluded the formulae from being used in other applications
where more subscribers were usual, such as an application where 40,000 subscribers
are connected to an [-CMTS system, or 20,000 subscribers are connected to an

Ethernet Switch or a Fiber Deep Service Group with 50 subscribers or less.

[0047] Ninth, existing methods do not always provide a mechanism to predict the
actual user experience level, e.g. expected bandwidth levels vs. time, from their
simple formulae. Rather, existing methods tend to be binary in nature (good or bad),

ignoring the reality that Quality of Experience is a continuum.

[0048] Tenth, existing methods do not always provide guidance on the many
paths that a provider could take to provide a desired Quality of Experience level.
Eleventh, existing methods do not always use techniques that can be applied to
different traffic types, i.e.- an ideal technique could be applied to many different
traffic types, including Internet Traffic, Voice Traffic, Video Traffic, and any
combinations of these various traffic types. Twelfth, existing methods may not always
be applicable to the uniquely different characteristics of both Downstream Traffic and

Upstream Traffic, which is important since both exist in the real world.
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[0049] In the specification, the drawings, and the claims, the terms “forward path™
and “downstream” may be interchangeably used to refer to a path from the Internet or
provider to end-user or subscriber. Conversely, the terms “return path”, “reverse path”
and “upstream” may be interchangeably used to refer to a path from an end user or

subscriber to the Internet or a provider.

[0050] To illustrate the various deficiencies of existing traffic engineering
methods delineated above, consider an exemplary MSO environment where MSO
traffic engineers have historically been tasked with determining the minimum amount
of total High-Speed Data DOCSIS Bandwidth Capacity (measured in Mbps) required
to maintain “acceptable” Quality of Experience levels across a particular set of
subscribers, who together must share that Bandwidth Capacity within a "Service
Group." These “Service Groups” are usually defined as the subscribers connected to a
single CMTS downstream port, with one or more associated upstream ports. The
subscribers reside on the coaxial links of a Hybrid Fiber Coax (HFC) system
emanating from a single Optical Fiber Node, which converts optical signals on a fiber
into RF signals on a coax. A CMTS Service Group (SG) may span multiple Optical
Fiber Nodes. Alternatively, a single Optical Fiber Node may be segmented using
multiple wavelengths and contain multiple CMTS SGs.

[0051] It is usually assumed that the subscribers within the “Service Group™ are
characterized by the following parameters: (a) the number of subscribers sharing the
bandwidth capacity within a “Service Group™ is given by the value Nsub; (b) the
subscribers are consuming an average per-subscriber busy-hour bandwidth of Tavg
(measured in Mbps); and (c) each of the subscribers is signed up for one of several
available Service Level Agreement (SLA) bandwidths (measured in Mbps) that limit
the peak bandwidth levels of their transmissions. These SLAs are defined by the peak
bandwidth levels offered to the subscribers. Tmax is the DOCSIS parameter that
controls the peak bandwidth and is usually set to a value that is slightly higher (e.g.
+10%) than the peak bandwidths associated with the customers' SLA, to account for
networking overheads. The various SLA peak bandwidths can be identified by values

given by Tmax 1, Tmax_2, ..., Tmax_max (where Tmax 1 <Tmax 2<... <
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Tmax_max. Tmax max is therefore the highest Service Level Agreement with the

highest permissible peak bandwidth level.

[0052] Obviously, the amount of Bandwidth Capacity offered to the group of
Nsub subscribers must be at least sufficient to sustain the peak levels of bandwidth
that will be consumed by a single active subscriber. However, it would also be
expected that more than one subscriber could become active concurrently. Thus, it
would be preferable to determined how many of the subscribers in the service group
could be active concurrently. In theory, it is possible that all Nsub of the subscribers
could be active concurrently, and if an MSO wished to provide adequate Bandwidth
Capacity to support all of their subscribers simultaneously, passing bandwidth at their
maximum permissible rate, the MSO could do so. However, that would be very
expensive, and the probability of that circumstance occurring, i.e. all Nsub number of
subscribers transmitting at their maximum rate at the same time, is so low that the
resulting solution would be deemed over-engineered and overly expensive for its
application. As a result, there is likely to be a level of concurrency somewhere
between the first extreme or only one subscriber using bandwidth at any given instant
and the second extreme of all subscribers simultaneously using maximum bandwidth
that is the proper design target. Finding this “in-between” solution is, while
challenging, one of the necessary tasks of an MSO Traffic Engineer and requires the
MSO Traffic Engineer to specify a level of Quality of Experience that is deemed to be
both feasible and adequate to keep the subscribers satisfied for a reasonable

percentage of time.

[0053] Historically, MSO Traffic Engineers used simple rule-of-thumb formulae
to determine the amount of required Bandwidth Capacity for a particular “Service

Group.” Some of the formulae that have been used include:

(a) Required Bandwidth Capacity = Nsub*Tavg

(b) Required Bandwidth Capacity = 2*Tmax_max
(©) Required Bandwidth Capacity = 3*Tmax_max
(d Required Bandwidth Capacity = 1.43*Nsub*Tavg
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This last formula (d) causes MSOs to add more Bandwidth Capacity to the Service
Group whenever the Service Group’s average bandwidth usage level approaches
~70% of the available Bandwidth Capacity. The MSO could alternately reduce the
size of the Service Group, e.g. “split nodes”, reducing the Nsub component to

increase the Bandwidth Capacity per Subscriber.

[0054] In addition, the present inventors posit the following formula, which

provides good results for Service Groups™ with a size of several hundred subscribers:
(e Required Bandwidth Capacity = Nsub*Tavg + K*Tmax_max

Where the K parameter is a QoE coefficient, and it has been found that a value of K =

1.2 works well for several hundred subscribers.

[0055] Those of ordinary skill in the art will recognize that the five formulae
described above can move forward and backwards in time by re-calculating the Nsub
and Tavg and Tmax_max values that are found at different points in time. However,
these formulae nonetheless suffer from others of the twelve deficiencies listed above.
Thus, there is a need within the field of network traffic engineering to find an
acceptable technique that identifies the required bandwidth capacity for a service
group in an Service Provider environment, while avoiding the twelve problem areas
listed above. Such a novel technique would greatly benefit network traffic engineers
within all fields and industries, e.g. Telco, MSO, Wireless, etc. In addition to the
simplified formulae defined above, there have been other attempts at defining
formulae to predict required bandwidth capacities for various types of traffic. The
most famous formulae are those developed by Erlang and Engstad, which are
predominantly used to predict the Required Bandwidth Capacities for Voice Traffic
for telephone calls. These formulae introduced the notion of a “blocking probability”,
which permits the traffic engineer to somewhat specify an acceptable QoE level. In
this case, the QoE was uniquely tied to the probability that a dialed phone call is
blocked from being completed. While these formulae, and others like them, are (and
may continue to be) useful tools to traffic engineers, each has several shortcomings

for the applications of modern-day traffic engineers. First, they seem to be only
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applicable for voice traffic. Attempts to modify them to be used for other traffic types,
e.g. video and high-speed data have been only partially successful, at best.

[0056] Moreover, these formulae usually make many simplifying assumptions
about the nature of the traffic that do not necessarily match the statistics of real-world
video and high-speed Data and Voice traffic of today. For example, some of the
formulae derivations assume an infinite number of subscribers. The formulae
sometimes assume that all subscribers have identical characteristics, sometimes
assume that there is a Poisson Distribution that describes the number of calls that
arrive in a given time window, and sometimes assume that the probability density
function associated with the time interval between call arrivals is exponential. While
all of these assumptions lead to simplifications in the associated mathematics and
permit closed-form solutions to be developed, which, admittedly, are very useful, the
statistics of the traffic loads that are assumed by these formulae often do not match
the statistics of typical real-world traffic loads. This problem is exacerbated when
these types of formulae are used to predict the required bandwidth capacity levels for

non-voice traffic- i.e.- for video and high-speed Internet data traffic.

[0057] Specifically, regarding data traffic, there is not a single event that results in
a “blocking™ condition where service is denied; rather, congestion leads to reduced
throughput and increased latencies and a gradual degradation of QoE. The traffic
engineer thus needs to determine the acceptable degradation for the data application,

hence it is not the binary scenario presented in legacy telephony applications.

[0058] The novel systems and methods disclosed within the present specification,
approach the foregoing difficulties much more flexibly than existing systems and
methods. The systems and methods disclosed herein preferably have any or all of the
following characteristics. First, the disclosed systems and methods preferably do not
force-fit traffic flows to a particular, statistical distribution (such as a Poisson
distribution) simply because it is easy-to-use. Instead, the disclosed systems and
methods preferably use analytical techniques that measure statistical distributions that
correspond to actual traffic flows in the past or present, or likely actually future traffic

flows extrapolated from currently measurable statistical distributions.

11
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[0059] Second, the disclosed systems and methods preferably use easy-to-observe

and easy-to-measure metrics to specify the QoE levels experienced by subscribers.

[0060] Third, the disclosed systems and methods preferably provide for solutions

implementable using any one or more of the following approaches:

) Calculating the QoE level given a Service Group size (Nsub) and given
a particular set of characteristics (e.g. Tavg, Tmax and application type) for a
given subscriber mix and a given actual available bandwidth capacity;

2 Calculating the required bandwidth capacity given a Service Group
size (Nsub) and given a particular set of characteristics (e.g. Tavg, Tmax, and
application type) for a given subscriber mix and a given a required Quality of
Experience level;

3) Calculating the permissible Service Group size (Nsub) given the
required Quality of Experience level and given the actual Available Bandwidth
Capacity and given a particular set of characteristics (e.g. Tavg, Tmax, and
application types) for a given subscriber mix;

@ Calculating Permissible sets of characteristics (e.g. Tavg, Tmax, and
application types) for a given subscriber mix and a given “Service Group” size
(Nsub), a given required Quality of Experience level, and a given actual
Available Bandwidth Capacity;

&) Calculating a set of permissible Service Group sizes (Nsub values)
along with a “minimalist” set of characteristics (Tavg, Tmax, and application
types) for a given subscriber mix, required QoE level, and actual Available
Bandwidth Capacity; and

6) Calculating a Service Group sizes (Nsub value) along with a set of
characteristics (Tavg, Tmax, and application types) that satisfy a desired rule
for a given subscriber mix, required QoE level, and actual Available

Bandwidth Capacity.

[0061] Fourth, the disclosed systems and methods preferably provide for solutions

that address any one or more of the problems identified earlier with respect to existing

12
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traffic engineering methods. In particular, the disclosed systems and methods

preferably:

(a) Permit different subscribers to have different average bandwidth levels,
as they do in the real world;

(b) Permit different subscribers to have different peak bandwidth levels, as
they do in the real world;

© Permit different subscribers to run different applications that have
different bandwidth usage levels, as they do in the real world;

(d Permit mixes of different types of subscribers and application types to
be combined within a “Service Group,” as such diverse mixes exist in the real
world;

(e Permit accurate modeling of concurrency levels among the mixes of
subscribers and application types, to mimic the real world;

® Permit calculations (such as required bandwidth capacity) to be made
for all points along a time-line instead of only being made for the present;

(2 Permit providers to specify QoE levels to match their own needs and
constraints, to mimic the real world;

(h) Permit calculations that can be applied to any sized Service Group,
thus making such calculations useful for predicting required bandwidth
capacities for many different network components, regardless of size;

® Permit calculations for tying QoE levels to real-world experiences, to
predict what user’s will actually experience;

) Permit calculations to specify many different paths that can be used by
providers to correct any QoE issues, such as adding bandwidth, reducing
subscribers, re-arranging the mix of subscribers, etc.

&) Permit calculations that can be utilized for any traffic type, e.g. voice,
video, high-speed data, etc.; and

() Permit calculations that can be utilized for both downstream and upstream

traffic, as in the real world.
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Preferably, some embodiments of the disclosed systems and methods accomplish all

of the above goals.

[0062] The present disclosure will initially describe an embodiment following
approach (1) above, with respect to downstream traffic flowing from the Internet to
the subscriber). Approach (1) calculates the QoE level given a “Service Group™ size
(Nsub) and given a particular set of characteristics (Tavg, Tmax, and application types
being used) for a given subscriber mix and a given actual available bandwidth
capacity. Thereafter, the present disclosure will describe how approach (1) can be
slightly modified to support the approaches (2), (3), and (4). The disclosure will also
outline how this method can be slightly modified to support Upstream Traffic.

[0063] FIG. 1 shows a generic model 10 of downstream traffic from the Internet
12 to a plurality of subscribers 14, as that traffic passes through a set of network
elements, including router 16 and CMTS 18, on its way to a particular shared
resource, e.g. an egress link 20 emanating from that CMTS). In particular the
illustrated generic model 10 shows downstream traffic flowing into a CMTS 18 that
then steers, queues, and schedules packet streams arriving at the CMTS to an
individual egress DOCSIS link 20 shared by two hundred (Nsub) subscribers 14 via a
fiber node 22.

[0064] It can be seen from this figure that traffic streaming from the Internet 12
on a 100 Gbps high-speed link flows to router 16. The traffic is then streamed from
the Router 16 on a 10 Gbps high-speed link that flows to CMTS 18. The CMTS 18
has several (e.g. one hundred) DOCSIS MAC domains that have DOCSIS channels
inside them. The CMTS 18 will steer some of the packets to MAC domain 1. It can be
seen that this particular MAC domain creates a potential bottleneck in the downstream
direction since there is approximately 864 Mbps of shared bandwidth capacity in the
24-bonded downstream DOCSIS channels emanating from MAC domain 1. The 24
DOCSIS channels in the MAC domain feed the sub-tending cable modems, which in
this example, number two hundred, which each share the bandwidth capacity within
that MAC Domain. As a result, the CMTS 18 must steer, queue, and schedule packets

to the subscribers in an appropriate fashion.
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[0065] Since bursts exceeding 864 Mbps can periodically occur at the CMTS 18,
due to high-speed arrivals of packets at the 10 Gbps interface, queuing is a critical
function performed by the CMTS 18. Sometimes the transient packet arrival rates that
occur at the 10 Gbps interface of the CMTS 18 can be so high that the CMTS 18
queues are overflowed, or the packet delays incurred within the queues become too
large. In these instances, the CMTS 18 may choose to actually drop packets, which
triggers a feedback mechanism within TCP that should throttle the transmission rates
at the TCP source within the Internet 12. Subscriber QoE is intimately tied to these
packet queuing and packet dropping operations of the CMTS 18, because a
subscriber’s experiences are strongly driven by packet delays, packet drops, and the
resultant TCP bandwidth that is driven by the TCP feedback mechanisms carrying
delay and drop information to the TCP source (via TCP ACKs).

[0066] At a fundamental level, the methods and systems described in this
specification rely on the ability to monitor the bandwidth (as a function of time) to
each of the subscribers within a “service group”. The “service group” under
evaluation can vary. In the example shown in FIG. 1, it is defined to be the two
hundred subscribers that share the bonded DOCSIS channels emanating from the
CMTS 18. Thus, in that case, it is useful to define how much bandwidth capacity is
required (and how many DOCSIS channels are required) to provide good QoE to the

two hundred subscribers sharing that bandwidth capacity.

[0067] Alternatively, the “service group” can be defined to be all of the
subscribers connected to all of the MAC Domains managed by the CMTS 18 or a
blade within the CMTS 18. If, for example, the CMTS 18 managed 100 MAC
Domains and each MAC Domain has two hundred subscribers, then this CMTS-
scoped “service group” would consist of the 100*¥200=20,000 subscribers attached to
the CMTS 18. In that case, it would be useful to define how much bandwidth capacity
is required (and how many 10 Gbps links are required) at the interface between the

CMTS 18 and the router 16.

[0068] Alternatively, the “service group” can be defined to be all of the

subscribers connected to a router in the Internet. If, for example, the router 16 steered
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packets to 10 such CMTSs 18, where each CMTS 18 managed 100 MAC Domains
and each MAC Domain has two hundred subscribers, then this Router-scoped
“service group” would consist of the 10*¥*100*200=200,000 subscribers attached to the
router 16. In that case, we might be attempting to define how much bandwidth
capacity is required (and how many 100 Gbps links are required) at the interface

between the router 16 and the Internet 12.

[0069] Obviously, more bandwidth capacity will be required for the router 16
(with 200,000 subscribers) than the CMTS 18 (with 20,000 subscribers), and more
bandwidth capacity will be required for the CMTS 18 (with 20,000 subscribers) than
the DOCSIS MAC domain (with 200 subscribers). But can easily be appreciated that
the required bandwidth capacities do not scale linearly with the number of
subscribers- i.e. the bandwidth capacity of the CMTS 18 will not be equal to one
hundred times the DOCSIS MAC Domain bandwidth capacity, even though the
CMTS 18 has one hundred times as many subscribers as the DOCSIS MAC Domain.
This is primarily due to the fact that the probability of a small number of subscribers
concurrently receiving downstream data is much higher than the probability of a large
number of subscribers concurrently receiving downstream data. This fact is one of the
key reasons why the systems and methods described in this specification are so
useful; they permit traffic engineers to actually determine the required bandwidth

capacities for these differently-sized “service groups.”

[0070] The systems and methods described in this specification are therefore quite
versatile and able to be utilized for specifying bandwidth capacities required at many
different locations in a data transmission network from a provider to a subscriber, or
customer, e.g. large back-haul routers, small enterprise routers, etc. Broadly
considered, it is beneficial to be able to assess the required bandwidth capacity for a
given QoE, or conversely, the QoE level for a given bandwidth capacity. By
collecting and processing traffic engineering information, e.g. data packets, as such
information enters or exits a CMTS (or CCAP), statistical models of customer QoE as
a function of traffic engineering parameters such as bandwidth, service group size,

etc. can be determined. Different real-world constraints will, as indicated above, use
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different sets of collected data. For example, data entering a CMTS 18 from router 16
is most relevant to determining required bandwidth or QoE for all service groups
served by the CMTS 18, while data exiting the CMTS 18 to the optical transport 20 is
most relevant to determining required bandwidth or QoE for service groups served by
the transmission line from the CMTS 18 to the optical transport 20. The systems and

methods disclosed herein are useful for each of these applications.

[0071] To illustrate the utility of the disclosed system and methods, the
specification will first describe a procedure for calculating, in the downstream
direction, the solution type previously identified as solution/approach (1), i.e.
calculating the QoE level given a “service group” size (Nsub), a particular set of
characteristics (Tavg, Tmax, and application type) for a subscriber mix, and actual
available bandwidth capacity. Then the specification will describe procedures for
calculating the solution types (2), (3), and (4) in the downstream direction. Finally,
the specification will describe how each of these procedures can be modified for the

upstream direction.
[0072] Solution (1) in the Downstream Direction

[0073] Solution 1 preferably calculates the Quality of Experience level given a
“service group” size (Nsub), a particular set of characteristics (Tavg, Tmax, and
application type) for a subscriber mix, and actual available bandwidth capacity.

FIGS. 2A-2C generally show a procedure 100 that achieves this calculation.
[0074] Sample Per-subscriber Bandwidth Usage

[0075] Referring specifically to FIG. 2A, the first step 102 is sampling the per-
subscriber bandwidth usage levels as a function of time, with fine-grain temporal
granularity. This step preferably collects information about how the subscribers are
utilizing their bandwidth in the present time. The resulting present-day statistics
associated with these samples will eventually be utilized to predict the future (or past)
statistics for subscribers at different points in time, and that information will be
utilized to calculate the required bandwidth capacities needed within the DOCSIS
MAC Domain.
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[0076] These per-subscriber bandwidth usage samples can be collected at any one
of several points in the path of the flow of the data. Ideally, the samples of the
bandwidth usage for these downstream packets streams are taken before the packet
streams encounter any major network bottlenecks where packet delays or packet
drops become significant. The ideal location to collect these samples would be at the
many servers on the Internet where the traffic is originating. However, this is
impractical, so the samples may be collected further downstream near the subscribers
at points just before locations where bottlenecks (with packet delays and packet
drops) are identified as being likely to occur. In the example system shown in FIG. 1,
for example, determining the bandwidth capacity requirements for the DOCSIS MAC
domain would most likely best be practically achieved by collecting the per-
subscriber bandwidth usage samples at the 10 Gbps link into the CMTS 18. Those of
ordinary skill in the art will recognize that samples could be collected at the 100 Gbps
link into the router 16 without significant bias of the data from packet delays and

packet losses that might occur in the CMTS 18.

