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NETWORK TRAFFIC TUNING

BACKGROUND

[1001] Various methodologies can be used to conserve energy in communications
networks. For example, Institute of Electrical and Electronics Engineers Ethernet
(IEEE) standards define two techniques to save energy on an Ethernet link. One
methodology is to place the physical layer of a network resource in a low-power state
so that the Ethernet link is not signaling idle at full speed and power.

[1002] The other methodology is to provide physical layer signaling to indicate when
no further data will be transmitted and provide an indication that after a time delay
(e.g., at a wake time) data transmission will restart. Additionally, the transmitter and
the receiver of an Ethernet link can negotiate a change of a wake time. This enables
the wake time, which can result in network traffic latency, to be traded against
increased energy savings because a longer wake time will likely allow devices to go

into a lower power mode, thereby increasing energy savings.

[1003] In addition to power consumption and latency, network traffic may have a
variety of communication needs related to different network parameters. For
example, such network parameters can also be related to bandwidth, availability,
security, or other characteristics of network communication. Because network
resources such as network switches handle traffic with differing communications
needs, multiple network parameters can be relevant to configuring network

resources to meet communications needs of network traffic.

BRIEF DESCRIPTION OF THE DRAWINGS

[1004] FIG. 1 is a schematic block diagram of a network resource, according to an

implementation.

[1005] FIG. 2 is an illustration of energy conservation modes of the network resource
illustrated in FIG. 1, according to an implementation.

[1006] FIG. 3 is a flowchart of a network scheduling process, according to an

implementation.
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[1007] FIG. 4 is an illustration of a network scheduling process using a traffic

scheduling system, according to an implementation.

[1008] FIG. 5 is a schematic block diagram of a traffic scheduling system, according

to an implementation.

[1009] FIG. 6 is a schematic block diagram of computing device implementing a

traffic scheduling system, according to an implementation.

[1010] FIG. 7 is a flowchart of a network scheduling process, according to an

implementation.

[1011] FIGS. 8 and 9 are schematic block diagrams of a tuning engine, according to

an implementation.

[1012] FIG. 10 is a schematic block diagram of a tuning system, according to an

implementation.

[1013] FIG. 11 is a schematic block diagram of a tuning engine of the tuning system
illustrated in FIG. 10, according to an implementation.

[1014] FIGS. 12A — 12D are schematic block diagrams of the prediction engine

illustrated in FIG. 11, according to various implementations.

[1015] FIGS. 13 and 14 are schematic block diagrams of a tuning engine of the
tuning system illustrated in FIG. 10, according to various implementations.

[1016] FIG. 15 is a flowchart of a network scheduling process, according to an

implementation.

[1017] FIG. 16 is an illustration of a data structure representing a scheduling plan,

according to an implementation.

[1018] FIG. 17 is an illustration of a data structure representing a rule, according to

an implementation.

[1019] FIGS. 18A — 18E are illustrations of the data structure representing the
scheduling plan shown in FIG. 16, according to an implementation.

[1020] FIG. 19 is a flowchart of a network energy conservation process, according to

an implementation.
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[1021] FIGS. 20A — 20E are an illustration of a network scheduling process,

according to an implementation.

DETAILED DESCRIPTION

[1022] Energy savings can be achieved by profiling network traffic (i.e., data
communicated within a communications network). For example, network traffic can
be monitored and analyzed to identify properties of that network traffic. As a specific
example, profiling network traffic can reveal that current network traffic does not
include network traffic that requires low-latency communication. As a result, data
packets can be grouped and transmitted in bursts. Such handling can enhance the
time network resources remain in a low-power (or energy) state to increase energy

savings.

[1023] Systems and methods are discussed below that consider various network
parameters of network traffic to configure network resources to satisfy
communication needs of network traffic (or network applications generating network
that traffic). For example, examples of systems and methods discussed below
consider information about network parameters related to power consumption,
latency, bandwidth, availability, security, and/or other characteristics of network
communication and determine how to configure network resources in a time domain
to satisfy one or more objectives related to those network parameters. As a specific
example in the context of energy savings discussed above, bandwidth and security
communication needs in addition to latency can be considered when determining

how to configure network resources.