[0077] Furthermore, the access network such as DOCSIS capacity, wireless
capacity, DSL capacity, G.Fast capacity, or Ethernet capacity feeding the homes
businesses on the Last Hop link often tends to form a major bottleneck for
downstream packet streams. The WiFi capacity steering the packets throughout a
particular home or business building also forms a major bottleneck for downstream
packet streams. Any location “north” of these bottlenecks can serve as an adequate
location for sampling the data. One of the most popular locations would be within the
CMTS or eNodeB or DSLAM or G.Fast Distribution Point, or in the routers north of
these Last Hop links, because these elements are some of the last network elements
through which packets will pass before they make their way through the major
bottlenecks (and experience potential packet delays and packet drops). Measuring the
packet streams before these delays and drops occur helps give more accurate results
for the method disclosed in the present specification. Later in the specification, when
disclosing systems and techniques pertaining to upstream traffic, the disclosure will

also show ways in which the samples can be taken within the bottlenecked regions of
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the network, however, there may be more error and larger approximations in the

resulting answers produced by the disclosed systems and methods.

[0078] The appropriate sampling period Ts (the temporal window between
successive samples of the average bandwidth) can be determined on a case-by-case
basis. Longer sampling periods leads to less data being collected and therefore make it
easier to store and process the data, but conversely can make it difficult to “see”
bandwidth bursts that are typical of many Internet applications today. For example,
consider a 1 Gbps bandwidth burst that occurs for 1 second and then goes silent for 99
seconds. A 100 second sample window will not actually “see” the existence of the 1
Gbps bandwidth burst. It would instead measure 1 Gbits of data being transmitted
within a 100 second window of time and calculate that to be an average bandwidth of
1 Gbits/100 seconds = 10 Mbps. That is quite a different measurement and
characterization of the channel than that which actually occurred on the channel.
Shorter sampling periods lead to more collected data, and entail more processing and
hardware requirements, but the short samples permit one to actually “see” short

bandwidth bursts.

[0079] The present inventors have assessed that for existing data network
systems, one second sampling periods (i.e. Ts=1), or less, are adequately short. This
permits the system to “see” the typical burst periods that occur for Web-browsing
activities (where Web pages usually take ~1 second to download), for IP Video
Segment transfers (where segments are usually transferred in 2-10 seconds bursts),
and for file downloads (where the continuous stream of TCP packets usually easily
fill a second of time). Thus, interactions between these different application types also
tend to happen over periods of Ts=1second. It is quite possible that future applications
and future network bandwidths will speed up these interactions so that the sampling
periods for this method may need to be reduced. However, at present, 1 second
samples may be preferable. Accordingly, in some preferred embodiments, the result
of step 102 is to capture the average bandwidth consumed by each subscriber within
each 1-second sampling window. Average bandwidth within a 1-second window can

be obtained by monitoring all passing packets (and their associated lengths) during
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that 1-second window. At the end of each second, the associated lengths (in bits) for
all packets that were transmitted to a particular subscriber during that 1-second
window can be added together, and the resultant sum (in bits) can be divided by the
sampling period (which happens to be 1 second) to determine the average bandwidth

transmitted to that particular subscriber during that 1-second window.

[0080] The collection of samples should be done on as many subscribers as
possible. In addition, the number of samples per subscriber should be quite large to
yield statistically-significant results in probability density functions that are created in
later steps. This sampling activity can be performed at all times throughout the day to
see average statistics. It can also be done at a specific time of the day to see the
particular statistics for that particular time of the day. In some preferred embodiments,
the samples are collected only during the “busy window” (e.g. from 8 pmto 11 pm)
when subscriber activity levels are at their highest. Successive samples can be taken
from many successive days to provide an adequate number of samples for analysis.
To view trends, groups of samples can be taken in one month, and then repeated X
months later to view any changes that might be occurring. Whenever sampling is
being done, the sampling can be done on all subscribers at once, or it can “round-
robin” between smaller groups of subscribers, working on one small group of
subscribers for one hour and then moving to another small group of subscribers in the
next hour. This can reduce the amount of processing required to perform the sampling
within the Network Element, but it also increases the total length of time required to

collect adequate sample counts for all subscribers.

[0081] Sampling can be done using any one of several techniques. In one
embodiment, octet counters can be used to count the number of packets passing
through the Network Element for each subscriber. The octet counter is incremented
by the number of octets in a packet every time a packet for the particular subscriber
passes. That octet counter can then be sampled once per second. The sampled octet
count values from each successive 1-second sample time can then be stored away in a
memory. After some number of samples have been collected, the sampled octet

counters can be stored away in persistent memory, and the process can then be
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repeated. After all of these octet count values have been stored away in persistent
memory during the busy window of time (8 pm to 11 pm at night), post-processing of
the persisted samples can be performed. The post processing would merely subtract
successive values from one another to determine the delta octet value (in units of
octets) for each 1-second sampling period. That delta octet value can then be
multiplied by 8 to create the delta bit value (in units of bits) for each 1-second
sampling period. That delta bit value can then be divided by the sampling period
(which in this case is 1 second) to create the average bandwidth (in units of bits per
second) for each 1-second sampling period. This creates a vector of average
bandwidth values (in units of bits per second and sampled at 1-second intervals) for

each subscriber.
[0082] Group Subscribers

[0083] Still referring to FIG. 2A, step 104 groups subscribers into different
groups, each group defining a unique subscriber type. Once the vector of average
bandwidth samples (in units of bits per second) are available for each subscriber (as a
result of the execution of the previous step), subscribers must be separated and
grouped into different groups defining unique subscriber types. This is done by first
determining at least three different attributes for each of the subscribers: Tmax, Tavg,
and the nature of the applications used by the subscriber. Tmax may be the Service
Level Agreement Maximum Bandwidth Level for each respective subscriber. Tavg
may be the average bandwidth for each respective subscriber, which can be calculated
by summing all of the average bandwidth sample values for the subscriber and
dividing by the number of sample values. The nature of the applications used by the
subscriber may in a preferred embodiment be the average “Application Active Ratio”
of the applications, which is defined as the fraction of 1-second samples where the
subscriber’s applications were active (with 1-second windows having average
bandwidths that are substantially greater than zero). It should be understood that a
related metric is the “Application Silent Ratio” of the applications, whereby the
Application Silent Ratio is defined as the fraction of 1-second samples where the

subscriber’s applications were silent (with 1-second windows having average
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bandwidths equal to or close to zero). Thus, it should be apparent that Application
Silent Ratio = 1.0 — Application Active Ratio. It should be understood that more
complicated methods of characterizing the subscriber applications could also be used

consistent with the present disclosure.

[0084] Separation of the subscribers into different groups can be accomplished by
defining thresholds that separate levels from one another. This should preferably be
done for each of the attributes. As an example, the Tmax values can be separated
according to the different Service Level Agreement (SLA) tiers that the Operator
offers. If an Operator offers five Service Level Agreement tiers (e.g. 8 Mbps, 16
Mbps, 31 Mbps, 63 Mbps, and 113 Mbps), then each of those five Tmax values would

permit subscribers to be separated according to their Tmax value.

[0085] For Tavg values, the entire range of Tavg values for all of the subscribers
can be observed. As an example, it may range from 0.1 Mbps to 3 Mbps. Then it is
possible that, e.g. three different groupings can be defined (one for high Tavg values,
one for medium Tavg values, and one for low Tavg values). The threshold separating
high Tavg values from medium Tavg values and the threshold separating medium
Tavg values from low Tavg values can be appropriately selected. For example, low
Tavg values might include any values less than 0.75 Mbps. High Tavg values might
include any values greater than 1.25 Mbps. Medium Tavg values might include any

values between 0.75 Mbps (inclusive) and 1.25 Mbps (inclusive).

[0086] For the Application Active Ratio values describing the application types
being utilized by the subscribers, the Active Ratio values may range from 0.1 to 0.9. It
is possible that, e.g. two different grouping can be defined (one for high Application
Active Ratio values and one for low Application Active Ratio values). The threshold
separating high Application Active Ratio values from low Application Active Ratio
can be appropriately selected. For example, low Application Active Ratio values
might include any values less than 0.5. High Application Active Ratio values might

include any values greater than or equal to 0.5.
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[0087] Preferably, a single Subscriber Type grouping is a group of subscribers
that share common operational characteristics. Ideally, after the mapping, we would
have many subscribers mapped into each of the Subscriber Type groupings (to help
ensure statistically-significance within the statistics utilized in the upcoming

steps). Thus, in the foregoing example, where an operator offers five service tiers of
bandwidth, where subscribers are divided into high, medium and low Tavg values,
and there are two defined application types utilized by subscribers, a total of thirty
(5*3%*2) different “Subscriber Type” groupings (for this particular embodiment) can
be created. Each subscriber can then be mapped into one (and only one) of these thirty

different Subscriber Type groupings, as illustrated in Fig. 3.

[0088] In the future, this grouping process might be enhanced further. Additional
thresholds may be added per attribute. Other attributes may be considered to further
refine the grouping process. Or thresholds might become dependent on multiple
attributes. For example, the Tavg threshold for Low, Medium and High may increase

with higher SLA values.

[0089] Once each of the subscribers has been mapped into its appropriate
Subscriber Type grouping shown in FIG. 3, based on the subscriber's associated
operational attributes, then for each particular Subscriber Type grouping, the average
bandwidth samples (calculated in step 102) from all of the subscribers within that
grouping can be combined to create a super-set of average bandwidth samples for
each Subscriber Type grouping. This super-set of samples become the definition of
bandwidth usage for each Subscriber Type grouping, containing a mix of the

bandwidth usage for all of the users that were mapped to a common Subscriber Type

grouping.

[0090] Once the super-set of samples has been created for each Subscriber Type
grouping, the average attribute values for each Subscriber Type grouping may be
calculated. In particular, the Tmax value for each Subscriber Type grouping is easily
identified, since all subscribers within the same Subscriber Type grouping share the
same Tmax value. The average Tavg value for the super-set of samples can be

calculated by summing all of the average bandwidth samples within the super-set and
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dividing by the total number of samples in the super-set. This may become the
defining Tavg value for the particular Subscriber Type grouping. In a similar fashion,
the average Application Active Ratio value for the super-set of samples can be
calculated by counting the number of non-zero samples within the super-set and
dividing by the total number of samples in the super-set. Each Subscriber Type
grouping will preferably have a unique triplet of values given by Tmax, Tavg, average

Application Active Ratio.

[0091] As the number of attributes analyzed increases and/or the number of levels
within an attribute increases, then the number of unique Subscriber Type grouping
can increase dramatically. It may be possible to cluster multiple Subscriber Type
groups with similar behavior to make a more manageable number of groups. In the
previous example, there were thirty unique Subscriber Type groups. In some
situations, all the Subscriber Type groups with low Tavg values may behave
identically, independent of Tmax or Application Active ratio. In that situation, these
ten Subscriber Type groups could be consolidated down to a single Subscriber Type
group, reducing total group count to twenty one. Other group clustering may be

possible for further reductions.

[0092] As just disclosed, individual subscribers may be grouped into different
categories based on three different attributes, i.e. Tmax, Tavg and average
Application Active Ratio. This exemplary grouping improves the accuracy of
estimating the probability density function of the per-subscriber bandwidth usage, as
disclosed later in this specification. Other embodiments, however, may group
subscribers into different categories differently. For example, groups of subscribers
may be differentiated by either manual or automatic grouping. For both manual and
automatic grouping, the first step is to identify a set of attributes that will be used as
the basis for grouping. Note that each attribute adds an additional dimension and
therefore can significantly increase the complexity of grouping. The number of
attributes (dimensions) should be chosen such that it includes all the attributes
necessary to identify any natural groupings of the subscribers, but the number should

not be so large as to result in groupings with very sparse data in each group.
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[0093] With respect to manual grouping, first a set of attributes may be identified.
Then each attribute value is divided independently into multiple groups. For some of
the attributes the grouping is obvious, for example, the Tmax value is chosen by the
operator to be a set of distinct values resulting in an obvious grouping. For other
attributes like the Tavg or the Application Active Ratio, one can identify the
minimum and maximum value for each attribute, and then divide the range of values
of each attribute into a number of groups. These groups can be obtained either by
simply dividing the range of values of the attribute into uniform intervals or by

selecting a non-uniform set of groups.

[0094] Although the manual grouping approach is relatively simple, as the
number of attributes and data samples (subscribers) increase it will likely become
difficult achieve manual grouping that captures how the data samples are actually
clustered. Figure 4a, for example, shows a scatter plot of a hypothetical dataset with
two attributes. Clearly this data-set is simple enough that a manual independent
grouping of each attributes will suffice. However, as the data-set gets more
complicated as shown in Figure 4B, for example, a simple manual grouping will be
nearly impossible to derive, thereby necessitating an automatic grouping approach. In
an automatic grouping approach, preferably a ‘data-driven” algorithm is used to
identify the clusters in the data. Such techniques are used in existing "big-data"
analysis techniques to group observed data into different clusters to derive meaningful
inferences. Various clustering algorithms such as the k-means clustering, distributing
based clustering or density based clustering algorithms can be used in the automatic

grouping approach.

[0095] Create Per-Subscriber Bandwidth Probability Density Function
for each Subscriber Type Grouping

[0096] Referring again to FIG. 2A, step 106 may preferably create per-subscriber
bandwidth Probability Density Functions (pdfs) for each Subscriber Type Grouping
using measurements from grouped subscribers collected in a present time-frame.
Specifically, once the super-set vector of average bandwidth samples (in units of bits

per second) are available for each Subscriber Type grouping, as a result of the
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execution of step 104, the current bandwidth probability density function for each
Subscriber Type grouping can be calculated. This may in one preferred embodiment

be achieved in several sub-steps, as identified below.

[0097] First, a frequency histogram is created from the super-set of average
bandwidth samples for each Subscriber Type grouping. The frequency histogram
must be defined with a chosen “bin size” that is small enough to accurately
characterize the bandwidths consumed by the user. The present inventors have
determined that bin sizes on the order of ~100 kbps are adequate for today’s
bandwidth characteristics. Larger bin sizes of (say) ~1-10 Mbps might also be
acceptable. The bin sizes in some embodiments might need to be adjusted as the
bandwidth usage of subscribers change. In general, the goal is to ensure that
successive bins in the frequency histogram have similar frequency count values
(meaning that there are no rapid changes in the shape of the frequency histogram
between successive bins). The required bin size actually depends to some extent on
the maximum bandwidth levels displayed by each subscriber; larger maximum
bandwidth levels can permit larger bin sizes to be used. As an example, assume that
the bin size was selected to be 10 Mbps. Once the bin size is selected, the x-axis of the
frequency histogram can be defined with integer multiples of that bin size. Then the
average bandwidth samples for a particular Subscriber Type grouping are used to
determine the number of samples that exist within each bin for that particular

Subscriber Type grouping.

[0098] Referring to FIG. 5, the first bin on the x-axis of the frequency histogram
represents bandwidth samples between 0 Mbps (inclusive) and 10 Mbps. The second
bin on the x-axis of the frequency histogram represents bandwidth samples between
10 Mbps (inclusive) and 20 Mbps. Other bins cover similar 10 Mbps ranges. The
creation of the frequency histogram for a particular Subscriber Type grouping
preferably involves scanning all of the super-set average bandwidth samples for that
Subscriber Type grouping, and counting the number of samples that exist within the
bounds of each bin. The frequency count for each bin is then entered in that bin, and a

plot of the frequency histogram similar to the one shown at the top of Fig. 5 would be
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obtained. In the particular frequency histogram plot of FIG. 5, the first bin (covering
the range from 0 Mbps (inclusive) to 10 Mbps) has a frequency count of ~50,
implying that 50 of the average bandwidth samples from that subscriber displayed an
average bandwidth level between 0 Mbps (inclusive) and 10 Mbps.

[0099] Next, the frequency histogram for each Subscriber Type grouping can be
converted into a relative frequency histogram. This is accomplished by dividing each
bin value in the frequency histogram by the total number of samples collected for this
particular Subscriber Type grouping within the super-set of average bandwidth
samples. The resulting height of each bin represents the probability (within any
sampling period) of seeing an average bandwidth value that exists within the range of
bandwidths defined by that particular bin. As a check, the sum of the bin values
within the resulting relative frequency histogram should be 1.0.

[00100] Finally, the relative frequency histogram can be converted into a
probability density function for the Subscriber Type grouping. It should be observed
that, since this actually is for discrete data, it is more correct to call this a probability
mass function. Nevertheless, the present disclosure will use the term probability
density function, since it approximates a probability density function (pdf). The
conversion to a pdf for the Subscriber Type grouping may be accomplished by
dividing each bin value in the relative frequency histogram by the bin size, in the
current example, assumed as 10 Mbps. Those of ordinary skill in the art will
appreciate that the resulting probability density function values may have values that
are greater than 1.0. In addition, as a check, the sum of each of the probability density
function values times the center x-axis value of the bin for each probability density

function value should be 1.0.

[00101] The probability density function for each Subscriber Type grouping is, in
essence, a fingerprint identifying the unique bandwidth usage (within each 1-second
window of time) for the subscribers that are typically mapped into a particular
Subscriber Type grouping. The bins in the probability density function of a particular

Subscriber Type grouping indicate which bandwidth values are more or less likely to

27



WO 2019/231577 PCT/US2019/028002

occur within any 1-second interval for a “typical” user from that particular Subscriber

Type grouping.
[00102] Create a Regression Model for the PDFs

[00103] Referring again to FIG. 2A, at step 108, regression models are created for
each Per-Subscriber Type Bandwidth pdf as a Function of Tmax, Tavg, and
Application Active Ratio. Specifically, once the probability density function for each
Subscriber Type grouping is known, a large amount of information is available to
create a regression model for the pdf as a function of Tmax, Tavg, and Application
Active Ratio. Typically, the probability density function will require a multiple
regression analysis to be performed. In the end, a formula is produced with the

general form
pdf(Bandwidth) = f(Bandwidth, Tmax, Tavg, Application Active Ratio)

where Bandwidth is the particular bandwidth of interest. A probability density
function stretching across a large range of bandwidth values can be created by using

the formula with many closely-positioned bandwidth values.

[00104] Once obtained, this probability density function formula can be used to
predict the pdf value for any subscriber type, even if the subscriber has Tmax and
Tavg and Application Active Ratio values that differ from those available in Steps

104 and 106 shown in FIG. 2A.

[00105] Specify Attributes of the Entire “Service Group” at a Potentially

Different Time-frame

[00106] At step 110 details and attributes of the entire “Service Group™ are
specified at a Potentially Different Time-frame. The term “potentially different time
frame” is intended to mean a time frame that is allowed to move forward and
backwards in time, though it does not necessarily need to do so. Thus, in one instance,
the systems and method disclosed herein may be used to simply measure network

characteristics and performance over a current time interval to determine whether a
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desired QoE is currently being achieved, and if not, to in some embodiments respond
accordingly. Alternatively, as explained below, the systems and methods disclosed
herein may be used in a predictive capacity to determine network characteristics and
performance at an interval that begins, or extends into, the future so as to anticipate

and prevent network congestion.

[00107] It should also be appreciated that the term “Service Group” can be used in
very broad sense; it can define the subscribers who share bandwidth on the bonded
DOCSIS channels within a DOCSIS MAC Domain (connected to a single Fiber
Node), or alternatively, it could define the subscribers who share bandwidth on a
CMTS or on a Backbone Router. The disclosed systems and methods are applicable to

all of these different "Service Groups."

[00108] Before one can determine the Required Bandwidth Capacity to satisfy the
demanded Quality of Experience levels for subscribers of a given “Service Group,”
the details of the “Service Group™” and its associated subscribers must be known. In
particular, it is required that at least the following information on the “Service Group™

must be known:

1. the total number of subscribers within the “Service Group” (Nsub)

ii.  the Tmax and Tavg and Application Active Ratio for each of those subscribers
OR alternatively a list of all of the different Service Type groupings and their
associated attributes, whereby the attributes for each Service Type grouping
must include:

a. the number of subscribers associated with the particular Service Type
grouping (or the percentage of the total number of subscribers that are
associated with the particular Service Type grouping)

b. the Tmax value for the Service Type grouping

c. the average Tavg value for the Service Type grouping

d. the average Application Active Ratio value for the Service Type

grouping.
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[00109] Tt is oftentimes the case that a traffic engineer must determine Required
Bandwidth Capacities not only for the present time, but also for the future. As a result,
the traffic engineer must oftentimes specify the “Service Group™ attributes (like Tmax
and Tavg and Application Active Ratio values) for years into the future. This is
obviously not a trivial exercise, and it is never possible to find an answer with
absolute certainty; no one can predict the future, and unexpected variations are always
possible. However, one extrapolation of past trends can be useful to predict trends

into the future.

[00110] These types of extrapolated predictions for the future are quite possible for
the Tmax and Tavg values, because their past trends are usually known. One can even
determine the different past trends that might exist for Tmax and Tavg values for
different Service Type groups. As an example, many Operators have seen
downstream Tmax values grow by ~50% per year for extended periods of time, and
more recently, many Operators have seen downstream Tavg values grow by ~40% per
year. If the Tmax value and Tavg value for the present time is known to be Tmax0
and Tavg0, respectively, and if we assume that the growth rates for Tmax and Tavg
remain constant over time, then the predicted Tmax value and Tavg value in Y years
from the present time - designated as Tmax(Y) and Tavg(Y), respectively - can be
calculated as:

Tmax(Y) = (Tmax0)*(1.5)**(Y)
Tave(Y) = (Tave0)*(1.4)**(Y).

[00111] Notably, the two formulae above are also valid for negative Y values,
meaning that they can also be used to “predict” the Tmax and Tavg values that existed
in the past. As an example, to determine am estimate on what the Tmax and Tavg
values were two years prior to the present time, a value of Y=-2 can be used within
the formulae. So the formulae can be utilized to predict the Tmax and Tavg values in

the past and in the future.

[00112] Create pdf for each "Subscriber Group" for a Potentially

Different Time-frame
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[00113] Referring to FIG. 2B, once the Tmax and Tavg and Application Active
Ratio values are known for each subscriber or Subscriber Type grouping for the time-
frame of interest (within the particular “Service Group™), this information can be used
in step 112 to create a probability density function for each of the subscribers or
Service Type groupings (calculated as a function of the predicted Tmax, Tavg, and
Application Active Ratio values at the time-frame of interest). This calculation makes

use of the formula defined in the Step 4’s regression step:
pdf(Bandwidth) = f(Bandwidth, Tmax, Tavg, Application Active Ratio).

[00114]  After step 112 is completed, a unique probability density function
prediction will be available for each subscriber or Subscriber Type grouping within
the “Service Group.” It is important to recall that the probability density function for
Subscriber Type grouping is still a measurement of the probabilities of various
bandwidths occurring for a single subscriber that is associated with the unique

characteristics of a particular Subscriber Type grouping.

[00115] For Subscriber Type groups with smaller SLA values, it may be possible
to re-use some of the pdf from other current SLA values. For example, a group with a
10Mbps Tmax SLA value might become a 20Mbps Tmax SLA in the future. If the
pdf for a 20Mbps Tmax SLA exists today, that pdf could optionally be re-uses for the
10Mbps group in the future. Obviously any new Tmax SLA values will require the
step 112.

[00116] Fine Tune Pdf

[00117] At optional step 114, the separate and unique probability density function
for each subscriber or Subscriber Type Grouping within the “Service Group™ for a
Potentially Different Time-frame may be fine-tuned. Specifically, once the predicted
probability density function is created in step 112, using the regression formulae for a
particular time-frame of interest, it is possible to “fine-tune” the probability density
function based on particular views or predictions about the nature of traffic and
applications in the time-frame of interest. This permits a traffic engineer to use

expertise to over-ride predictions of the regression model. This may or may not be
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advisable, but it some embodiments of the present disclosure may permit certainly

adjustment of the probability density function prediction.

[00118] If, for example, a traffic engineer believes that a new video application
will appear in a future time-frame that will inject a large amount of high-bandwidth
transmissions into the system that may end up creating a great deal of per-subscriber
bandwidth around 50 Mbps (which was not predicted by the regression model), then
some embodiments may preferably permit the traffic engineer to increase the
probability density values in the range from (say) 45 Mbps to 55 Mbps. The resulting
curve may be referred to as the “fine-tuned probability density function.” Once that
fine-tuning is done, then the resulting “fine-tuned probability density function™ should
preferably be “re-normalized” so that is still displays the unique characteristic
required of a proper probability density function. In particular, it should be raised or
lowered across its entire length so that the area beneath the probability density
function is still equal to one. This can be accomplished by multiplying each value

within the probability density function by a scaling factor S, where
S = 1/(area beneath the “fine-tuned probability density function™).

The resultant “fine-tuned and re-normalized probability density function™ is therefore

given by:
“fine-tuned and re-normalized pdf = S*(*fine-tuned probability density function).
[00119] Validate Independence of Bandwidth Activities for Subscribers

[00120] At optional step 116, the independence of bandwidth activities for
subscribers within a “Service Group may preferably be validated. This step makes use
of a well-known theory from probability and statistics that states the following

argument:

Assume X and Y are two independent random variables (such as the 1-second average
bandwidth measurements taken from two different subscribers). Assume also that f(x)

and g(v) are the probability density functions of the two random variables X and Y,
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respectively. Then the sum of those two random variables produces a new random
variable Z=X+Y (which would correspond to the aggregate bandwidth created by
adding the 1-second bandwidth samples from the two subscribers together), and the
new random variable Z will have a new probability density function given by h(z),
where h(z) = f(x) convolved with g(y).

[00121]  Thus, in this step, it should be confirmed that the bandwidth activities for
different subscribers are substantially independent and uncorrelated. It turns out that
we can usually assume (while introducing only a small amount of error) that the
bandwidth activities of two separate subscribers are largely independent of one
another. Studies have shown this to be mostly true. There may be some correlations

between bandwidth activities of different subscribers that might be due to:

1. acommon propensity among human beings to perform bandwidth-related
activities at the top and bottom of the hour (when television shows end);

ii.  bandwidth-related activities that are initiated by machines in different
subscriber homes that are synchronized to begin their activities at a specific
time (such as home-based digital video recorders that are programmed to start
their recordings at 8 pm); and

ii.  potential self-synchronizing behaviors from TCP-oriented applications that are

competing for bandwidth (such as Adaptive Bit-Rate video codecs).

However, these interactions tend to be quite small. In order to validate that a
particular set of subscribers within a “Service Group™ are using bandwidth in ways
that are largely independent, a litmus test can be performed which is not necessarily a
proof of independence for all time, but it does give a snapshot of the subscriber
behavior for a window of time and determines whether the subscriber’s activities are

largely independent (or not) during that window of time.

[00122]  Specifically, individual samples of bandwidth with, e.g. 1 second
granularity are first collected during the busy window of time (e.g. from 8 pmto 11
pm at night). This is similar to the actions performed in Step 102 above, but this

particular set of samples should preferably be collected in a very specific fashion. In
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particular, the collection of the samples should preferably be synchronized so that the
first 1-second sample collected for Subscriber #1 is taken at exactly the same moment
in time (plus or minus 100 milliseconds) as the first 1-second sample collected for
Subscriber #2. In a similar fashion, the first 1-second sample collected for Subscriber
#2 is taken at exactly the same moment in time (plus or minus 100 milliseconds) as
the first 1-second sample collected for Subscriber #3. This rule is applied for all Nsub
subscribers within the “Service Group.” Thus, this procedure will produce 1-second
bandwidth samples that are synchronized, permitting the identification of temporal
correlations between the activities of the different subscribers. For example, if all of
the subscribers happen to suddenly burst to a very high bandwidth level at exactly the
same moment in time during, e.g. sample 110 (associated with that single 1-second
time period that is 110 seconds after the sampling was initiated), then synchronized
behavior within the samples can be identified due to the implication that here is a

level of correlation between the subscribers’ bandwidth activities.

[00123] Disclosed below is a mathematical test to detect the amount of correlation
that exists between the sampled subscribers within the “Service Group,” and to see
how much impact these potential synchronized activities can have on results that will

be subsequently calculated.

[00124]  First, create Bandwidth Probability Density Function #1 based on the
bandwidth samples collected from Subscriber #1 and repeat for each of the other
subscribers. This will yield Nsub Bandwidth Probability Density Functions, with
labels ranging from Bandwidth Probability Density Function #1 to Bandwidth
Probability Density Function #Nsub. The Bandwidth Probability Density Functions
can be created using the method disclosed with respect to step 118 of FIG. 2B,

discussed below.

[00125] Second, convolve all the Nsub Bandwidth Probability Density Functions
together to create a Final Aggregate Bandwidth Probability Density Function for this
particular “Service Group™. It should be noted that this particular Final Aggregate
Bandwidth Probability Density Function does not include any recognition of

simultaneity between bandwidth bursts between subscribers. Instead, it assumes that
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all of the bandwidth bursts from the different subscribers are entirely independent
from one another, and ignores any correlation between subscriber bandwidth

activities.

[00126] Third, take each of the time-sequenced bandwidth samples for Subscriber
#1 and concatenate them together and treat the result as a row vector, repeating for
each of the other subscribers. This procedure will yield Nsub row vectors. Place those
row vectors one on top of the other to create a matrix of numbers. The first row in that
matrix should hold the time-sequenced bandwidth samples for Subscriber #1. The
second row in that matrix should hold the time-sequenced bandwidth samples for
Subscriber #2. This pattern should continue until the last row (row Nsub), which
should hold the time-sequenced bandwidth samples for Subscriber #Nsub. It should
also be apparent that the first column in the matrix represents the first second of
synchronized samples for each of the subscribers. The second column in the matrix
represents the next second of synchronized samples for each of the subscribers.
Successive columns in the matrix also represent synchronized samples for each of the

subscribers at a particular instant in time.

[00127]  Fourth, using the above matrix, add all of the values down each column
and create a Sum Vector at the bottom of the matrix. This Sum Vector is the actual
per-“Service Group” bandwidth that was passed through the service group, with each
value within the Sum Vector representing a particular 1-second sample of time. It
should be noted that any simultaneity of bandwidth bursts between subscribers will be
described within this Sum Vector. Thus, a particular instant in time where all of the
subscribers might have simultaneously burst their bandwidths to very high levels

would show up as a very high value at that point in time within this Sum Vector.

[00128]  Fifth, create the Sum Vector’s Bandwidth Probability Density Function
based on the bandwidth samples within the Sum Vector. This Sum Vector’s
Bandwidth Probability Density Function will include a recognition of simultaneity
between bandwidth bursts between subscribers. Again, these PDFs can be created

using the techniques disclosed with respect to step 118 of FIG. 2A, described below.
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[00129]  Sixth, compare the Sum Vector’s Bandwidth Probability Density Function
to the Final Aggregate Bandwidth Probability Density Function. In some
embodiments, one or more of the well-known “goodness-of-fit” tests from the field of
probability and statistics may be used to determine how closely the two Bandwidth
Probability Density Functions match one another. At a high level, the right-most tail
of the two Bandwidth Probability Density Functions may reveal whether the Sum
Vector’s Bandwidth Probability Density Function’s tail reaches much higher values
(with higher probability) than the tail within the Final Aggregate Bandwidth
Probability Density Function. If it does, then the individual subscribers are likely
illustrating a level of synchronicity and correlation between their bandwidth bursts.
However, it is likely that this problem will not be seen to exist in any significant
amount, because it has been seen that subscriber behavior does not tend to be heavily

synchronized and correlated.

[00130] It should be noted that step 116 can only be applied to present-time
samples, hence any inference that it yields information about subscriber bandwidth
independence for the future is only a hypothesis. However, it seems somewhat logical
to assume that if present subscribers display limited correlation between one another’s
bandwidth levels, then future subscribers will likely also display similar uncorrelated

behavior.

[00131] Those of ordinary skill in the art will appreciate that the foregoing test for
correlation between subscriber behavior can easily be automated for implementation

on a computerized device, such as CMTS 118 or other processing device.

[00132] Create Aggregate Bandwidth PDF for Subscribers within the

“Service Group” for a Potentially Different Time-frame

[00133] Once a pdfis created for each subscriber or Subscriber Type grouping
(which may optionally be “fine-tuned and re-normalized"), and optionally once
independence between subscriber bandwidth activities has been ascertained, a Final
Aggregate Bandwidth Probability Density Function for any “Service Group" may be
created at step 118.
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[00134] Step 118 relies on assumptions about the nature of the traffic and some

rules from statistics. In particular, it is well-known from probability and statistics that:

Assuming X and Y are two independent random variables (such as the 1-
second average bandwidth measurements taken from two different
subscribers) and that f(x) and g(y) are the probability density functions of the
two random variables X and Y, respectively, then the sum of those two
random variables produces a new random variable Z=X+Y (which would
correspond to the aggregate bandwidth created by adding the 1-second
bandwidth samples from the two subscribers together), and the new random
variable Z will have a new probability density function given by h(z), where

h(z) = f(x) convolved with g(v).

[00135]  This rule is illustrated by the contrived (non-realistic and simplified)
bandwidth probability density function plots in FIG. 6. The top plot of Fig. 6 shows
the bandwidth probability density function of a particular subscriber #1. The middle
plot of FIG. 6 shows the bandwidth probability densify function of a particular
subscrber #2. The bottom plot of FIG. 6 (in yellow) shows the bandwidth probability
density function resulting from the convolution of the first two bandwidth probability
density functions (at the top and middle of FIG. 6). In other words, the bottom plot of
Fig. 6 is essentially the bandwidth probability density function of a “Service Group”
comprised of subcriber #1 and subscriber #2, whose bandwidths have been summed
together. In this figure, the two subscribers both experience bandwidths of only 1
Mbps and 1000 Mbps. While not realistic, illustration shows how the convolution
process creates all combinations of bandwidths from the subsribers. Their aggregate
bandwidths (in the bottom yellow portion of FIG. 6) illustrate that their “Service
Group” with their combined traffic loads would experience bandwidths of 2 Mbps
(when both are receiving at 1 Mbps), 1001 Mbps (when one is receiving at 1 Mbps
and the other is receiving at 1000 Mbps), and 2000 Mbps (when both are receiving at
1000 Mbps). The actual probabilities of each of these bandwidths are also displayed

by the numbers next to the arrows. The following calculations should be noted:
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i.  prob(aggregate BW is 2 Mbps) = prob(sub #1 is 1 Mbps) * prob(sub #2 is 1
Mbps)
=0.999%0.999
=0.998001
=99.8001%
ii.  prob(aggregate BW is 1001 Mbps) =
[ prob(sub #1 is 1000 Mbps) * prob(sub #2 is 1 Mbps) |
+ [ prob(sub #2 is 1000 Mbps) * prob(sub #1 is 1 Mbps) | =
[0.001%0.999] + [0.001%0.999] =
0.001998 =
0.1998%
ii.  prob(aggregate BW is 2000 Mbps) = prob(sub #1 is 1000 Mbps) * prob(sub
#2 is 1000 Mbps)
=0.001*0.001
=0.000001
=0.0001%.

[00136] Thus, it can be seen that the actions of the convolution tend to reduce the
probabilities of particular bandwidth levels within the “Service Group™ (relative to the
bandwidth probabilities for each individual subscriber). In the end, the area under
each plot must be one to satisfy the required conditions for any probability density

function, and that condition is indeed satisfied in all three of the plots shown in Fig. 6.

[00137]  Actual bandwidth probability density functions from two different, real-
world subscribers are illustrated in FIGS. 7 and 8, respectively, and the resulting
convolution output leading to the aggregated bandwidth probability density function

for a “Service Group” comprised of the two subscribers is shown in Fig. 9.

[00138] It should be noted that the convolution argument described above is only
valid if the two initial random variables (X and Y) are independent random variables.
However, based on analyses similar to the one described in step 116, these
correlations tend to be quite small, and can for the most part, be ignored. On this

assumption, by convolving the two “fine-tuned and re-normalized bandwidth
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probability density functions™ together, a new bandwidth probability density function
that describes the probability of the aggregate bandwidths for their combined packet
streams can be created. It should be noted that, when performing this convolution, it
should be understood that the “fine-tuned and re-normalized probability density
function™ used for a subscriber might be the predicted probability density function for
that subscriber in particular, or it might be the predicted probability density function
for the Subscriber Type grouping to which the subscriber has been mapped. In either
case, the probability density function is a best-guess prediction of that which the user

would display.

[00139]  Once the aggregate bandwidth probability density function for two
subscribers has been calculated using the above convolution rule, then that resulting
aggregate bandwidth probability density function can be convolved with a third
subscriber’s “fine-tuned and re-normalized bandwidth probability density function™ to
create the aggregate bandwidth probability density function for three subscribers. This
process can be carried out over and over again, adding in a new subscriber’s “fine-
tuned and re-normalized bandwidth probability density function™ with each

successive convolution.

[00140] A “Service Group” containing Nsub subscribers would require (Nsub-1)
successive convolutions to be performed to create the Final Aggregate Bandwidth
Probability Density Function describing the aggregate bandwidth from all Nsub
subscribers added together. Since each subscriber’s “fine-tuned and re-normalized
bandwidth probability density function” can be different from those of the other
subscribers, the Final Aggregate Bandwidth Probability Density Function is a unique
function for the unique set of subscribers that were grouped together within the

“Service Group."

[00141]  An example output of this multiple-convolution step is illustrated in FIG.
10 for a real-world “Service Group” containing Nsub=400 subscribers. While this
curve looks like a normal, Gaussian curve, it has been found that its tails do not match
the Gaussian shape. Since, as will be described later, the shape of the tails is the most

important attribute of this curve for purposes of this disclosure, the Gaussian curve
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cannot reliably be used as an approximation to the actual curve calculated via
repetitive convolution. Thus, the repetitive convolution (or the related repetitive FFT)

should preferably be utilized.

[00142] It should be clear that a similar set of (Nsub-1) successive convolution
operations can be performed if the “Service Group™ is alternatively defined to have
Nsub subscribers, with X% of them being a part of a Service Type grouping with the
characteristics of {Tavgl, Tmax1, and Application Active Ratio 1} and Y% of them
being a part of a Service Type grouping with the characteristics of {Tavg2, Tmax2,
and Application Active Ratio 2}. In that case, we would perform (ceiling(Nsub*X%)-
1) convolutions to combine the bandwidth probability density functions of the first
ceiling(Nsub*X%) subscribers. It should be noted that these convolutions would
utilize bandwidth probability density functions created using {Tmax1, Tavgl, and
Application Active Ratio 1} ). Then the results of that initial set of convolutions
would be used as a starting point, and then another (ceiling(Nsub*Y%)-1)
convolutions would be performed to combine the bandwidth probability density
functions of the next ceiling(Nsub*Y %) subscribers with the results of the initial set
of convolutions. These convolutions would utilize bandwidth probability density
functions created using {Tmax2, Tavg2, and Application Active Ratio 2} ). This
would yield a Final Aggregate Bandwidth Probability Density Function describing the
aggregate, combined bandwidth expected for the Nsub subscribers operating within

the “Service Group."