[1024] Software-defined networking (SDN) is an approach to communications
networks in which network resources (e.g., network switches and routers)
communicate with a network controller, which may also be referred to as an SDN
controller, to determine which data paths network flows should propagate through a
communications network. Communications networks (also referred to as networks)
that use SDN techniques are referred to as software-defined networks. SDN
technology can provide access to information about multiple factors such as the
network hardware configuration, network topology, and information about network
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requirements and/or expected network traffic from network applications (i.e.,

applications or services that communicate via networks).

[1025] Some network applications communicate with SDN applications that interact
with an SDN controller to, for example, collect and provide information about pending
traffic for a network. Pending traffic for a network is network traffic that a network
application or network applications will transmit via the network. Such information
can include network requirements of network applications, network requirements of
expected network traffic from network applications, and/or information about network
traffic for such network applications. An SDN application can provide such
information in real time (i.e., as such information becomes available) and/or a priori
via a control plane of a network. Additionally, some SDN applications interact with
the SDN controller to request modifications to a software-defined network to improve
functionality, properties, or behaviors of network applications. Implementations
discussed herein can use information about network traffic — such as information
available from SDN applications — to configure network resources to meet objectives

such as enhancing energy efficiency of networks.

[1026] The information about pending traffic for (i.e., to be transmitted via) a network
can be provided to a traffic scheduling system to describe network communication
needs such as timing requirements (i.e., requirements or preferences) for the
network communications of network applications (e.g., sources and/or destinations,
latency, jitter, bandwidth, throughput, quality of service (QoS), and/or other
properties of network communications). For example a list of network
communications needs such as, for example, timing requirements such as “no earlier
than” timing or “no later than” timing, or a set of interrelated network communications
with triggers and interdependencies, to describe scheduling flexibility and constraints

for the network communications.

[1027] A traffic scheduling system hosted at or in communication with an SDN
controller can use such information about the pending traffic (e.g. pending flows) for
a network to generate descriptions of the network traffic in that network. These
descriptions can be combined with a representation (or description of overlay) of the
network to describe how the workload for supporting the network traffic at network
resources of the network is distributed to each network resource. Thus, the traffic
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scheduling system can determine how the components such as hardware resources

of each network resource will be (or are) utilized.

[1028] The traffic scheduling system can analyze this information to define
scheduling plans for the network to arrange when and/or via which network
resources network communications occur. A scheduling plan represents network
traffic and network resources to handle that network traffic in a time domain. For
example, a scheduling plan can include information about data that will be
transmitted via a network at which times and network resources that will handle (i.e.,

receive and transmit network traffic along a path to a destination) that network traffic.

[1029] The traffic scheduling system uses information provided by, for example, SDN
applications, from network applications, and/or from profiling network traffic to
determine how network resources should be configured to meet the timing
requirements and/or preferences of the network traffic and other objectives such as
energy conservation. In some implementations, a traffic scheduling system tunes
scheduling plans to meet timing requirements (i.e., required or preferred temporal
properties) of the network traffic and other objectives according to priorities. As
specific example, the tuning of the scheduling plans can be configured to tune for
meeting timing requirements of the network traffic and one or more preferences such
as lowest possible power consumption, lowest traffic latency, high bandwidth, high
availability, a preferred or desired level of security, or some other network traffic

property or properties.

[1030] Moreover, the traffic scheduling system may group traffic by specific needs,
such as low latency, high availability, or lower power, to create separate scheduling
plans for each group, and then combine the scheduling plans for the groups. This
combined scheduling plan can be used to configure the network resources of a
network to realize (or implement) the combined scheduling plan in the network.
Moreover, in some implementations, the traffic scheduling system can tune the
groups separately or combined and some groups may take priority over other groups
when combining and/or tuning the scheduling plans. In other words, some network
traffic parameters can be prioritized over other network traffic parameters.

[1031] As one example of a network traffic parameter, managing network traffic to
allow network resources (e.g., network interface cards, physical layer devices such
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as PHYs, network switches, and network routers) to remain in low-energy states can
improve energy efficiency of networks. For some network resources, the longer
these network resources can remain idle (i.e., the longer the inactive periods of
these network resources), the more sub-systems or components can be configured
to low-energy states, resulting in increased energy conservation and efficiency.
Some systems, methods, and apparatus discussed herein provide for management
of networks to conserve energy used by the network resources of those networks.
As a specific example, some implementations discussed herein are directed to
increasing inactive periods of network resources to increase the number of
components of those network resources that can be configured into low-energy
states.