[00143] The above example illustrates the convolution operations required when
there were two different Service Type groupings defined within the “Service Group.”
Extensions of the above approach are obvious if there are more than two different

Service Type groupings within the “Service Group."

[00144] It should be apparent that the above approach can be used for “Service
Groups” of any size (ex: Nsub=50 or Nsub=50,000). The approach can also be used
for “Service Groups™ with any mix of subscriber types (ex: all subscribers with the
same high {Tmax, Tavg, Application Active Ratio} values, or a 50:50 mix of

subscribers with half having high high {Tmax, Tavg, Application Active Ratio}
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values and half having low high {Tmax, Tavg, Application Active Ratio} values, or a
mix with every subscriber having a different set of {Tmax, Tavg, Application Active

Ratio} values.

[00145] When the “Service Group” size grows to be large, the large number of
convolutions that must be performed in this step can be quite time-consuming. As an
example, a “Service Group” containing Nsub-50,000 subscribers would require the
repetitive convolution function to be performed 49,999 times. In addition, the length
of the convolution grows with each repetitive convolution, so the convolution
calculations become quite slow for large Nsub values. Disclosed are several
techniques that can be employed to help accelerate the calculation of the multiple

convolution functions.

[00146]  First, Fast Fourier Transforms (FFTs) can be used instead of the slower
convolutions. If one probability density function has N samples and the second
probability density function has M samples, then each of the probability density
functions must be zero-padded to a length of N+M-1, which will ensure that linear
convolution (and not circular convolution) is performed by this step. The FFT of each
of the zero-padded probability density functions is then calculated. The two FFTs are
multiplied together using complex number multiplication on a term-by-term basis.
Then the inverse FFT of the multiplied result is then calculated. The result of that
inverse FFT is the convolution of the original two probability density functions. This
FFT approach is a much faster implementation when compared to the convolution

approach, so the FFT approach is the preferred embodiment.

[00147] Second, if many of the subscribers use the same {Tmax, Tavg, Application
Active Ratio} values, then a binary acceleration procedure is possible. For example,
assuming for example that a subset of eleven subscribers whose bandwidth
probability density functions will be convolved together have identical {Tmax, Tavg,
Application Active Ratio} values, those eleven subscribers will therefore (by
definition) also have identical bandwidth probability density functions, given by f(x).
The binary acceleration is achieved using the following process. First, convolve f(x)

with f(x) to create the bandwidth probability density function for two subscribers- the
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resulting bandwidth probability density function for two subscribers will be called
g(x). Then convolve g(x) with g(x) to create the bandwidth probability density
function for four subscribers- the resulting bandwidth probability density function for
four subscribers will be called h(x). Then convolve h(x) with h(x) to create the
bandwidth probability density function for eight subscribers- the resulting bandwidth
probability density function for eight subscribers will be called k(x). Then convolve
k(x) with g(x) to create the bandwidth probability density function for ten subscribers-
the resulting bandwidth probability density function for ten subscribers will be called
1(x). Then convolve I(x) with f(x) to create the bandwidth probability density function
for eleven subscribers- the resulting bandwidth probability density function for eleven
subscribers will be called m(x). This result would have required a total of (11-1)=10
convolutions if we had not performed the binary acceleration process. Using this
binary acceleration process, we were able to reduce the total number of convolutions
to 5 convolutions, where the first convolution produced the result for two subscribers,
the second convolution produced the result for four subscribers, the third convolution
produced the result for eight subscribers, the fourth convolution produced the result
for ten subscribers, and the fifth convolution produced the result for eleven
subscribers. This binary acceleration process is even more efficient for larger “Service
Group” sizes. As an example, if we have a “Service Group” with exactly Nsub =
32,768 subscribers and if we assume that all of those subscribers have the same
{Tmax, Tavg, Application Active Ratio” values, then instead of performing (32,768-
1)=32,767 convolutions, we could achieve our desired result by applying the binary

acceleration process and only perform 15 convolutions (since 21° = 32,768).

[00148] Third, it is apparent that the convolution calculations are partition-able
functions that can be distributed across multiple processor cores in a distributed
environment. For example, if a total of 32 convolutions need to be performed, then 16
of them could be placed on one processor core and 16 could be placed on a second
processor core. Once each processor core has calculated its intermediate result, the
two intermediate results could be combined at a third processor core where the final
convolution between the two intermediate results is performed. This divide-and-

conquer approach to the convolution calculations can obviously be distributed across
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even more than two processor cores as long as the results are ultimately merged
together for the final convolution steps. This entire approach also seems to be well-
architected to be divided and run in a parallel, multi-node fashion within a Hadoop
cluster supporting Y ARN or MapReduce environments. So the computation of the

convolutions seems to be well suited for parallelization using multiple servers.

[00149] Determining Available Bandwidth Capacity in the “Service
Group”

[00150] Referring to FIG. 2C, for any sub-system that is passing data to (or from) a
group of subscribers within a “Service Group,” it is preferable to specify the
Available Bandwidth Capacity at optional step 120. Usually, this capacity is dictated
by some potential bottlenecks within the system that limit the total amount of
bandwidth capacity that can be passed through to (or from) the subscribers within the

“Service Group”.

[00151]  These potential bottlenecks can show up in any one of several areas since
the data is usually being processed by many elements. As an example, consider a
DOCSIS environment where the downstream data is passed through a router 16 and
through a CMTS 18 as shown in FIG. 1, onto a fiber-coax distribution system and
then onto a cable modem 14. Potential bottlenecks include the WAN-side port
bandwidth on the router 16, the router processing capacity, the router backplane
capacity, the LAN-side port bandwidth on the router, the WAN-side port bandwidth
on the CMTS 18, the CMTS processing capacity, the CMTS backplane capacity, and
the Cable-side port bandwidth on the CMTS 18 (defined by the number of DOCSIS
channels configured on the coax). Usually, only one of these potential bottlenecks
becomes the limiting bottleneck, which limits the overall capacity of the system to its
lowest value. While any of these potential bottlenecks (listed above) could be the
limiting bottleneck, it is oftentimes found that it is the Cable-side port bandwidth on
the CMTS 18 (defined by the number of DOCSIS channels configured on the coax).

[00152] Regardless of which potential bottleneck is the limiting bottleneck, the

Operator must identify the limiting bottleneck and determine the associated
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bandwidth capacity permitted by that limiting bottleneck. The Operator can always
choose to modify the limiting bottleneck (adding DOCSIS channels, etc.) to increase
the associated bandwidth capacity, but that usually involves added system costs. At
some point, though, the Operator must “nail down” the particular system elements
that they plan to utilize and determine their final limiting bottleneck and their final
associated bandwidth capacity. This final associated bandwidth capacity becomes the

Available Bandwidth Capacity for the “Service Group."

[00153] Calculate a QoE Using the Probability of Exceeding the “Service

Group’s” Available Bandwidth Capacity as metric

[00154]  Once the Final Aggregate Probability Density Function™ has been
calculated for a particular “Service Group™ (using the iterative convolutions from the
previous Step) and once the Available Bandwidth Capacity for the “Service Group”
has been identified, it may be preferable to define a metric to quantitatively measure
the Quality of Experience Level that the subscribers within that “Service Group™ are
likely to experience. Ideally, this would be a metric that ties back to the Final
Aggregate Probability Density Function and the Available Bandwidth Capacity.

[00155] Many different Quality of Experience metrics could be utilized. One
preferred metric that is applicable to many different service types (data, voice, video,
etc.) is the probability that the subscriber actions will request bandwidth levels that
exceed the “Service Group’s”™ Available Bandwidth Capacity. Thus, at step 122 a
desired QoE Level may be specified using the metric of the probability of exceeding
the “Service Group’s™ available bandwidth capacity. The reasoning for using this

metric is straightforward.

[00156] Consider a scenario where an Operator has constructed a system that can
deliver an Available Bandwidth Capacity of 2 Gbps to a “Service Group.” If the
subscribers within that “Service Group™ are never requesting more than 2 Gbps of
actual bandwidth, then it is highly probable that those subscribers will have high
Quality of Experience levels, as shown for example, in FIG. 11. This, of course,

assumes that their data flows are not hindered by other path obstacles, such as server
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overloads at the source or router congestion in the path north of the Operator's

delivery network.

[00157] If, conversely, the subscribers within that “Service Group™ are always
requesting more than 2 Gbps of actual bandwidth, then it is highly probable that those
subscribers will have a low Quality of Experience level, as illustrated in FIG. 12. The
high bandwidth traffic streams (the Offered Load) arriving at the CMTS, such as the
CMTS 18 of FIG. 1, will need to be throttled to the available bandwidth capacity of 2
Gbps by the CMTS box to create a set of lower-bandwidth traffic streams that are
egressed from the CMTS (the Delivered Load). This throttling of the Offered Load
can only be accomplished using packet delays in queues and packet drops within the
CMTS. It should be clear that packet delays and packet drops occur at all network
elements- such as Routers- within the Internet. These delays and drops are likely to
couple back (via the TCP ACK feedback path) to the TCP source and cause TCP to
decrease its congestion window and decrease the throughput of the traffic streams
being sent to the subscribers. The subscribers are likely to see the lowered throughput

values, and those lowered throughput values could lead to lowered QoE levels.

[00158] Fig. 11 thus illustrates an interesting point related to the bandwidth-
sampled measurements take in step 102 of FIG. 2A, i.e. that there is both ingress
traffic and egress traffic that must oftentimes be considered. For example, for the
downstream high-speed data traffic propagating through the network elements of FIG.
1, the ingress traffic for the CMTS 18 arrives from the router 16, and the egress traffic
for the CMTS 18 departs from the CMTS heading towards the combiner 19
downstream of the CMTS 18. Thus, there are many locations at which bandwidth
samples can be taken. Ideally, these bandwidth samples are taken at the ingress side of
the network element where queuing and dropping are likely to play a significant role
in throttling the bandwidth at a “choke point.” For DOCSIS systems, the queuing and
dropping of packets are likely to occur within the Traffic Management & Scheduling
logic of the CMTS. The “choke point™ is likely to be at the CMTS itself, because that
is where available bandwidth capacity from the ingress links (at the top of the CMTS

in Fig. 1) is reduced immensely before the traffic is transmitted on the egress links.
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The ingress bandwidth will oftentimes be higher than the egress bandwidth because of
the packet delays and packet drops that can occur within the CMTS. This is why it is
possible for the ingress bandwidth on the CMTS to exceed the Available Bandwidth
Capacity associated with the egress port on the CMTS. The potentially-higher
bandwidth on the ingress port is sometimes called the “Offered Load,” and the
potentially-lower bandwidth on the egress port is sometimes called the “Delivered
Load.” It is oftentimes true that the Delivered Load is lower than the Offered Load.
The difference between the two values at any point in time represents packet streams
that have been delayed or dropped to lower the Delivered Load levels. These concepts

are illustrated within FIG. 13.

[00159] The extreme examples illustrated within FIGS. 11 and 12 are not the norm.
In the real world, traffic fluctuations can occur, so that Offered Load is sometimes
less than the available bandwidth capacity, yielding a good QoE, but sometimes
greater than available bandwidth capacity, yielding potentially bad or potentially good
Quality of Experience. This is illustrated in FIG. 14.

[00160] Within this specification, the periods of time when the Offered Load is less
than the Available Bandwidth Capacity will describes as “Green” periods of time,
where green implies good QoE- all packets are flowing quickly through the CMTS
without large delays or packet drops. Within this specification, periods of time when
the Offered Load is greater than the Available Bandwidth Capacity will be described
to be “Yellow™ periods of time, where yellow implies possibly bad QoE or possibly
good QoE; some of the packets are flowing through the CMTS with large delays
and/or packet drops during a “Yellow” period of time, but it is not clear if that
“Yellow” event is causing reductions in Quality of Experience. Whether a low QoE
results depends on the nature of the applications that are recipients of the reduced
bandwidth levels. For example, ABR IP Video streams (such as those delivered by
Netflix) are rather resilient to periodic packet delays and packet throughputs because
(a) there are relatively large jitter buffers built into the client software that permits the
incoming packet streams to have periodic reductions or packet losses, and TCP re-

transmissions can easily fill in those gaps; and (b) the adaptive nature of ABR IP
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Video can permit the stream bandwidths to be reduced (using lower resolutions)
if/when packet delays or packet drops are experienced. However, other applications
(such as Speed Tests) can be very sensitive to the packet delays and packet drops that
might occur. Thus, a “Green” event almost always implies good Quality of
Experience, but a “Yellow” event is less clear- it could be implying bad Quality of
Experience for some subscribers and good Quality of Experience for other
subscribers. But at a high level, a “Yellow” event does represent the possibility of

having lowered Quality of Experience.

[00161] Thus, we state that we can get some measure of the Quality of Experience
among subscribers if we monitor the fraction of time that the subscribers within the
“Service Group” are experiencing “Green” events (Prob(“Green™)) and the fraction of
time that subscribers within the “Service Group™ are experiencing “Yellow” events
(Prob(“Yellow™)). It should be noted that if observations are taken over long enough
times, then the fraction of time that subscribers within the “Service Group” are
experiencing “Green” events = probability of experiencing a “Green” event =
Prob(*“Green™) and the fraction of time that subscribers within the “Service Group”
are experiencing “Yellow” events = probability of experiencing “Yellow” event =
Prob(“Yellow™). It should also be noted that Prob(*Green™) + Prob(“Yellow™) = 1.0.
A higher fraction of “Yellow” events (i.e.- a higher value of Prob(“Yellow™)), and
conversely, a lower fraction of “Green” events (i.e.- a lower value of Prob(“Green™))
is an indicator that the Quality of Experience level for subscribers might be lowered.
And a lower fraction of “Yellow™ events (i.e.- a lower value of Prob(*Yellow™)), and
conversely, a higher fraction of “Green” events (i.e.- a higher value of Prob(“Green™))
is an indicator that the Quality of Experience level for subscribers are probably
higher. So although these metrics (Prob(“Yellow™) and Prob(“Green™)) are not

perfect, they are both measurable metrics are useful indicia of Quality of Experience.

[00162] Another useful result of using these two metrics (Prob(“Yellow™) and
Prob(*“Green™)) is that they can also be easily obtained from the Final Aggregate
Bandwidth Probability Density Function combined with the Available Bandwidth

Capacity value. This means that work in the time domain is not necessary to calculate
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the two metrics, and since the defined techniques in the preceding steps permit the
calculation of Final Aggregate Bandwidth Probability Density Functions and
Available Bandwidth Capacity values for “Service Groups™ for future times, using
probability density functions and Available Bandwidth Capacity values to calculate
the Prob(“Yellow™) and Prob(“Green”) will provide more value and more ability to

adapt to the future than working with time-domain samples.

[00163] An exemplary embodiment that calculates the two metrics
(Prob(“Yellow™) and Prob(“Green™)) from a known Final Aggregate Bandwidth
Probability Density Function and a known Available Bandwidth Capacity value for a
“Service Group” proceeds as follows. Recognizing that the area under a portion of the
Final Aggregate Bandwidth Probability Density Function ranging from Bandwidth #1
to Bandwidth #2 yields the probability of the “Service Group™ seeing bandwidth
within the range from Bandwidth #1 to Bandwidth #2. Thus, if Bandwidth #1 is
defined to be at the Available Bandwidth Capacity value and if Bandwidth #2 is
defined to be infinity, then the Prob(“Yellow™) is equal to the area under the Final
Aggregate Bandwidth Probability Density Function between the Available Bandwidth
Capacity value and infinity. In essence, this is the probability that the “Service
Group’s” bandwidth level exceeds the Available Bandwidth Capacity value.

[00164] In a similar fashion, if Bandwidth #1 is defined to be zero and if
Bandwidth #2 is defined to be the Available Bandwidth Capacity value, then the
Prob(*“Green”) = the area under the Final Aggregate Bandwidth Probability Density
Function between zero and the Available Bandwidth Capacity value. In essence, this
is the probability that the “Service Group’s” bandwidth level is less than the Available
Bandwidth Capacity value. These concepts are illustrated in Fig. 15. As the Available
Bandwidth Capacity (defined by the red, dashed line) is moved to higher or lower
bandwidth levels (to the right and left in the figure), the area associated with the
Prob(*“Green™) becomes larger and smaller, respectively. This modification of the
Available Bandwidth Capacity value essentially changes the Quality of Experience

level.
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[00165] Thus, simple and well-known numerical methods to calculate areas
underneath curves can be used to determine both Prob(*‘Green™) and Prob(“Yellow™)
once the Final Aggregate Bandwidth Probability Density Function and the Available
Bandwidth Capacity are known. The Prob(“Green™) value is a metric that can be used
as a worst-case indicator of Good Quality of Experience- it essentially describes the
worst-case (smallest) fraction of time to expect the subscribers within the “Service
Group” to experience Good Quality of Experience. Similarly, the Prob(“Yellow™)
value is a metric that can be used as a worst-case indicator of Bad Quality of
Experience in that it essentially describes the worst-case (largest) fraction of time to
expect the subscribers within the “Service Group™ to experience Bad Quality of
Experience. It should be noted that the actual fraction of time that subscribers will
truly experience Bad Quality of Experience will likely be less than this worst-case
number. As a result, this Prob(“Yellow™) metric actually gives an upper bound on the

amount of time that subscribers will experience Bad Quality of Experience.

[00166] It should be clear that the use of a Bandwidth Probability Density Function
to describe the bandwidth bursts of FIG. 14 loses an important piece of information
that is in Fig. 14. That piece of information describes the temporal locality of the
bandwidth bursts. In the real world, it is clear that there is some dependence between
the temporal location of one bandwidth burst (for a 1-second window) and the
temporal location of other bandwidth bursts (for 1-second windows). Once a burst
begins, there is a higher probability that it will continue to exist in the next few
seconds. However, this effect becomes less and less important when systems have a
relatively low Prob(*Yellow”) value. The probability of ever bursting to “Yellow™ is
low, so the probability of having consecutive “Yellow” intervals is also a low
probability. Since it is to be expected that designs using the disclosed systems and
methods will typically be demanding that Prob(“Yellow’) be low, the fact that the
temporal relationships between bursts are lost in the Bandwidth Probability Density

Functions may be ignored.

[00167] Calculate a QoE Using the Average Time Between Events Where
Actual Bandwidth Exceeds Available Bandwidth as metric
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[00168] The calculations outlined in the previous disclosure pertaining to step 122
give a reasonably good QoE metric using the disclosed Prob(“Green™) and
Prob(*Yellow™) values. High Prob(“Green”™) values and correspondingly-low
Prob(*Yellow™) values correspond to High Quality of Experiences. However, other
metrics may be used in addition, or as an alternative to, the metrics disclosed with
respect to step 122 to provide more or different information on how well or poorly a
particular “Service Group” design will operate. Once the Prob(*"Yellow™) metric is
calculated, this value will also indicate the fraction of time that the “Service Group”
will be experiencing a “Yellow™ event (with the Offered Load being greater than the
Available Bandwidth Capacity). Since the bandwidth samples for the “Service
Group” are taken in known intervals, e.g. every second, this Prob(*Yellow™) metric
also indicates the fraction of bandwidth samples that we expect to show bandwidth
measurements that are greater than the Available Bandwidth Capacity for the “Service

Group.