[1032] FIG. 1 is a schematic block diagram of a network resource, according to an
implementation. A network resource is a device or system that facilitates
communication within a network. For example, network interface cards, physical
layer devices such as PHYs, network switches (also referred to herein as switches),
and network routers (also referred to herein as routers) are examples of network
resources. Such network resources can include a variety of components or sub-
systems that may be configured into low-energy (or low-power) states. Low-energy
states are operational states that conserve energy as compared with other states.
Network resource 100 includes five components (or sub-systems) that implement
various functionalities of a network resource such as a network switch. In other
implementations, a network resource can include more or fewer components than
illustrated in FIG. 1 with different functionalities or combinations of functionalities of

that network resource as compared with network resource 100.

[1033] Network resource 100 includes physical layer component 110, MAC (medium
access control) layer component 120, memory resources component 130, forwarding
resources component 140, and management resources component 150. Physical
layer component 110 includes, for example, physical layer hardware resource such
as transmitters, receivers, PHYs, or other physical layer resources of network
resource 100. MAC layer component 120 includes, for example, link layer hardware
resources of network resource 100. Memory resources component 130 includes, for
example, hardware memory resources used for packet storage such as DMA (direct

memory access) controllers, buffer memory, or other memory resources of network
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resource 100. Forwarding resources component 140 includes, for example,
forwarding hardware resources such as ASICs (application-specific integrated
circuits) and other logic circuitry of network resource 100. Management resource
component 150 includes resources such as ASICs, processors, or other resources
that implement or support management functionalities of network resource 100.

[1034] In this example, each of physical layer component 110, MAC layer component
120, memory resources component 130, forwarding resources component 140, and
management resources component 150 can be configured or put into a low-energy
state with an associated energy conservation measure. The energy conservation
measure for the low-energy state of each of physical layer component 110, MAC
layer component 120, memory resources component 130, forwarding resources
component 140, and management resources component 150 is an estimate,
assumed, predicted, calculated, measured, or otherwise determined quantity of
energy that can be conserved (e.g., per unit of time) by configuring that component
of network resource 100 into that low-energy state. In other words, the energy
conservation measure is an amount or quantity of energy savings that is expected

when a component of network resource 100 is in a low-energy state.

[1035] Typically, configuring components of network resource 100 into and out of
low-energy states defines a period of time that limits under which conditions a
particular component can be configured into a low-energy state to conserve energy.
For example, if a component of network resource 100 will be idle for a period of time
exceeding the amount of time required to configure that component into and out of a
low-energy state, configuring that component into the low-energy state may
conserve energy without disrupting network traffic. However, if that component of
network resource 100 will be idle for a period of time equal to or less than the
amount of time required to configure that component into and out of a low-energy
state, configuring that component into the low-energy state may disrupt network
traffic (i.e., that component may not be in an active or functional state when it should
be available to communicate data). Some implementations discussed herein are
directed to increasing idle or inactive periods for network resources to allow

components of those network resources to be configured into low-energy states.

[1036] FIG. 2 is an illustration of energy conservation modes of the network resource

illustrated in FIG. 1, according to an implementation. As used herein, the term
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“‘energy conservation mode” refers to a configuration of one or more components of
a network resource in low-energy states. The upper five horizontal bars indicate
whether an associated component of network resource 100 is configured in a low-
energy state. The bottom horizontal bar indicates when a network resource should
be active to handle network traffic. The sections of this bar with hatching indicate
when network resource 100 can be inactive (e.g., does not need to handle network
traffic). Such information can be determined from scheduling plans discussed

herein.

[1037] The sections of the bars associated with components of network resource 100
with hatching indicate that that component can be configured into a low-energy state.
More specifically, if network resource 100 will be inactive for a period of time at least
as long as T1, physical layer component 110 can be configured into a low-energy
state, and MAC layer component 120, memory resources component 130,
forwarding resources component 140, and management resources component 150
can remain in another state. This configuration of the components of network
resource 100 can be referred to as an energy conservation mode of network
resource 100. In this energy conservation mode, network resource 100 can be said
to conserve an amount of energy substantially equal to the energy conservation
measure of physical layer component 110. As illustrated in FIG. 1, network resource
100 can be configured in this energy conservation mode at times A, H, K, and M
because network resource 100 can be inactive for time periods at least as long as T+
at these times. Network resource 100 cannot be configured in this energy
conservation mode at times C, E, F, L, and P because network resource 100 cannot
be inactive for time periods at least as long as T1 at these times.