[00169] Thus, the “Yellow” events are actually scattered in time across all of the 1-
second time-domain samples for the “Service Group.” In some embodiments, it may
be assumed that the “Yellow™ events are not correlated and can occur randomly
across time, hence the average time between successive “Yellow” events (i.e.- the
average time between 1-second samples with bandwidth greater than the Available
Bandwidth Capacity) can be calculated, and in step 124 a QoE can be specified using
the metric of the average time between events where actual bandwidth exceeds

available bandwidth. The simple formula that gives us this new metric is:
Avg. Time Between “Yellow” Events = Sampling Period / [Prob(*Yellow")]

In many of the examples above, a sampling period of 1 second was used. In such a

case, the formula above becomes:

Average Time Between “Yellow” Events = 1 second / [Prob(“Yellow™).
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[00170] The table below indicates how various measurements for Prob(“Yellow™)
(and Prob(“Green”) will convert into Average Time Between Successive “Yellow”

Event values:

[00171] Prob Yellow Prob Green  Average Time Between "Yellow"

0.02 0.98 50 seconds

0.01 0.99 1 min. 40 seconds
0.005 0.995 3 min. 20 seconds
0.001 0.999 16 min. 40 seconds
0.0005 0.9995 22 min. 20 seconds
0.0001 0.9999 2 hours 46 min.
0.00005 0.99995 5 hours 33 min.

[00172] From this table, it can be seen the reductions in Prob(“Yellow™) values
lead to lower probabilities of having a “Yellow™ event, and this in turn leads to much
longer average periods of time between successive “Yellow” events. If the “Service
Group’s” Available Bandwidth Capacity is increased to a level so that the
Prob(*Yellow™) drops to be 0.0001 (and the Prob(“Green”)=0.9999), then the average
time duration between successive “Yellow™ events is 2 hours and 46 minutes. This is
approximately equal to the entire duration of the “Busy Period” that typically occurs
from 8 pmto 11 pm every night. As aresult, it implies that only a single 1-second
“Yellow” event will typically occur in a given night. This may be deemed to be
acceptable to most Operators. If even lower probabilities of “Yellow™ events are

desired, then the average time duration between successive “Yellow” events will be

even longer, and many nights will go by without a single “Yellow™ event occurring.

[00173] The present inventors believe that cost-sensitive Operators might wish to
run their “Service Groups™ with a Prob(“Yellow”)= 0.02 value and a corresponding
(Prob(“Green™)= 0.98. With this network condition, a “Yellow” event will occur
about once every 50 seconds. But since most “Yellow” events are not catastrophic and
since the successive “Yellow” events are likely to impact different subscribers with
each successive event, most subscribers will likely not notice the repercussions of a

“Yellow” event occurring every 50 seconds. Using this design permits the Operator to
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run the “Service Group” with much lower Available Bandwidth Capacities, which
permits them to save investment dollars on equipment needed to provide that
Available Bandwidth Capacity. However, those of ordinary skill in the art will
recognize that different embodiments using this disclosed metric may target different

Prob(*Yellow™) values.

[00174] Speed tests may be one of the most demanding applications, and is very
sensitive to network congestion. It is also a very important tool that operators and
customers both use to measure SLA performance. Therefore, the QoE impact of a
common speed test like OOKLA when using Prob(“Yellow™)=0.02 value may be
examined. This test will typically run in 25 seconds or less, so on average, there may
be a single “Yellow” event once every other speed test. This means the speed test
without the “Yellow” event will run at its full Tmax speed. The other speed test with a
“Yellow” event will run at full speed for 24 of the 25 intervals, but at a reduced rate
for the “Yellow” interval. Even if we assume the capacity is negligible during the
“Yellow” event, the speed test still achieves 96% of its Tmax capacity. If the DOCSIS
Tmax parameter is provisioned with at least 4% additional overhead, then the
consumer can still achieve their contract SLA value despite a single “Yellow” event.
With at least 8% additional Tmax overhead, the consumer can still achieve their
contract SLA value with two “Yellow” events. For this example, the probability of

two “Yellow” events within a single speed test is a very small.

[00175] Those of ordinary skill in the art will appreciate that some embodiments of
the disclosed system may only use the metric described in step 122, while others may
only use the metric described in step 124. For example, as noted above, the metric
described in step 124 (the average time between “Yellow” events) is calculated on the
assumption that the yellow events are not correlated, and although this metric may
still be useful in circumstances where the yellow events do happen to be correlated,
justifying the metric’s use in all circumstances, some other embodiments may
determine whether such correlation exists, and if it does exist, only use the metric
described in step 122. Still other embodiments may use both metrics while other

embodiments may use other metrics not specifically described herein, thus each of the
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steps 122 and 124 are strictly optional, though in preferred embodiments it is certainly

beneficial to establish some metric for quantifying QoE.

[00176] Those of ordinary skill in the art will also appreciate that the steps
previously described do not necessarily have to be performed in the exact order
described. For example, some embodiments may specify available bandwidth prior to
sampling per-subscriber bandwidth usage, or prior to creating probability distribution

functions, etc.

[00177]  All of the previous steps can be performed in real-time (as the network is
operating) or can be performed by sampling the data, archiving the data, and then
performing all of these calculations off-line and saving the results so that the results

can be used in the field at a later time.

[00178] The sampling/archiving approach requires network monitoring tools,
significant amounts of storage and significant post-processing, which may restrict the
number of sites and Service Groups that may be monitored. Conversely, designing a
CMTS/CCAP box with ports or other connections enabling remote monitoring/storing
of data flowing through the CMTS/CCAP may enable massive amounts of data to be
analyzed in real-time and compressed into a more manageable format. While trying to
create a bandwidth pdf per modem may not be realistic, the CMTS may be able to
create Frequency Histogram bins for each of the Subscriber Type groups as well as its
own DOCSIS Service Groups and its NSI port Service Group. This will easily allow a
bandwidth pdf to be created for each in real time. With many CMTSs gathering these

same statistics, a much larger sampling of modems can be created.

[00179] Using these techniques, the system may be able to effectively calculate
Prob(*“Yellow™) in real time for each of its DOCSIS Service Groups. This potentially
enables real-time QoE Monitoring for each and every Service Group, providing a
tremendous boost to network operations trying to determine when each Service

Group’s Available Bandwidth Capacity may be exhausted.

[00180] Determining if the QoE Metrics are Acceptable
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[00181] The techniques described in Steps 102-124 permit the Operator to
calculate several Quality of Experience Metrics, including the Prob(“Yellow™), the

Prob(*“Green”), and the Average Time Between Successive “Yellow” Events.

[00182] In optional step 126, the Operator may determine if the resulting output
Quality of Experience metrics are acceptable or not. Operators can use experience
with customer trouble tickets and correlate the number of customer trouble tickets to
these metrics to determine if the output metrics are a sufficient measure of QoE. They
can also use the results of simulation runs (mimicking the operations of subscribers
and determining when the metrics yield acceptable subscriber performance levels).
Either way, this permits the Operator to eventually define Threshold Values for

Acceptable Operating Levels for each of the Quality of Experience metrics.

[00183] Another technique that can create a more formal correlation between the
Prob(*“Green”) values and the Quality of Experience is to create a simulation model of
the CMTS (or other network element), from which the nature of the associated packet
stream delays and packet drops for a particular system can be determined, and then
subsequently the approximate Quality of Experience Level (such as the OOKLA
Performance Monitor Score or other Performance Monitor Score) of packet streams
within an “Area” (such as a Service Group) can be determined by inserting those
simulated packet delays and packet drops into a real OOKLA run. In some
embodiments, this can be accomplished in a laboratory environment, which can be

accomplished as shown below:

i.  Identify the delay statistics of long-delay bursts associated with a
particular Prob(“Green™) value. This can be accomplished by running
actual collected subscriber packet streams through the CMTS
simulation model. The model preferably buffers the packets and
potentially drops packets when bandwidth bursts occur. The output of
this simulation run will yield delay and drop characteristics that
correspond to the particular “Service Group™ solution;

ii.  Whenever an ingress bandwidth burst occurs from multiple

transmitting subscribers, there should be clear delay bursts occurring
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within the simulation model. These delay bursts are preferably labeled
with a variable i, where i varies from 1 to the number of delay bursts in
the simulation run. For a particular delay burst with the label 1, that
particular delay burst can be roughly characterized by looking at the
worst-case delay Max_Xi experienced by any packet within that i-th
delay burst (Max_Xi). It can also be roughly characterized by the
entire duration Yi (in time) of the delay burst. Compile a list of
(Max_Xi, Yi) tuples for the various delay bursts seen within the
simulation, where Max_Xi indicates the maximum delay and Yi
indicates the burst length associated with delay burst i;

From the list compiled in step (ii), identify the largest Max_Xi value
and the largest Yi value, and place these two largest values together
into a tuple to create (Max Max_Xi, Max_Yi). This anomalous tuple
represents the worst-case scenario of packet delays and packet burst
durations (for the particular “Service Group™ of interest) in subsequent
steps. Thus, a canonical delay burst that delays ALL packets by
Max_Max_Xi within a window of time given by Max_Yi will be
injected into actual packet streams going to an OOKLA Test;

Select a Z value that represents the fraction of the way through the
OOKLA Performance Monitor Tests when the long-delay burst is
injected into the stream of packets associated with the OOKLA Test;
Run a real-world OOKLA Performance Monitor Test, using a real
OOKLA client and real OOKLA server.

Calculate the average number N of canonical delay bursts that would
occur (on average) during the duration of the OOKLA test. If, for
example, the OOKLA test runs for Test Time=40 seconds and bursts
were found to occur (on average) every T=19 seconds, then N =
ceiling(Test Time/T) = ceiling(40/19) = 2 canonical bursts of delay
Max Max_Xi and for a duration of Max_Yi can be inserted into the

path of packets within the OOKLA test;
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Insert an appropriate number N of canonical delay bursts into the
OOKLA packet while the OOKLA Performance Monitor is running,
where the packets receive a Max Max_Xi delay for a period time
given by Max_Yi. This delay is simply added to their normal delays
due to the propagation path. The last Max_Yi canonical delay burst
window should be inserted at a point that is a fraction Z of the way
through the OOKLA test’s completion; and

Measure the OOKLA Performance Monitor Test score (S) for the run
associated with each run with a tuple of values given by
(Max_Max_Xi,Max_Yi,Z,N), and repeat the runs to get a statistical
sampling of S scores, using the worst-case S score to specify the worst-
case OOKLA score for this particular “Service Group™ and using
(Max_Max_Xi, Max_Yi, Z, N) to define the nature of the delay bursts
that attack the OOKLA packet streams. Then create a mapping from
the “Service Group” and (Max_Max_Xi, Max_Yi, Z, N) values to
Prob(*Green™) and to the OOKLA worst-case S score.

[00184] A table of predicted OOKLA Performance Monitor Test scores (S) can be

created for many different “Service Group” system types. The goal is to create a table

associating the worst-case OOKLA Performance Monitor Score (S) with

Prob(*“Green™) values and with associated delay burst values within the

(Max_Max_Xi,Max_Yi,Z N) tuple for each “Service Group” system type in a list of

“Service Group” types. This may be accomplished as outlined below:

1.

Repeat steps i-viii above for a larger number of “Service Group”
configurations, in some embodiments even for hypothetical “Service
Groups” that do not yet exist today;

Identify a particular “Service Group” type from a list of “Service
Groups” containing various arrangements of Nsub subscribers, where
each subscriber has a specifically-defined (Tmax, Tavg, Application
Active Ratio) tuple. This “Service Group” definition should also
specify the Available Bandwidth Capacity within the “Service Group;”
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3. Create models for the Subscriber Probability Density Functions for

each subscriber within the particular “Service Group™ using the
regression models output from Step 108 in FIG. 2A. Use the
convolution methods described above to determine the associated
Prob(*“Green”) value associated with each “Service Group™” and the
Available Bandwidth Capacity within the “Service Group;”

Since this is potentially a hypothetical “Service Group”, there may not
be actual data collected from the service group, hence in some
instances traffic may need to be generated in a CMTS simulation
environment for each subscriber by generating bursts from their per-
Subscriber Bandwidth Probability Density Function models. In
essence, this creates a Cumulative Distribution Function from each
per-Subscriber Bandwidth Probability Density Function model. To
determine the particular bandwidth level generated by a particular
subscriber during a 1-second time window, a uniform random number
generator can be used to access a random Variable J onto the y-axis of
the Cumulative Distribution Function, and then a map can be made
from J across to the Cumulative Distribution Function curve, and then
down to the x-axis to select a 1-second bandwidth value for this
particular subscriber to transmit. Repeated mappings of this nature can
create a representative bandwidth curve for this particular subscriber.
This process can be performed for all subscribers within the “Service
Group.” It should be noted that any localized bunching of bandwidth
that might occur in the real-world will likely not be captured in this
process. If it is desired to add this effect, then multiple 1-second bursts
can be artificially moved together, but determining how to do this may
be difficult;

The bandwidth bursts from all of the subscribers can then be
aggregated together to create an aggregate bandwidth flow through the
CMTS simulation environment. The CMTS simulator can then

perform Traffic Management on the bandwidth and pass the bandwidth
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in a fashion similar to how it would be passed in a real-world CMTS.
The simulation environment can keep track of per-subscriber delay
bursts and packet drops. There will be clear delay bursts within the
simulation model that occur every time an ingress bandwidth burst
occurs. Labeled these delay bursts with a variable 1, where i1 varies
from 1 to the number of delay bursts. For a particular delay burst with
the label 1, that particular delay burst can be roughly characterized by
looking at the worst-case delay Max_Xi experienced by any packet
within that i-th delay burst (Max_Xi). It can also be roughly
characterized by the entire duration Yi (in time) of the delay burst.
Thus alist of (Max_Xi, Yi) tuples can be created for the various delay
bursts seen within the simulation, where Max_Xi indicates the
maximum delay and Yi indicates the burst length associated with delay
burst i. Repeat this for all subscribers;

Search through the list of all subscribers and identify the largest
Max_Xi value and the largest Yi value. Put these two largest values
together into a tuple to create (Max_Max_Xi, Max_Yi). This
anomalous tuple represents the worst-case scenario of packet delays
and packet burst durations in subsequent steps. Thus, a canonical delay
burst that delays ALL packets by Max Max_Xi within a window of
time given by Max_Yi will be injected into actual packet streams going
to an OOKLA Test;

Selecting a Z value which represents the fraction of the way through
the OOKL A Performance Monitor Tests when the long-delay burst is
injected into the stream of packets associated with the OOKLA Test
Run an OOKLA Performance Monitor Test;

Calculate the average number N of canonical delay bursts that would
occur (on average) during the duration of the OOKLA test. If, for
example, the OOKLA test runs for Test Time=40 seconds and bursts
were found to occur (on average) every T=19 seconds, then insert N =

ceiling(Test Time/T) = ceiling(40/19) = 2 canonical bursts of delay
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Max_Max_Xi and for a duration of Max_Yi into the path of packets
within the OOKLA test;

10. Insert an appropriate number N of canonical delay bursts into the
OOKLA packet while the OOKLA Performance Monitor is running. ..
where the packets receive a Max Max_Xi delay for a period time
given by Max_Yi. This delay is added to their normal delays due to the
propagation path. The last Max_Yi canonical delay burst window
should be inserted at a point that is a fraction Z of the way through the
OOKLA test’s completion;

11. Measure the OOKLA Performance Monitor Test score (S) for the run
associated with each run with a tuple of values given by
(Max_Max_Xi,Max_Yi,Z,N). Repeat the runs to get a statistical
sampling of S scores; and

12. Repeat steps 1-11 for many different “Service Groups.” This will
create the desired table showing “Service Group™ type, Prob(“Green™),
(Max_Max_Xi,Max_Yi,Z N), and worst-case OOKLA performance

score (S).

[00185] Dynamically Alter “Service Group” Design in Response to
Unacceptable QoE Metrics

[00186] In steps 122 and 124, threshold values for acceptable operating levels were
defined for each of the QoE metrics (Prob(“Yellow™), the Prob(“Green™), and the
average time between successive “Yellow” Events. If the current QoE metric values
or the futures-based predictions for the QoE metric values (as calculated in Steps 122
& 124) do not yield acceptable results (i.e.- they do not fall on the desirable side of
the Threshold Values), then actions should be taken to “fix” the “Service Group.” The
system can automatically initiate many of these actions once triggered by the
undesirable comparison between the actual QoE metric and the threshold values. As
noted earlier, in some embodiments, service providers may wish to define different

thresholds for acceptable QoE for different service groups, or even different
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thresholds for acceptable QoE for different subscriber service tiers within a service

group.

[00187] Typical actions that can be taken in a DOCSIS Cable environment include:

1.

1.

1v.

V1.

Vil

Sending a message to initiate a node-split (the action the divides the
subscribers in a “Service Group” up into two smaller “Service Groups™ such
that their newly defined “Service Groups™ have lower Nsub values and lower
bandwidth levels and better QoE;

Sending a message to move high-bandwidth subscribers off of the DOCSIS
Cable Service Group environment and into another Service Group (e.g. PON)
environment so that the remaining subscribers in the DOCSIS Cable SG
environment experience lower bandwidth levels and better QoE;

Turning on more DOCSIS 3.0 or 3.1 channels so that the Available Bandwidth
Capacity levels are increased and subscribers experience better QoE;

Turning off DOCSIS 3.0 channels and replacing the DOCSIS 3.0 channels by
new DOCSIS 3.1 channels so that the available bandwidth capacity levels are
increased and subscribers experience better QoE;

Reducing the number of video channels (e.g. leveraging Switched Digital
Video(SDV), converting MPEG-2 to MPEG-4 and/or reducing program
counts), and replacing the video channels by new DOCSIS 3.1 channels so
that the available bandwidth capacity levels are increased, and subscribers
experience better QoE;

Increasing the spectrum of the system by turning on more spectrum so that the
available bandwidth capacity levels are increased and subscribers experience
better QoE; and

Upgrading the HFC plant to a Distributed Access Architecture such as Remote
PHY or Remote MACPHY that will potentially increase the modulation orders
used by DOCSIS 3.1 channels, thus increasing available bandwidth.

Those of ordinary skill in the art will appreciate that this listing is non-exhaustive, and

other actions may be taken to modify a Service Group to obtain acceptable operating

levels.
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[00188] Solution (2) in the Downstream Direction

[00189] As noted earlier, one embodiment of the disclosed systems and methods
includes calculating the required bandwidth capacity given a Service Group size
(Nsub), a particular set of characteristics for a given subscriber mix, and a required
QoE level. This method may be achieved by first performing steps 102-118 shown in
FIGS 2A and 2B.

[00190] Referring to FIG. 16, following step 118, the required Quality of
Experience level is specified at step 202. This input can be given in terms of the
Prob(*Yellow™) value desired, the Prob(“Green™) value desired, or the “Average Time
Between Successive “Yellow” Events” value desired. Those of ordinary skill in the
art will realize that, if any one of these three values are specified, the other two can be
calculated). Thus, regardless of which value is input, the desired Prob(“Green™) value

can be ascertained.

[00191] At step 204, numerical methods may preferably be used to successively
calculate the area underneath the Final Aggregate Bandwidth Probability Density
Function, beginning at zero bandwidth and advancing in a successive fashion across
the bandwidths until the calculated area underneath the Final Aggregate Bandwidth
Probability Density Function from zero bandwidth to a bandwidth value X is equal to
or just slightly greater than the desired Prob(“Green™) value. It should be noted that
this procedure calculates the Cumulative Distribution Function associated with the
Final Aggregate Bandwidth Probability Density Function. The value X is the value of
interest, which is the required “Required Bandwidth Capacity” needed within the

Service Group.

[00192] Finally, at step 206 actions are automatically selected to set up the required
bandwidth capacity within the “Service Group.” The system can automatically initiate
many of these actions once triggered by the previous calculations. Potential such

actions in a DOCSIS cable environment include:

1) turning on more DOCSIS 3.0 or 3.1 channels so that the available bandwidth

capacity levels are established, and subscribers experience the desired QoE;
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2) Turning off DOCSIS 3.0 channels, and replacing the DOCSIS 3.0 channels by
new DOCSIS 3.1 channels so that the available bandwidth capacity levels are
established and subscribers experience the desired QoE;

3) Reducing the number of video channels (e.g. leveraging Switched Digital
Video(SDV), converting MPEG-2 to MPEG-4 and/or reducing program
counts), and replacing the video channels by new DOCSIS 3.1 channels so
that the available bandwidth capacity levels are established and subscribers
experience the desired QoE;

4) Increasing the spectrum of the system by turning on more spectrum so that the
available bandwidth capacity levels are established and subscribers experience
the desired QoE;

5) Scheduling a node split; and

6) Upgrading the HFC plant to a Distributed Access Architecture such as Remote
PHY or Remote MACPHY that will potentially increase the modulation orders
used by DOCSIS 3.1 channels, thus increasing available bandwidth.

Those of ordinary skill in the art will appreciate that this listing is non-exhaustive, and
other actions may be taken to set up the required bandwidth capacity within the

“Service Group.”

[00193]  After the previous steps have been implemented, it may be beneficial to
actually create a formula describing the “Required Bandwidth Capacity” for the
particular system being defined. As can be seen above, “Required Bandwidth
Capacity” is defined to be the particular (smallest) available bandwidth capacity value
or X value calculated above. This can be done by executing the above steps for many
different systems with various mixes of Tavg, Tmax, and Application Active Ratios

on the subscribers. In the end, the desired formula might be of the form:

Required Bandwidth Capacity = f(Tavg, Tmax, Application Active Ratios,
Prob(*“Yellow”))= Nsub*Tavg + Delta(Tavg, Tmax, Application Active Ratios,
Prob(“Yellow™)).
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Once many systems can be observed, the Delta formula can be calculated using

Regression techniques.

[00194] The Nsub*Tavg portion of the formula can be considered the Tavg of the
Service Group (Tavg_sg) and refined further. In this form, Tavg is the average
bandwidth across all subscribers. As noted previously, Tavg may vary for each of the

Subscriber Type groups. So a more accurate representation might be:

Tavg sg = Nsub*Tavg =Y Nsub(i)*Tavg(i) for i=1 ton

where Nsub(1) and Tavg(1) is associated with the 15 Subscriber Type group and
Nsub(n) and Tavg(n) are associated with nth Subscriber Type group.

[00195] The Delta function may also be refined to be:

Delta(Tavg, Tmax, Application Active Ratios, Prob(“Yellow™) =
Tburst + QoE _Delta(Tavg, Tmax, Application Active Ratios, Prob(*Yellow™) =
Tmax_max + QoE _Delta(Tavg, Tmax, Application Active Ratios, Prob(“Yellow™)

where Tburst is the minimum acceptable bandwidth burst rate. For many operators,
this will default to Tmax_max. In less competitive and unregulated areas, an operator

might choose a lower Tburst (e.g. Tburst = 50%*Tmax).
[00196] Solution (3) in the Downstream Direction

[00197] As noted earlier, one embodiment of the disclosed systems and methods
includes calculating the permissible Service Group size (Nsub) given the required
QoE level, the actual available bandwidth capacity, and a particular set of
characteristics for a given subscriber mix. FIG. 17 shows one method 300 that

accomplishes this solution.

[00198] At step 302, a required QoE may be input, using any one or more of the
three metrics described earlier, given by Prob(“Yellow™), Prob(“Green™), or Average
Time Between Successive Yellow Events. Those of ordinary skill in the art will

appreciate that, once one of the three metrics is input, the other two can be calculated.

63



WO 2019/231577 PCT/US2019/028002

[00199] At steps 304 and 306, the available bandwidth capacity within the “Service
Group" and the appropriate set of characteristics (e.g. Tavg’s and Tmax’s, and

application types being used) may be entered, respectively.

[00200] At step 308, aloop - generally comprising steps 102-118 shown in FIGS
2A-2B - is repeatedly performed where the value of Nsub is progressively increased
from an initial value until the largest value of Nsub is achieved that satisfies the three
constraint inputs listed above, e.g. until Nsub has become so large that the required
QoFE metric is exceeded, after which the immediately preceding Nsub value is used as

the output.

[00201] Those of ordinary skill in the art will appreciate that different
embodiments may use different steps in the loop 308. For example, the steps referred
to as optional in the foregoing description of FIGS 2A and 2B may be omitted from
the loop 308 without departing from the scope of the present disclosure.

[00202] Solution (4) in the Downstream Direction

[00203] As noted earlier, one embodiment of the disclosed systems and methods
includes calculating permissible sets of characteristics for a given subscriber mix,
“Service Group” size, required QoF level, and actual Available Bandwidth Capacity.
FIG. 18 shows one method 400 that accomplishes this solution.

[00204] At step 402, a required QoE may be input, using any one or more of the
three metrics described earlier, given by Prob(“Yellow™), Prob(“Green™), or Average
Time Between Successive Yellow Events. Those of ordinary skill in the art will

appreciate that, once one of the three metrics is input, the other two can be calculated.

[00205] At steps 404 and 406, the available bandwidth capacity within the “Service

Group" and a selected "Service Group" size Nsub may be entered, respectively.

[00206] At step 408, aloop - generally comprising steps 102-118 shown in FIGS
2A-2B - is repeatedly performed where values of {Tavg, Tmax, Application Active

Ratio} are gradually increased from an initial value until the combination of {Tavg,
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Tmax, Application Active Ratio} is achieved that satisfies the three constraint inputs
listed above, e.g. until the combination has become so large that the required QoE
metric is exceeded, after which the immediately preceding Nsub value is used as the

output.

[00207] Those of ordinary skill in the art will appreciate that different
embodiments may use different steps in the loop 408. For example, the steps referred
to as optional in the foregoing description of FIGS 2A and 2B may be omitted from
the loop 408 without departing from the scope of the present disclosure.

[00208] Moreover, it should be noted that the foregoing procedure makes the
simplifying assumption that all Nsub subscribers share the same {Tavg, Tmax,
Application Active Ratio} values. This method can be extended, however. to include
various mixes of Subscriber Type groups to yield results with different {Tavg, Tmax,

Application Active Ratio} values.
[00209] Solution (5) in the Downstream Direction

[00210]  Another embodiment of the disclosed systems and methods includes a
method combining Solution (3) and Solution (4). In particular, this embodiment
would require calculating a set of permissible Service Group sizes (Nsub values)
along with a “minimalist” set of characteristics (Tavg, Tmax, and application types)
for a given subscriber mix, required QoE level, and actual Available Bandwidth

Capacity. FIG. 19 shows one method 410 that accomplishes this solution.

[00211] At step 412, arequired QoE may be input, using any one or more of the
three metrics described earlier, given by Prob(“Yellow™), Prob(“Green™), or Average
Time Between Successive Yellow Events. Those of ordinary skill in the art will

appreciate that, once one of the three metrics is input, the other two can be calculated.

[00212] At step 414, the available bandwidth capacity within the “Service Group"
may be entered and at step 416, aloop - generally comprising steps 102-118 shown in
FIGS 2A-2B - is iteratively performed, where the value of Nsub is incremented from

an initial value to a final value, and for each Nsub value, the values of {Tavg, Tmax,
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Application Active Ratio} are gradually increased from an initial value until the
combination of {Nsub, Tavg, Tmax, Application Active Ratio} is achieved that
satisfies the two constraint inputs listed above, i.e. until the combination has become
so large that the required QoE metric is exceeded, after which the immediately
preceding combination of {Nsub, Tavg, Tmax, Application Active Ratio} values is
used as the output for that value of Nsub, and the next iteration of the loop is
performed at the next incremental value of Nsub, until an Nsub value is reached for
which no combination of attributes will satisfy the required QoE metric, after which

the preceding Nsub value is used as the final value.

[00213] Those of ordinary skill in the art will appreciate that different
embodiments may use different steps in the loop 416. For example, the steps referred
to as optional in the foregoing description of FIGS 2A and 2B may be omitted from
the loop 416 without departing from the scope of the present disclosure.

[00214] Moreover, it should be noted that the foregoing procedure makes the
simplifying assumption that all Nsub subscribers share the same {Tavg, Tmax,
Application Active Ratio} values. This method can be extended, however. to include
various mixes of Subscriber Type groups to yield results with different {Tavg, Tmax,

Application Active Ratio} values.
[00215]  Solution (6) in the Downstream Direction

[00216] Another embodiment of the disclosed systems and methods includes a
different combination of Solution (3) and Solution (4). In particular, this embodiment
would require calculating a Service Group sizes (Nsub value) along with a set of
characteristics (Tavg, Tmax, and application types) that satisfy a desired rule for a
given subscriber mix, required QoF level, and actual Available Bandwidth Capacity.

FIG. 18B shows one method 420 that accomplishes this solution.

[00217] At step 422, arequired QoE may be input, using any one or more of the
three metrics described earlier, given by Prob(“Yellow™), Prob(“Green™), or Average
Time Between Successive Yellow Events. Those of ordinary skill in the art will

appreciate that, once one of the three metrics is input, the other two can be calculated.
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[00218] At step 424, the available bandwidth capacity within the “Service Group"
may be entered, and at step 426, a desired rule may be entered. Rules can take many
forms. An example of a rule might be that the QoE Level must be acceptable and that
the Nsub value must be within a pre-specified range and that the total revenues
generated by the subscriber pool must exceed some pre-defined value. Since the
revenue per subscriber is associated with the Tmax setting of the subscriber, the rule
might state that the QoE Level must be acceptable and that the Nsub value must be
within a pre-specified range and that the product of the Nsub value times the Tmax
value must be greater than a particular pre-defined threshold (since the product of the
Nsub value times the Tmax value may be related to the total revenues generated by

the subscriber pool).

[00219] Assuming such a rule, at step 428, the minimum permissible Nsub value
and that maximum permissible Nsub value may be entered, which together define the
pre-specified range for Nsub values. At step 430, the pre-defined threshold value (to
be compared against the product of the Nsub value times the Tmax value) may be

entered.

[00220] At step 432, aloop - generally comprising steps 102-118 shown in FIGS
2A-2B - is repeatedly performed where the value of Nsub is incremented from the
minimum permissible Nsub value to the maximum permissible Nsub value, and for
each Nsub value, the values of {Tavg, Tmax, Application Active Ratio} are gradually
increased from an initial value to a final value until the rule is satisfied- i.e., until the
QoE Level becomes acceptable and the product of the Nsub value times the Tmax
value is greater than the pre-defined threshold. Once a set of values that satisfy the
rule have been found, the resulting combination of {Nsub, Tavg, Tmax, Application

Active Ratio} values is used as the output that satisfies the rule.

[00221] Those of ordinary skill in the art will appreciate that different
embodiments may use different steps in the loop 432. For example, the steps referred
to as optional in the foregoing description of FIGS 2A and 2B may be omitted from
the loop 612 without departing from the scope of the present disclosure.
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[00222] Moreover, it should be noted that the foregoing procedure makes the
simplifying assumption that all Nsub subscribers share the same {Tavg, Tmax,
Application Active Ratio} values. This method can be extended, however to include
various mixes of Subscriber Type groups to yield results with different {Tavg, Tmax,

Application Active Ratio} values.

[00223] Moreover, it should be noted that automated actions can be executed by
the CMTS to dynamically re-configure the network components (e.g. using OpenFlow
or Netconf/Y ANG messages to detour traffic to different ports or to change the
settings on dynamically-configurable Fiber Nodes) to ensure that all of the service
groups are sized to match the {Nsub, Tavg, Tmax, Application Active Ratio}
combination that was output from the above algorithm. This is illustrated in optional

step 434.

[00224] Predicting Forward Life Span of a “Service Group” and

Automatically and Dynamically Altering “Service Group”

[00225]  Another valuable tool that can be used to help trigger actions within an
Artificial Intelligence engine is a disclosed tool that predicts the required bandwidth
capacity on a month-by-month or year-by-year basis, going forward into the future.
This tool preferably performs this calculation with inputs of the current Available
Bandwidth Capacity, the highest and lowest acceptable Prob(“Green™) QoE levels, the
CAGR (Cumulative Annual Growth Rate) for Tmax values, and the CAGR
(Cumulative Annual Growth Rate) for Tavg values. The particular nature of the
“Service Group” should preferably also be specified, which in some manner describes
the size (Nsub) of the “Service Group” and the current (Tmax, Tavg, Application
Active Ratio) values for each of the Nsub subscribers within the “Service Group.”
The CAGR values can be used to re-calculate the (Tmax, Tavg, Application Active
Ratio) values for each of the Nsub subscribers at different months or years into the

future.

[00226] Referring to FIG. 21, with the (Tmax, Tavg, Application Active Ratio)

values for each subscriber at each moment (month or year) in the future, the steps
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102-118 disclosed above may be used to calculate the required bandwidth capacity at
different points in time (by creating the regression-based models of Bandwidth
Probability Density Functions for each subscriber at each point in time, and then
convolving the Bandwidth Probability Density Functions for each set of Nsub
subscribers at each point in time to create the Final Aggregate Bandwidth Probability
Density Function for the “Service Group” at each point in time, and then the Required
Bandwidth Capacity can be calculated for a range of acceptable Prob(“Green™)
Quality of Experience levels. As long as the current available bandwidth capacity is
greater than the required bandwidth capacity for the lowest permissible Prob(“Green™)
QOoE level, then the current “Service Group™ will continue to provide adequate service
and will have a life-span that extends deeper into the future. When the current
available bandwidth capacity is less than the required bandwidth capacity for the
lowest permissible Prob(“Green”) QoE level, then the current “Service Group™ will
not provide adequate service, and will have to end its life-span, thus requiring a
change of some sort. This procedure therefore permits the life-span for the current

“Service Group" to be determined.

[00227] In some embodiments, the number of subscribers may be reduced to
simulate a typical Node-split activity, which turns a single node into two or more
nodes and spreads the Nsub subscribers across the two or more nodes. Also, the Nsub
subscribers may or may not be equally distributed across all the new smaller nodes.
Using this new “Service Group™ definition, the steps listed in the previous paragraph
can be repeated and the life-span of the “Service Group” with a Node-split can be

calculated.

[00228]  Once the tool has created the information on the life-span of the current
“Service Group” (with and without a node split), this information can be used to
trigger dynamic and automatic alteration of the “Service Group™ at an appropriate

time preceding the end of life for the “Service Group.” These alterations can include:

1) turning on more DOCSIS 3.0 channels so that the available bandwidth

capacity levels are established and subscribers experience the desired QoE;
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2) turning on more DOCSIS 3.1 channels so that the available bandwidth
capacity levels are established and subscribers experience the desired QoE;

3) turning off DOCSIS 3.0 channels, and replacing the DOCSIS 3.0 channels
with new DOCSIS 3.1 channels so that the available bandwidth capacity levels
are established and subscribers experience the desired QoE;

4) reducing the number of video channels (e.g. leveraging Switched Digital
Video(SDV), converting MPEG-2 to MPEG-4 and/or reducing program
counts), and replacing the video channels with new DOCSIS 3.1 channels so
that the available bandwidth capacity levels are established and subscribers
experience the desired QoE;

5) Increasing the spectrum of the system by turning on more spectrum so that the
available bandwidth capacity levels are established and subscribers experience
the desired QoE;

6) scheduling a Node split; and

7) Upgrading the HFC plant to a Distributed Access Architecture such as Remote
PHY or Remote MACPHY that will potentially increase the modulation orders
used by DOCSIS 3.1 channels, thus increasing available bandwidth.

Those of ordinary skill in the art will appreciate that this listing is non-exhaustive, and
other actions may be taken to dynamically and automatically alter the “Service

Group."

[00229]  Another potential application is in the Remote PHY case. In a Fiber Deep
R-PHY scenario, there may only be a couple dozen subscribers per R-PHY Device
(RPD). Multiple RPD may be concentrated together to form a single DOCSIS MAC
domain Service Group in order to most effectively utilize CCAP Core resources.
Which RPDs are grouped together can greatly impact each Service Group QoE. An
intelligent tool can analyze subscriber usage to classify them and effectively create a
bandwidth pdf per RPD. The tool can then decide which RPD to group together to get

optimum performance.

[00230] Solution (1) in the Upstream Direction
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[00231] The "upstream" direction in a DOCSIS system is comprised of the flow of
packets propagating from the cable modems in the home through the Hybrid Fiber
Coax plant and to the CMTS and then onward to the Router that feeds the Internet.
Unfortunately, the elements in the network that are likely to be Upstream “choke
points™ are most likely the cable modems within the homes, because the bonded
upstream channels within the Hybrid Fiber Coax hop are probably lower in bandwidth
than any other link in the upstream path. Ideally, the upstream bandwidth samples (of
Step 1) would be measured at the ingress links on these “choke-point” cable modems.
These ingress links on the cable modems are typically Ethernet or WiFi links within
the subscribers” homes. Since there are so many of them, and since they are not
usually accessible, it is much more difficult to acquire bandwidth measurements at
those ingress “‘choke points.” Ideally, this is what could be done and the steps of
solution (1) in the upstream direction can in some embodiments be identical to those
described previously described for the downstream direction, but in this ideal
situation, the bandwidth samples would be taken at the Ethernet and WiFi links within
all of the homes feeding the “Service Group."

[00232] However, where it is impractical to measure these bandwidth samples, an
alternative embodiment, which may introduce some acceptable error, should be used
for the upstream direction. Referring to FIG. 22, the Ethernet and WiFi links are
beneath the cable modems (CMs), and the union of all of those links from all
subscriber homes creates the logical high-bandwidth ingress port for the upstream
system of interest. The queues in the cable modems create the choke points where
packet streams may incur a bottleneck. These cable modem queues are the “choke
points” for the upstream flows, and this is where queueing and delays and packet
drops can occur. The actual upstream hybrid fiber coax is the lower-bandwidth egress
port. Bandwidth sample measurements would ideally be taken at the Ethernet and

WiF1 links beneath the cable modems.

[00233] If access to those points are not available, then the bandwidth sample
collection points should preferably be moved to a different location, such as the

CMTS or at the northbound links or network elements above the CMTS. As a result
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of this modification, the bandwidth samples are taken at the “wrong™ location, and
some form of correction may in some embodiments be made for the morphing that
might take place between the ideal sampling location and the actual sampling
location. These morphs result from the fact that the delays and drops from the cable
modem queues have already been experienced by the packet streams if bandwidth
sample measurements are taken at the CMTS or north of the CMTS. In essence, the
fact that the packets passed through the cable modem queues and Hybrid Fiber Coax
Channels already is likely to smooth out the bursts. In addition, if bandwidth sample
measurements are taken on links or elements north of the CMTS, then the morphs will
also include the impacts resulting from the CMTS processing the Upstream packets
and potentially bunching them together before they are re-transmitted to the north-

bound links, which may reintroduce some burstiness.

[00234]  Thus, sampling at the CMTS (or north of the CMTS) may result in slightly
lowered estimates of the available bandwidth capacity requirements. However, the
CMTS Upstream scheduling cycle is on the order of several milliseconds, which is
small when considering a 1-sec sample window. Accordingly, as long as the entire
upstream scheduler process introduces a minimal amount of delay, e.g. 50 msec, one
plausible embodiment is to simply use the bandwidth samples collected in the CMTS
(or north of the CMTS) and perform the rest of the steps 104-118 without any change.
Alternatively, in other embodiments, the required bandwidth capacities may be
increased slightly for the upstream solution. This may also result in slightly increased
estimates for the QoE, so the resulting QoE levels may be decreased slightly for the
upstream solution. All of these issues can result from the fact that the high peak
bandwidths generated by the cable modems within the measured “Service Group™ will
be clamped to be no higher than the available bandwidth capacity. In addition, the
periods of time when the bandwidth is clamped at the available bandwidth capacity
may be artificially lengthened due to the actions of the queues within the cable
modems. Fortunately, these effects are not typically impacting only a single modem -
these effects will typically impact many modems that happened to be transmitting
when the peak bandwidth is clamped to the available bandwidth capacity level. As a

result, the impact of this clamping effect is distributed across many modems, and the
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morphs for any particular modem are minimal. These issues are all illustrated in Fig.
23.