[1038] Similarly, if network resource 100 will be inactive for a period of time a least
as long as T2, physical layer component 110 and MAC layer component 120 can be
configured into low-energy states, and memory resources component 130,
forwarding resources component 140, and management resources component 150
can remain in another state. This configuration of the components of network
resource 100 can be referred to as another energy conservation mode of network
resource 100. In this energy conservation mode, network resource 100 can be said
to conserve an amount of energy substantially equal to the sum of energy

conservation measures of physical layer component 110 and MAC layer component
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120. As illustrated in FIG. 1, network resource 100 can be configured in this energy
conservation mode at times I, N, and O because network resource 100 can be
inactive for time periods at least as long as T2 at these times.

[1039] Additionally, if network resource 100 will be inactive for a period of time a
least as long as Ts, physical layer component 110, MAC layer component 120, and
memory resources component 130 can be configured into low-energy states, and
forwarding resources component 140 and management resources component 150
can remain in another state. This configuration of the components of network
resource 100 can be referred to as yet another energy conservation mode of network
resource 100. In this energy conservation mode, network resource 100 can be said
to conserve an amount of energy substantially equal to the sum of energy
conservation measures of physical layer component 110, MAC layer component
120, and memory resources component 130. As illustrated in FIG. 1, network
resource 100 can be configured in this energy conservation mode at times D and R
because network resource 100 can be inactive for time periods at least as long as Ts

at these times.

[1040] Moreover, if network resource 100 will be inactive for a period of time a least
as long as T4, physical layer component 110, MAC layer component 120, memory
resources component 130, and forwarding resources component 140 can be
configured into low-energy states, and management resources component 150 can
remain in another state; and if network resource 100 will be inactive for a period of
time a least as long as Ts, physical layer component 110, MAC layer component
120, memory resources component 130, forwarding resources component 140, and
management resources component 150. Each of these two configurations of the
components of network resource 100 can also be referred to as energy conservation
modes of network resource 100. In the former energy conservation mode, network
resource 100 can be said to conserve an amount of energy substantially equal to the
sum of energy conservation measures of physical layer component 110, MAC layer
component 120, memory resources component 130, and forwarding resources
component 140. As illustrated in FIG. 1, network resource 100 can be configured in
this former energy conservation mode at times B and J because network resource
100 can be inactive for time periods at least as long as T4 at these times. In the

latter energy conservation mode, network resource 100 can be said to conserve an
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amount of energy substantially equal to the sum of energy conservation measures of
physical layer component 110, MAC layer component 120, memory resources
component 130, forwarding resources component 140, and management resources
component 150. As illustrated in FIG. 1, network resource 100 can be configured in
this latter energy conservation mode at times G and Q because network resource
100 can be inactive for time periods at least as long as Ts at these times.

[1041] Said differently, in this example, network resource 100 has five energy
conservation modes, and the energy conservation mode into which network resource
100 can be configured depends on the period during which network resource 100 will
be inactive. The longer the inactive period (i.e., the period of time during which
network resource 100 will be inactive), the more components of network resource
100 can be configured into low-energy states, resulting in more energy savings (or
conservation) both in the aggregate and per unit of time.

[1042] As examples, T1 can be on the order of microseconds, T2 can be on the order
of milliseconds, Ts can be on the order of tens milliseconds, T4 can be on the order
of hundreds of milliseconds, and Ts can be on the order of seconds to minutes. In
other implementations, the inactive periods for each energy conservation mode and
low-energy state of components of a network resource can be different than these
examples. Moreover, in some implementations, an energy conservation mode can
include shutting down a network resource. For example, a network resource can be
configured into a sleep mode or offline mode as an energy conservation mode.
Network scheduling processes and systems discussed herein can define scheduling
plans for networks (or network scheduling plans) that increase inactive periods of

network resources to reduce energy consumption of a network.

[1043] FIG. 3 is a flowchart of a network scheduling process, according to an
implementation. Networking scheduling process 300 can be implemented or
realized at a variety of hosts. For example, process 300 can be implemented at one
or more computing systems implementing a traffic scheduling system. As another
example, process 300 can be implemented at logic circuitry such as one or more
ASICs implementing a traffic scheduling system. As yet another example, process
300 can be implemented at a combination of one or more computing systems and
logic circuitry. Additionally, functionalities or actions described herein as being

10
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performed by process 300 should be understood to be performed by a host
implementing process 300.

[1044] In the example illustrated in FIG. 3, SDN applications communicate with
network applications to determine what pending traffic will be generated at or by
those network applications at block 310. SDN applications can also communicate
with network applications to determine the network communication needs such as
timing requirements of the pending traffic that will be generated at or by those
network applications. For example, a collaboration network application can provide
information to an SDN application about the number of video streams, audio
streams, and/or collaboration sessions users of that network application have
requested. Additionally, that collaboration network application can indicate to SDN
application network communication needs of those video streams, audio streams,
and/or collaboration sessions such as bit rates, jitter requirements, QoS
requirements, and/or latency requirements, for example. The SDN application can
then provide this information to a traffic scheduling system implementing process
300.

[1045] As illustrated in FIG. 3, information describing pending traffic for a network is
collected at a traffic scheduling system at block 320. For example, information about
pending traffic for a network that describes the network communication needs such
as timing requirements for the network communications of network applications can
be received from SDN applications. In some implementations, this information can
be accessed at SDN applications. In other implementations, SDN applications can
send this information to a traffic scheduling system implementing process 300.

[1046] Initial scheduling plans for network resources available to handle the pending
traffic are then generated at block 330. Each initial scheduling plan generated at
block 330 identifies a combination of one or more network resources that can handle
the pending traffic (i.e., transfer the pending traffic from a source to a destination)
and describes timing properties for those network resources and/or data packets of
the pending traffic that satisfy the various network communication needs (e.g., timing
requirements) of the pending traffic.

[1047] For example, process 300 can access descriptions of network resources
available in a network to handle the pending traffic (i.e., transfer the pending traffic

11
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between two endpoints while satisfying various requirements such as timing
requirements of the pending traffic) and the network communication needs of the
pending traffic received at block 320. The initial scheduling plans can be generated
at block 330 by first identifying groups of one or more network resources of those
network resources that can individually or collectively handle the pending traffic.
That is, identifying groups of one or more network resources of those network
resources that can individually or collectively transmit the pending traffic through the
network from a source to a destination. These combinations of network resources
represent different paths through that network, with different properties (e.g., latency,

security, redundancy, and throughput).

[1048] The initial scheduling plans can then be generated from those groups of
network resources by varying configurations such as timing configuration of the
network resources in these groups of network resources and/or data packets of the
pending traffic according to network communication needs (e.g., timing
requirements) of the pending traffic. As other example initial scheduling plans can
be generated by varying — within the initial scheduling plans — configurations or
properties of the network resources in these groups of network resources and/or
data packets of the pending traffic related to network traffic parameters such as
power consumption, traffic latency, bandwidth, high availability, quality of service
(Q0S), a preferred or desired level of security, or some other network traffic property
or properties The various combinations of network resources and configurations are

described in the initial scheduling plans.

[1049] In some implementations, preferences are accessed and considered at block
330 to generate initial scheduling plans that satisfy such preferences. For example,
such preferences can specify a maximum latency or minimum latency for network

traffic. Initial scheduling plans that would violate either preference can be discarded

or not generated at block 330.

[1050] At block 340, one or more scheduling plans derived from the initial scheduling
plans are analyzed to identify a scheduling plan or combination of scheduling plans
that most effectively meets one or more objectives. The scheduling plans analyzed
at block 340 can be derived from the initial scheduling plans by a tuning system

including one or more tuning engines as discussed in more detail below. In other

12



WO 2015/174989 PCT/US2014/038207

implementations, the scheduling plans derived from the initial scheduling plans are
the initial scheduling plans themselves.

[1051] In some implementations, preferences or objectives for tuning defined by
preferences can be prioritized, and priorities of preferences can be accessed at
block 340 to determine which objectives are more important or preferred in
comparison with other objectives. Thus, the scheduling plans can be analyzed
based on prioritized objectives, and scheduling plans satisfying high priority
objectives can be identified over scheduling plans satisfying only lower priority

objectives.

[1052] The scheduling plan or scheduling plans identified at block 340 are then used
to define a current scheduling plan for network resources to handle the pending
traffic at block 350. A current scheduling plan is a scheduling plan that a traffic
scheduling system or component thereof has output for use by other systems,
components, or engines. For example, the scheduling plan or scheduling plans can
be combined to define a current scheduling plan that will be used to configure the
network resources to handle the pending traffic. In another example, one scheduling
plan can be selected from a group of scheduling plans identified at block 340 as the

current scheduling plan.