[00235] In other embodiments, it may be preferable to provide instrumentation in
the CMTS to more accurately measure the upstream traffic. If measurements are taken
and it is known that the CMTS upstream data did not reach any of the congested
"yellow" regions in FIG. 21, then there is very accurate data. If the percentage of time

that the upstream is congested is known, then will define a certain level of confidence.
[00236] Example Instantiations

[00237] A number of different physical embodiments of systems implementing the
foregoing disclosure is possible. For example, as shown in Fig. 24, one particular
instantiation may use white box hardware 500 that can receive one or more Ethernet

links to a CMTS 18 at a relatively high data-rate.

[00238] Ideally, the number of ingress Ethernet links into the white box hardware
should be greater than or equal to the number of active ingress Ethernet links feeding
the CMTS 18. The Ethernet links connected to these input ports on the white box
hardware should also be connected to ports on the router (or switch) to the North of
the CMTS. The downstream packets being directed at the CMTS 18 can then be port-
mirrored and sent to both the CMTS 18 and the white box hardware. Upstream
packets being sent north from the CMTS 18 can also be port-mirrored and sent to both

the Internet and the white box hardware.

[00239]  Since the white box hardware receives every packet sent to and sent from
the CMTS 18, it can record the bandwidth to and from each subscriber IP address on a
second-by-second basis during the busy period. This information can be constantly
updated and archived to a disk within the white box server (or to a remote disk farm).
This permits the white box hardware to continually update and expand on the

accumulated bandwidths for all subscribers, as defined in step 102.

[00240]  Once the data samples have been collected, then the post-processing steps

104 etc. can also be implemented by the processors within the white box server. These
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steps can include communicating via SNMP or CLI or other protocols to the CMTS
18 to acquire information about the particular subscribers attached to the CMTS 18
and their subscriber Service Level Agreement settings. These steps can also include
communicating via SNMP or CLI or other protocols to the CMTS 18 to change
settings on the number of channels or bandwidth of channels in response to the
triggers that are generated as a result of the statistical analyses that are performed

within Steps 104 etc.

[00241] Some of the key advantages of this approach include:
1. its ability to work with any generic CMTS architecture — from Integrated
CCAP to Distributed Access Architectures;
2. its ability to work with any vendor’s CMTS or CM equipment;
3. all of the original data and timestamp information is preserved so additional
analysis can be performed in the future;
4. it aligns nicely with future directions of virtualizing routers and CMTS
functionality into the cloud;
However, some of the drawbacks include the network bandwidth and storage capacity
requirements of the white box server, especially if it must monitor across many

CMTS in a very large system.

[00242]  Alternatively, some or all of the statistical analyses might be performed
within the CMTS. For example, the CMTS 18 could examine every packet passing
through it; assign it to an appropriate Subscriber Type group; and then collect relevant
statistics such as Tavg and calculate the bandwidth pdf for that Subscriber Type
group. The CMTS 18 may also collect relevant statistics for each of its Service

Groups such as Tavg and any associated QoE thresholds for that Service Group.

[00243] In some embodiments where the CMTS 18 performs some of the statistical
analyses, the white box 500 may periodically poll each CMTS 18 in the system to
gather this intermediate data. This can include communicating via SNMP or CLI or
other protocols to the CMTS 18 to acquire information. The polling might be done on
the order of seconds, minutes, hours or days depending on the information being

retrieved. Additional post processing may then be performed by the white box server.
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This may include taking data from multiple CMTS’s 18 and merging the data into a

single profile for the entire system.

[00244] Some of the key advantages of this approach include:
1. it can be implemented across every CMTS, so statistics is being gathered for
every single user.
2. it dramatically reduces the network bandwidth and storage requirements
needed by the white box server.
3. processing is being done in real-time and does not require any post-processing

to see some of the results.

[00245] It could be envisioned that both implementations above could be used
jointly. The functions done in the CMTS 18 provides basic analysis across an
operator’s entire footprint; while a white box server could still receive port-mirrored
packets from a given CMTS 18 where it performs more comprehensive statistical

analyses on the information.

[00246] Those of ordinary skill in the art will appreciate that, although a CMTS 18
as shown and described to illustrate the disclosed subject matter in the context of a
CATYV hybrid-fiber coax architecture, other embodiments of the disclosed systems
and methods may be used in other data distribution systems, e.g. cellular networks,
telephone/DSL networks, passive optical networks (PON), etc. Thus, the disclosed
systems and methods are relevant to any system that delivers data, voice, video, and
other such downstream content from a common source to a multiplicity of customers
via a distribution network, and or delivers upstream content from each of a

multiplicity of customers to a common destination via such a distribution network.

[00247] For example, FIG. 25 shows a distributed access architecture 600 for
distributing content to a plurality of customer or subscriber groups 610 from the
Internet 602 via a router 604 and a network of Ethernet switches 606 and nodes 608.
In this architecture, the router 604 may receive downstream content from the Internet

602 and relay that content along a branched network, controlled by the Ethernet
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switches 606, to nodes 608. Each node 608 services a respective group of subscribers

610.

[00248] The distributed architecture 600 is particularly useful for automated
response to the information gleaned from the probability distribution functions, as
described earlier in the specification. As one example, the router 604 and/or Ethernet
switches 606 may dynamically adjust service group sizes in response to
measurements indicating that QoE is, or will, degrade to unacceptable levels based on
probability distribution functions for a current or future time period. As another
example, the router 604 and/or Ethernet switches may reconfigure customers 610 into
different subscriber groups based on usage patterns so as to reduce the probability that
bandwidth demand on the router 604, or any Ethernet switch 606, rises to a level that
would produce a QoE deemed unacceptable. In still another example, where data to
particular customers or groups of customers may be provided through more than one
Ethernet switch, or links between nodes, different sets of Ethernet switches may be
activated or deactivated during certain times of the day to provide required bandwidth
when it is most likely to be demanded. In still another example, a node split may be
automatically triggered when the systems and methods determine it is necessary, as
described earlier. In still another example, the disclosed systems and methods may
utilize service groups of different sizes, e.g. service group 1 of size four and service
group 2 of size 2 as shown in FIG. 25. Those of ordinary skill in the art will
appreciate that the system 600 provides many different opportunities to automatically,
dynamically respond to information provided by the automated analysis of probability
functions measured by sampling packets of data to subscribers, as described earlier, to

maintain a desired QoE over time.

[00249] Those of ordinary skill in the art will appreciate that in each of the
examples illustrated in the preceding paragraph, it is desirable to perform one or more
of the analyses described earlier (e.g. sampling, creation of a pdf, regression, forward-
time analysis etc.) on each of the Service Groups defined in the system of FIG. 25, as
well as all the intermediate links (e.g. links #1 to #7), as well as the Internet

connection to the router 604,
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[00250] Those of ordinary skill in the art will also appreciate that the automated
response of a system, such as the system 600, may be initiated in many different
manners. For example, the router/CMTS core 604 may include circuitry for
controlling Ethernet switches 606 and/or nodes 608 in response to data measured in
the router CMTS core 604. Alternatively, data measured on the router 604 may be
transmitted to a remote device, such as the white box 500 of FIG. 24 or a remote
server for analysis and subsequent remote automated control of the Ethernet switches
606 and/or nodes 608. In still other embodiments, one or more nodes 608 may include

circuitry for automatically implementing a node split when instructed.

[00251] The above methods provide a powerful way to architect and manage
bandwidth for both present-time and future networks. The methods were described for
examples using High-Speed Data traffic. But since the measurement techniques
(sampling bandwidth every second) are applicable to other traffic types (ex: Video,
Telephony, etc.), the methods can be used in a similar fashion for many different

traffic types.

[00252] Capacity planning in DOCSIS networks are currently based on thresholds
of anticipated utilization, which as noted earlier are typically based on rules of thumb,
such as setting required bandwidth capacity to some multiple of Nsub*Tavg, or some
multiple of Tmax max. However, these rules of thumb do not consider the effect that
the anticipated utilization levels have on user experience, which leads to defensive
upgrades that may cause over-capacity or delayed upgrades that cause customer

dissatisfaction.

[00253] FIG. 26 generally illustrates an improved capacity planning system 700
that monitors network utilization patterns, predicts future trends, and recommends
adjustments to meet those future trends. Specifically, the capacity planning system
700 preferably comprises a network 702 analyzed by a QoE modeler 704 which, using
a subscriber database 703, outputs a QoE model specifying the capacity required for a
satisfactory QoE experienced by subscriber mixes input from the database 103.
Preferably, the QoE modeler 704 samples subscribers at a high resolution to obtain a

representative sampling of subscribers. It will be appreciated that the QoE modeler
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704 may use any of the techniques previously described to determine the capacity
required to satisfy a given desired QoE, e.g. solution (2) referenced earlier in this

specification.

[00254]  The network 700 is also monitored by a Capacity Monitor 706 that
samples the network 700 to collect information on actual network utilization. The
information collected may preferably include information on network topology,
service tiers in the network, and upstream and downstream usage statistics. The
collected information preferably encompasses millions of devices and years of data,

and is stored in a capacity database 708.

[00255]  An adaptive traffic modeler 710, as described in detail later in this
specification, receives and analyses information from the capacity database 708 and
outputs one or more traffic trend models to a network scorer 712. Specifically, the
traffic modeler 710 analyzes the information in the capacity database 708 for past
trends in capacity utilization and uses that analysis to predict future utilization trends.
Preferably, the modeler 710 adaptively models network elements and dynamically
selects from a plurality of models over time to best fit anticipated capacity trends for
each element. In this context, and element could be a node, a router, a group of
subscribers, or any other relevant portion of a network for which predicted capacity

demands are desired.

[00256] The network scorer 712 scores predicted utilization from the traffic trend
models output by the modeler 710, against the required capacity output by the QoE
modeler 704. Based on these scores, the network scorer 712 outputs scores to a
capacity recommender 714. The scores preferably merge network usage, subscriber,
and prediction model information with a QoE transform to indicate network elements
that need upgrading, output as a ranked list of network segments in most urgent need
of additional capacity, along with the scoring data for each element. The capacity
recommender 714, in turn, is preferably a user-facing application that uses the

received scoring information to depict capacity usage trends and predictions.

78



WO 2019/231577 PCT/US2019/028002

[00257] FIG. 27 shows an exemplary adaptive traffic modeler 710, which includes
an adaptive sampler 720, a modeler 722, and a cost analyzer 710. The adaptive
sampler 720 receives from the capacity database 708 an input array 718, denoted as
{sgi(t)}, which quantifies actual capacity utilization of each service group over time.
From this input array 718, the adaptive sampler 720 outputs a peak utilization array
{Psgi(t)} quantifying peak capacity utilization for each service group over time. The
peak capacity utilization may in some embodiments represent peak daily utilization
for a service group, but in other embodiments may represent peak weekly utilization,
peak monthly utilization, etc. The sampling method used by the adaptive sampler 720
may be based on a business objective and implemented via a profile input into the

adaptive sampler 720.

[00258] The modeler 722 receives the peak utilization array {Psgi(t)} and fits the
data to each of a plurality of different models M1, Mz . . . Ma. For example, different
models may be linear, quadratic, exponential, ARIMA, etc. Each of the models, fit to
the peak utilization array, is then analyzed by a model cost analyzer 724 that uses the
peak utilization array and the models to determine a best fit model array {msgi(t)} for
each service group, based on minimizing a cost function C{msgi(t)}. The best fit
model array is forwarded as an output 716 to the network scorer 712. Those of
ordinary skill in the art will understand that the array of best fit models {msgi(t)} may

model different network elements with different ones of the models M1, M2 . . . M.

[00259] FIG. 28 shows an exemplary adaptive sampler 720, which as noted earlier
receives an actual capacity utilization array {sgi(t)} and outputs a peak utilization
array {Psgi(t)}. There are different ways to represent actual capacity utilization, e.g.
maximum peak utilization 728, partial average utilization 730, total utilization 732,
etc. With a conservative sampler, e.g. maximum peak, the prediction model will be
more aggressive in predicting over-capacity, potentially adding cost to the operator
for upgrades in exchange for greater overall capacity, and by extension a higher
likelihood of customer satisfaction. Conversely, with a liberal sampler, e.g. total
average, the predicted upgrade costs may be minimized at the risk of encountering

overutilization of existing capacity. Preferably, the adaptive sampler 720 is capable of

79



WO 2019/231577 PCT/US2019/028002

determining capacity utilization using different ones of these methods, and includes a
selector 734 by which an operator may select a desired sampling method based on
their own objectives. In some embodiments, the sampling periodicity may be adjusted

over the temporal window based on the business objective (profile).

[00260] FIGS 29 and 30 show exemplary utilizations for the adaptive sampler 720,
where each utilization measurement represents the maximum or average utilization
during a week, i.e. each sample represents one week. In other embodiments, the
samples may represent daily or monthly periodicity. In FIG. 29, fifteen minute
average utilizations are represented by max, partial average, and total average curves,
respectively. In FIG. 30, all required utilization capacities are large enough to cover
original utilization data, since required capacity calculations are designed to cover

burst utilizations.

[00261] FIG. 31 schematically shows the operation of an exemplary QoE modeler
704, which receives information from a network 702 and a subscriber database 703.
The network 702 provides detailed network traffic metadata, comprising information
that may be limited in network scope and time range but high in temporal resolution,
to a module 740 that identifies network traffic flows. From these traffic flows, module
742 1dentifies the impact that the flows have on QoE, which in conjunction with
information from the subscriber database 703, may be used in module 744to provide a

model of the impact that capacity has on QoE.

[00262] FIG. 32 schematically shows the operation of an exemplary network scorer
712, which receives information from the QoE modeler 704 and the adaptive traffic
modeler 710. From the QoE modeler 704, the network scorer 712 receives a QoE
model as a function of capacity usage from the entire network. From the adaptive
traffic modeler, the network scorer 712 receives a prediction model of traffic for each
network segment. From this information, the network scorer outputs a ranked list of
network segments in most need of capacity upgrades, along with information
predicting required capacity for each network segment as a function of QoE, i.e. the
network scorer transforms its inputs into an output in a QoE space, by which future

capacity needs can be determined or recommended.
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[00263] It will be appreciated that the invention is not restricted to the particular
embodiment that has been described, and that variations may be made therein without
departing from the scope of the invention as defined in the appended claims, as
interpreted in accordance with principles of prevailing law, including the doctrine of
equivalents or any other principle that enlarges the enforceable scope of a claim
beyond its literal scope. Unless the context indicates otherwise, a reference in a claim
to the number of instances of an element, be it a reference to one instance or more
than one instance, requires at least the stated number of instances of the element but is
not intended to exclude from the scope of the claim a structure or method having
more instances of that element than stated. The word "comprise" or a derivative
thereof, when used in a claim, is used in a nonexclusive sense that is not intended to

exclude the presence of other elements or steps in a claimed structure or method.
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CLAIMS

1. A system comprising:

a first module that receives information from a network providing content to
each of a plurality of subscribers and uses the information to generate a first model,
the first model modeling quality of experience (QoE) of at least one subscriber as a

function of capacity of at least one network element;

a second module that generates a second model that models future capacity of
the at least one network element based on receipt of information measuring actual

usage of the network; and

a third module that uses the first model and the second model to generate a

forecast of required capacity over a future interval.

2. The system of claim 1 where the third module provides the forecast as an

output of required future capacity in a QoE space.

3. The system of claim 1 where the second module includes an adaptive sampler

that measures peak utilization based on samples of actual utilization.

4, The system of claim 3 where the adaptive sampler includes a selector capable

of changing the manner in which the actual utilization is sampled.

5. The system of claim 3 where the adaptive sampler is capable of adjusting the

sampling period based on a periodicity of the samples of actual utilization.

6. The system of claim 3 where the second module includes a modeler that fits

data from the adaptive sampler to each of a plurality of models.

7. The system of claim 1 where the third module outputs a ranked list of network

segments in most urgent need of additional capacity.

8. An adaptive traffic modeler for a network providing content to each of a

plurality of subscribers, the modeler comprising:
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an adaptive sampler that measures peak utilization based on samples of actual

utilization;

a modeler that fits data from the adaptive sampler to each of a plurality of
models and outputs an array of best fit models for each of at least one network

element.

9. The adaptive traffic modeler of claim 8 including a cost analyzer used by the

modeler to determine the array of best fit models based on a cost function.

10. The adaptive traffic modeler of claim 8 where the adaptive sampler is capable
of adjusting the sampling period based on a periodicity of the samples of actual

utilization.

11. The adaptive traffic modeler of claim of claim 8 where the adaptive sampler
includes a selector capable of changing the manner in which the actual utilization is

sampled.

12.  The adaptive traffic modeler of claim 11 where the selector selects from a

maximum peak sampling, a total average sampling, and a partial average sampling.

13.  The adaptive traffic modeler of claim 11 where the selector is based on a

profile input into the selector.

14. The adaptive traffic modeler of claim 8 that samples network utilization for

each of a plurality of service groups.

15. The adaptive traffic modeler of claim 8 capable of outputting different best fit

models for different network elements.
16. A method comprising:

receiving information from a network that provides content to each of a

plurality of subscribers;
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using the information to model quality of experience (QoE) of at least one

subscriber as a function of capacity of at least one network element;

using measurements of actual usage of the network to model future capacity of

the at least one network element; and

using the first model and the second model to generate a forecast of required

capacity over a future interval.

17. The method of claim 16 where the forecast is of required future capacity in a
QoE space.
18.  The method of claim 16 including the step of measuring peak utilization using

samples of actual utilization, and using the peak utilization to model future capacity of

the at least one network element.

19.  The method of claim 18 including the step of selecting from among a plurality

of available options, the manner in which the actual utilization is sampled.

20. The method of claim 18 including the step of adjusting the sampling period

based on a periodicity of the samples of actual utilization.

84



WO 2019/231577

1/30

PCT/US2019/028002

12

INTERNET

16
ROUTER <

I 18
CMTS

T
¢ 3

— 20

<

CM

Lr” Lr”

CM

CM

FIG. 1

>
L/44

CM




WO 2019/231577

2/30

PCT/US2019/028002

100
<

SAMPLE PER-SUBSCRIBER
BANDWIDTH USAGE LEVELS

— 102

'

GROUP SUBSCRIBERS
INTO DIFFERENT UNIQUE GROUPINGS

— 104

'

CREATE PER-SUBSCRIBER
PDF FOR EACH SUBSCRIBER GROUPING

— 106

'

CREATE REGRESSION MODEL FOR PDFS

— 108

'

SPECIFY ATTRIBUTES OF "SERVICE
GROUP" AT POTENTIALLY DIFFERENT TIME

— 110

!

TOFIG. 2B

FIG. 2A



WO 2019/231577 PCT/US2019/028002
3/30

FROMFIG. 2A

Y

CREATE PDF FOR EACH SUBSCRIBER L 41
GROUPING FOR POTENTIALLY DIFFERENT TIME

Y

FINE TUNE PDF — 114

VALIDATE THE INDEPENDENCE

OF BANDWIDTH ACTIVITIES FOR — 116
SUBSCRIBERS IN SERVICE GROUP
DETERMINE AGGREGATE BANDWIDTH PDF
FOR ALL SUBSCRIBERS IN NEVER GROUP — 118

FOR POTENTIALLY DIFFERENT TIME

TO FIG.2C ORFIG. 16
FIG. 2B

FROM FIG.2B

Y

SPECIFY AVAILABLE L 19
BANDWIDTH WITHIN SERVICE GROUP

Y

SPECIFY QoE USING
PROBABILITY OF EXCEEDING SERVICE — 122
GROUP'S AVAILABLE BANDWIDTH

Y

SPECIFY QoE USING AVERAGE

TIME BETWEEN EVENTS N

WHERE ACTUAL BANDWIDTH EXCEEDS 124
SERVICE GROUPS AVAILABLE BANDWIDTH

Y

DETERMINE IF QoE METRICS ARE ACCEPTABLE |— 126

Y

DYNAMICALLY ALTER THE "SERVICE GROUP"
DESIGN IN RESPONSE TO UNACCEPTABLE QoE | 128

FIG. 2C




WO 2019/231577

4/30

A
I I )
| | &
| I = I
I I 3 I
I | "L -
< | Eenl
s \\\\\\g: g
- g
I I I
| I 2 :

| | o
s |
Y

X)) 4 s on
G RN \m\ E é g EE)
e | oo ST

................................ . 3B
D\ & 255

\ NN\ ™

o (]

Tave

1.0
APPLICATION
ACTIVE RATIO

PCT/US2019/028002

FIG. 3



WO 2019/231577 PCT/US2019/028002
5/30

30

00.%e

25

ATTRIBUTE2 15

10

0 9 10 15 20 25 30
ATTRIBUTE 1

FIG. 4A

30

25

20

ATTRIBUTE2 15

10

ATTRIBUTE 1

FIG. 4B



PCT/US2019/028002

WO 2019/231577

6/30

G Ol

09. Ok 02ZL 00L O 08 OL 09 OS5 Or OE 02 O O
(Sdan) Mg = |

0'}< 38 NVO LHOITH
ONILINSIY TV ¥OL (SdaiN
01) HLQIM NIg A9 LHOI3H
MOILS3T1ANVO HOV3 3dIAId

Y
(0'L = SMDILSITANYD T1V ¥3ANN V3auY) 4ad = (X)4

09 Oyl 0ZL O0OL 06 08 0L 09 OS5 Oy O 0Z OL O
(Sdan) mg = |
JAOGY SHOILSTIANYD T1V 40

S1HOI3H 40 ANS A8 LHOIFH
MOILSTTANYO HOV3 3dIAID

\J

(0'k= SMOILSTTANYD T1vV 40 SLHOIFH 40 WNS) WVHOOLSIH AONINDFYA ALY

09, Ok O0ZL O00L 06 08 0L 09 OS5 Or O 0Z O O
(Sdan) mg = |

\J
(SITdWYS 40 # TVLOL= SHOILSTTIANYD T1V 40 SLHOEAH 40 WNS) WVEDOLSIH AONINDIHA

000

€00

900

gog SdEA/EOYd
¢l00

G100

00

€0

90

go ALl18vE0Ydd
¢l0

G0

114
oy
0
08

001

SIONFHINDJ0

«©



PCT/US2019/028002

WO 2019/231577

7/30

(SdaW) Mg~

. .‘
%1000°0 = 90y

Y
(Sdam) md - 000} !
%10 = 804d ,C
%6'66 = 40¥d
Y
(Sdai) md - 000} 0001
%10 = 90¥d C

%666 = 404d

¢4dd « 14dd
=98 ¥04 4dd

c# ans
404 ¢4dd

\#8nS
d04 14dd



WO 2019/231577 PCT/US2019/028002
8/30

00_MERGEDSUBSCRIBERDATATMAX31MEDTAVGROLLUPBYTMAX.CSV
MAX BW (SUM TMAX) = 31
TAVG = 0.6561
SILENT RATIO =0.7258

Ny

107

L LA L LA AL AL LA AL AL L L DAL L AL AL L L L L L BN L AL L AL L B L L AL I U
p il wv Dol vo bl ol Dol vo bl oo Lol v o Dol oo Do ole Do ww Bvad vo Dbk vo Dond v o Dok v o Dol wv Dol oo Doall wo Dal o valid

PDF PDF
10710
10719
0 50 100 150 200
BW (MBPS)



PCT/US2019/028002

WO 2019/231577

9/30

0.4327

4.4643

TAVG =
SILENT RATIO

MAX BW (SUM TMAX) = 31

00_MERGEDSUBSCRIBERDATATMAX31MEDTAVGROLLUPBYTMAX.CSV

_________ LI LU LI (LN L L]

BURLIULES SR R

—| PDF

._I___._l_l_l_l___._u_l_l_l_._.__________ UL

100
BW (MBPS)

P

/

\L
L

Do Jo o ol lon ol

AN n e I nmnn

(=]
o

~

2
=)

-

PDF

Wl boy eloobbleebulvy Il

o

A
o
2

0

1
o
~

50

FIG. 8



WO 2019/231577

107

PDF

10-10

10-15

10/30

CONVOLVEDPDF
MAX BW (SUM TMAX) = 31
TAVG = 5.1205
SILENT RATIO =0.3140

Lo b ve Do v bl on Lol oo Boall oo Dual o el

’,i-

TTI TT TTI Iy |||||||||n]'|'l'|'n|_r|'|11]'rT|'n|Tr|'n|'|'l'|Tl|||||||||||||| L LN L LB RL II|II|II|I“

0 100 200

BW (MBPS)

FIG. 9

PCT/US2019/028002

PDF



PCT/US2019/028002

WO 2019/231577

11/30

000¢

00G1

O IE

(Sdan) mg
0001

00S

00¥ 44d

OS ans 00~ ¥O4 M4 40 4ad

00000

100070

¢0000

€0000

¥000°0

60000

90000

4dd



PCT/US2019/028002

WO 2019/231577

12/30

¢l Old

JNIL
-
Sdg9 2~ = QY01 aI¥3AI3A
- XVNSdE9Z=ALIOVdYOME
IAYONY SINOAYINS Sdg9 €~ = QY01 a3¥3440
sans 9s
¥04 Mg "LSNI

JNIL

= <
AddVH SINOAYIAT

XV Sd99 ¢ = ALIOVdYO Md

SaNns 9S
404 M8 "LSNI



PCT/US2019/028002

WO 2019/231577

13/30

£l Ol

(avo1 a3yaanaa)
140d SS3M93
HLAIMANYE-43MO1

(3Y3H ¥NDD
NVO SdO¥d B SAV13A
3IN3ND LINovd

J1901 ONINNA3HIS

SLAD

(avo1a3y3440)
140d SSTHONI
HLAIMAONYE-HOIH




PCT/US2019/028002

WO 2019/231577

14/30

vl Old

(SL+pl+€l+zl+L U/(yL+2L) = ,3LVLS MOTIFA. IHL NI SI WILSAS LVHL JNIL 40 NOILDOVHA
(GL+pl+€l+ZL+LUASL+E1+11) = ,ALVLS NITHO, IHL NI SI WILSAS LVYHL JNIL 40 NOILOVYA

€l

(aganL V.

<N

27

v

NN

N3FHO

MOTTIA

(SdAW) ALIDVdYD HLAIMANYE J1aV1IVAY

— 00¢€

/———L—— 009

— 006

\J

(SdEN) HLAIMANYY
SSIHONI




PCT/US2019/028002

WO 2019/231577

15/30

Gl old

(Sdaw) mg
0002 005} 000} O? 0
I I _ 00000
_
i SddiN 008 1 1anor
40 ALIOVdYD HLAIMANYS _ H000°0
31GVTIVAV NVHL ¥3LV3HO
SI HLAIMANYE ALIMISVE0¥d= |
R (,MOTTIA.E0Yd = VIHY MOTIIA _ 1 2000°0
_
_ .
I SAEN 008 =ALIOVAYD | 7 €0000  4Qd
HLAIMANY8 31aVTIVAY _
- _ 1 ¥000°0
_
_
. | 1 50000
_
007 40d — _
_ _ 90000
9S 8NS 007 404 Md 40 4ad \
SdeN 008
40 ALIDVdYD H1AIMANYS
19VIIVAY NVHL SST1

SI HLAIMANYE ALITI9YE0YNd =
(,NITYO.) 90¥d = VIHV MOTT3IA



WO 2019/231577

16/30

FROMFIG. 2B

l

SPECIFY REQUIRED QoE LEVEL

PCT/US2019/028002

— 202

'

CALCULATE AREA UNDER
FINAL AGGREGATE BANDWIDTH PDF

— 204

'

AUTOMATICALLY SET UP REQUIRED
BANDWIDTH CAPACITY WITHIN SERVICE GROUP

— 206

FIG. 16

INPUT QoE LEVEL

300
iy

— 302

'

INPUT AVAILABLE BANDWIDTH CAPACITY

— 304

'

INPUT CHARACTERISTICS

— 306

'

LOOP TO FIND MAX NSUB

— 308

FIG. 17



WO 2019/231577

17/30

PCT/US2019/028002

400
4

INPUT QoE LEVEL

— 402

'

INPUT AVAILABLE BANDWIDTH CAPACITY

— 404

'

INPUT NSUB

— 406

'

LOOP TO FIND
COMBINATION OF CHARACTERISTICS

— 408

FIG. 18

410
py

INPUT QoE LEVEL

— 412

'

INPUT AVAILABLE BANDWIDTH CAPACITY

— 414

'

LOOP NSUB, AND FOR
EACH NSUB FIND CHARACTERISTICS

— 416

FIG. 19



WO 2019/231577

18/30

PCT/US2019/028002

420
py

INPUT QoE

— 422

'

INPUT BANDWIDTH

— 424

'

ENTER RULE

— 426

'

ENTER NSUB VALUES

— 428

'

ENTER THRESHOLD

— 430

'

LOOP NSUB VALUES AND FOR
EACH VALUE FIND COMBINATION OF
CHARACTERISTICS THAT MEET RULE

— 432

'

RECONFIGURE NETWORK COMPONENTS

— 434

FIG. 20



PCT/US2019/028002

WO 2019/231577

19/30

Ic OlId

0zZINF  OZNVF  6LINT  BLNYF  8LINT  SLNVP  ZLINM ZLNYP 9LINT SLNWYP
- 0
JnIL %06 =.NITHD.) 0¥d'M
SAVQ 928 =3ONVHO 11dSIAON/M
JONVNHOIYId [e—=
TAVLdIOWNN | 008
\\\\\\\\\ SdEN 9.6 =
-—— ko —+ — — d¥2 M4 TIVAY
\\\\\\\\ 0g, LNTRIND
\\\\\\\\\\ .x,om@ v
\\\\\\\\ =.N3JHO.
- T e N 80Yd M 000}
11dS %06 -~ - wm_r% ,,w_.m_ww
3AON =
IM < %6 s O/M 0S¢l
(NITYD.) |y /- NYdS3dI1
%L'96 "~
ga0yd (,x,mm <> 0051
SFONVHD | %06
. 0S.1
ON/M ) %6 91/81/2 :31vd
(,NIF49.) , 250 7 JONVINHO I3 AVaOL
g0ydd oo\owm % 319VLd300VNN ! 0002
- %06 =(.NITHD. )90Hd F18V.LdIOIV 1SIMOT IHL LNdNI
%86 =(,N3THD.) 808d 1SFHOIH FHL LNdNI (S} ALIOVdYO md



PCT/US2019/028002
20/30

WO 2019/231577

¢c Old

JNOH NIXMNITIHIM JNOH NI MNIT LINY3HLT
(av01a3y3440) 180d
SSIYONI HLAIMANYE-HOIH
(3Y3H ¥NDDO NVQ (3Y3H ¥NDD0 NVQ
SdO¥A ® SAV13Q) Sd0¥d B SAY13Q) -]
3IN3IND LIMOVd O 3aN3NOD 13IMovd WO
(1#av01 a3y¥3AI3a)L80d
SS3IYDT HLAIMANYE-HIMO1
219071 — 8}
ONIINAIHIS
_ SIAD
(z#av01 @3¥3AIT3Q) LHOd
SS3IYOT HLAIMANYE-HIMO1

| ¥31N0Y 9}



WO 2019/231577 PCT/US2019/028002
21/30

YELLOW

GREEN

UP STREAM OFFERED LOAD (INTO ALL CMs)... WITH "GREEN" EVENTS &
"YELLOW" EVENTS SHOWN

900 -

500 AVAILABLE BANDWIDTH CAPACITY (MBPS)

p 4 1 [ \
WY NZNY fg;/

0

TIME
(SEC)

=t et

™M T2 T3 T4 T5

UPSTREAM DELIVERED LOAD #1 (ON CABLE)... WITH "GREEN" EVENTS &
"YELLOW" EVENTS SHOWN

900 -

AVAILABLE BANDWIDTH CAPACITY (MBPS)

6001 — — e e D TR
N ; '

[ | )
300 - ' /// ‘ﬂ/

T6 T7 T8 9 T10

TIME
(SEC)
-




WO 2019/231577

500

PCT/US2019/028002
22/30

12

INTERNET

WHITEBOX |[e—>

16
ROUTER <

I 18
CMTS

T
¢ 3

— 20

JT

-
L/fM L/44

CM CM

>
Lr” Lr”

CM CM

FIG. 24



PCT/US2019/028002

WO 2019/231577

23/30

Gc Old

30IA30 AHd-3LOW3Y = AdY

30IA3A IAON SSIDIV = IAON \#8/ \m 8/
@\ /m \ o , _ e 795 > T #dnowo3omeEs)
00 00 [ X N ] eee| T 7 00
(5ad¥ '93) (vady '93) (eady '93) (zady '93) coe (Lady '93)
G# JAON ¥4 JAON €4 JA0ON Z# 300N L# JAON
>, o~ o~ _
e A EL 09T oh"93)  (o0103) L
G# NI 7 NI (90, 53
SER . i
HOLIMS LINY3HLT HOLIMS LINY3HLT
(007 o m_v|_
Jooe] ZHNI XXX
HOLIMS LINY3IHLT HOLIMS LINY3IHLT
_
909 _ (901 '93)
LN _ o060 _
(3409 SLND "©'3) ¥3LNOY
509 -/ _w_Z

009 \\

¢09



PCT/US2019/028002

WO 2019/231577

24/30

H3ANIWNOO3Y
ALIDVdVYD

piL -
7T3A0N D144V¥1 300

43H00S

4313d0NW

IN3MO
Jld4vil

9¢ OId

431300NW

MHOMLAN

UL »

13QO0W 300

Y3T300N 30D |=

JlddVdL JAILdVAY

€<

0L~

80, -

34Svav.iva
ALIOVdVO

0L -

NHOMLAN

ga ¥y3814osans

g0, -

SN-39vSsn

Sa-39vsN

0/

00£ \‘

90, -

SYdlL ¥3AY3S

A9010d01

HOLINOW ALIOVdVYD




PCT/US2019/028002

WO 2019/231577

25/30

434038
MHOM13AN OL

92.
<

/¢ "Old

81
A

"W o J1140¥d
L1 |
{1)6sd}
HI1dNYS
Sv._mm_& d3100N ~ aALLdvay [«
2L A % 4
{)sw}o

¥IZATYNY LS00 [
¥zl -~
Y313A0N 2144v¥l FAILdvaY

0L~

{4y6s)

ad
ALIQVdYD
NO¥A



PCT/US2019/028002

WO 2019/231577

26/30

{0YBsd)

8¢ 9Old

311404
<«  F9veIAVVLOL
2L~
WL e——  FovuaavviLavd
061~
< ivad WWIXVIA
N »
7
HTTINYS FAILAVAY

02, -



PCT/US2019/028002

WO 2019/231577

27/30

6¢ OlId

JAILL

¥¢ 100 L1 100 0l 130 €0 120 9¢ d3S
_ _ _ _

— 0
NOILVZITILN OAV -
NOILVZIILN DAV MVIAd 8 -——— o
NOLLVZITILN XV ——
V1VA TVNIORHO —

12/0/231a¥0LIINNYIN = I 9S YO SNOILYZITILN

(%NOLLYZITILN



PCT/US2019/028002

WO 2019/231577

28/30

o€ 9old

JNIL
¥¢ 100 L1 100 0l 100 €0 120 9¢ d3S
_ _ _ _ _

— 09

30D 009 Y04 WOOHAV3IH + NOILVZIILN OAV ——
NOILVZITILN DAV ——

30D A00O ¥O4 NOOYHAY3H + NOILVZITILN OAV AVAd 8 -
NOILVZITILN OAV MV3d 8 ——

30D @009 Y04 WOOHAVY3H + NOILYZITILN XYW — —
NOILVZIILN XVN ——

300 @O09O ¥O4 WOOHAY3H + NVIN ¥NOH ZXVad -—
V1VA IYNIORO ——

— 00}

— 06l

— 00¢

12/0/378vOLIANNYIN = I OS HO4 SNOILYZITILN

(%)NOILYZITILN



PCT/US2019/028002

WO 2019/231577

29/30

L& OId

A
g5/ — TAAON 30D
_
T
_ INIWOIS YHOMLIN -
! ML 30IN3S -
Lovan | :301A30 HOV3 HO4 20
300 T3AONW ¥390SANS
vhl -~ H 0L~
1OVdII 30D SMOT4
AdIUNGal | AduNFar [ 1Dovd HHOML3N
— ~ AY3A) NOILNTOSTY TVHOdINIL HOIH - >
el 07. JONVY JNIL QILINIT - ¢0
NEREO]| 3d09S YHOMLIAN QILINIT -
30D VLVYAV.LIW D134vHL YHOMLIN a3 1v13a

y0L -




PCT/US2019/028002

WO 2019/231577

30/30

SA33N ALIDVAYD FHNLNd SANIWWNOI3Y -
ALIDVdYJ @3dIND3Y S101a3¥d -
30VdS 30D OL NI SWHO4SNVYL -

-INJWOIS YHOMLAN 40 1SI7T INNVY

¢t OlId

SHIAI™ISANS WNN ‘FDVSN JAV -H3IL IDIAN3S -

4340DS

-€

MHOMLAN

Jl44VHL INFHHND -
-INJWOIS ¥HOMLIN HOV3 HO4

80/

ad
ALIOVdYD

UL

Jl44W¥L S1I ¥04 TIAOW NOILIId3¥d -
:INJWO3S ¥HOMLIN HOV3 HO4

4373A0N
Jl44Vdl
JAILdVAY

0L~

39VSN ALIDVdYD 04 13Q0W 300 -
ANHYOMLIN FTOHM HO4

437300N
300

0L -




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2019/028002

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO4L12/26 HO4L12/24
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO4L

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

26 February 2014 (2014-02-26)
abstract; figures 4, 5, 6

abstract; figures 1, 5

paragraph [0038]

paragraph [0049] - paragraph [0070]

paragraph [0027] - paragraph [0033]

X EP 2 701 344 Al (SANDVINE INC ULC [CA]) 1-7,

16-20

X US 2007/299746 Al (HALEY MICHAEL R [US] ET 1-7,
AL) 27 December 2007 (2007-12-27) 16-2

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

23 July 2019

Date of mailing of the international search report

06/08/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Hanigk, Sebastian

Form PCT/ISA/210 (second sheet) (April 2005)




International application No.
INTERNATIONAL SEARCH REPORT PCT/US2015/028002
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

see FURTHER INFORMATION sheet PCT/ISA/210

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ US2019/ 028002

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

Continuation of Box II.1

Claims Nos.: 8-15

Independent claim 8 specifies an adaptive traffic modeler for a network
using samples of actual utilization. While it is unclear if this
utilization refers to network utilization, subscriber utilization, or
another kind of utilization, this term in its breadth does not clearly
specify a technical feature; similarly, the providing of content to
subscribers also does not specify a technical feature per se. As the
subject-matter of claim 8 therefore merely recites a mathematical or
mental act according to Rule 39(i) PCT resp. Rule 39(iii) PCT, and as the
dependent claims 9-15 do not provide any further clear technical
features, the subject-matter of the claims 8-15 therefore constitutes
subject-matter for which the International Searching Authority is not
required to carry out a search (Art. 17(2)(a)(i) PCT).




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2019/028002
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 2701344 Al 26-02-2014  CA 2821536 Al 20-02-2014
EP 2701344 Al 26-02-2014
US 2014052847 Al 20-02-2014
US 2007299746 Al 27-12-2007  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