[1053] The current scheduling plan defined at block 350 is a scheduling plan that
best satisfies or balances objectives of a traffic scheduling system according to some
criterion or criteria. For example, the current scheduling plan can be a scheduling
plan that provides lowest power consumption, lowest traffic latency, highest
bandwidth, highest availability, highest security, or some other preferred network
traffic property in comparison with other scheduling plans analyzed at block 340.
Alternatively, the current scheduling plan can be a scheduling plan that provides a
best balance of network traffic properties in comparison with other scheduling plans
analyzed at block 340.

[1054] FIG. 4 is an illustration of a network scheduling process using a traffic
scheduling system, according to an implementation. More specifically, FIG. 4
illustrates interaction among SDN applications 411-419, aggregation engine 420,
tuning system 430, analysis engine 440, deployment engine 450, and network

13
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resources 461-469. Tuning system 430, analysis engine 440, and deployment
engine 450 can be collectively referred to as a traffic tuning system.

[1055] As an example of such a traffic tuning system, FIG. 5 is a schematic block
diagram of a traffic scheduling system, according to an implementation. Traffic
scheduling system 500 includes tuning system 510, analysis engine 520,
deployment engine 530, and aggregation engine 540. Various features of a traffic
scheduling system are discussed below, for example, in connection with FIG. 4.

[1056] Tuning system 510 is a combination of hardware and software that tunes
scheduling plans as discussed in more detail below. In other words, tuning system
510 modifies scheduling plans to more preferably or more optimally schedule
pending traffic in a network according to one or more traffic tuning parameters. For
example, as discussed below, tuning system 510 can include tuning engines to tune
scheduling plans for different traffic tuning parameters. As a specific example,

tuning system 510 can include one or more tuning engines to, for example, re-order
packets for QoS, handle secure traffic differently from unsecured traffic, increase
inactive periods of network resources handling network traffic by scheduling pending
traffic to increase gaps between data packets or groups of data packets, and/or other

variations to meet network requirements of pending traffic.

[1057] Analysis engine 520 is a combination of hardware and software that analyzes
tuned scheduling plans to define a current scheduling plan for network resources
that will handle pending traffic for a network. For example, analysis engine 520 can
compare tuned scheduling plans with preferences for traffic tuning parameters based
on weights, importance measures, or priorities of each preference to consider
various traffic tuning parameters, and define a current scheduling plan that balances
or accounts for the traffic tuning parameters according to weights, importance

measures, or priorities.

[1058] Deployment engine 530 is a combination of hardware and software that
generates network configuration instructions to configure network resources to
realize or implement a current scheduling plan. Additionally, in some
implementations, deployment engine 530 provides network configuration instructions

to network resources (e.g., via a control plane of a network).
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[1059] Aggregation engine 540 is a combination of hardware and software to collect
information about pending traffic for a network (e.g., a description of the pending
traffic including network requirements such as timing requirements of the pending
traffic) and provide information about the pending traffic to a tuning system. In some
implementations, an aggregation engine receives or accesses information about
pending traffic for a network from network applications via an SDN application (e.g.,
via a control plane of a network), and provides that information to a tuning system.
In other implementations, an aggregation engine receives or accesses information
about pending traffic for a network from network applications via an SDN application
and generates initial scheduling plans for network resources within the network to
handle the pending traffic. The aggregation engine then provides the initial

scheduling plans to the tuning system.

[1060] In some implementations, traffic scheduling system 500 is implemented at
logic circuitry such as an ASIC or group of ASICs. In other words, each of tuning
system 510, analysis engine 520, and deployment engine 530 can be implemented
as blocks of logic circuitry. In other implementations, traffic scheduling system 500 is

implemented at a computing system as illustrated in FIG. 6.

[1061] FIG. 6 is a schematic block diagram of computing device implementing a
traffic scheduling system, according to an implementation. As illustrated in FIG. 6,
computing system 600 includes processor 610, communications interface 620, and
memory 630. Processor 610 is any combination of hardware and software that
executes or interprets instructions, codes, or signals. For example, processor 610
can be a microprocessor, an application-specific integrated circuit (ASIC), a graphics
processing unit (GPU) such as a general-purpose GPU (GPGPU), a distributed
processor such as a cluster or network of processors or computing systems, a multi-
core or multi-processor processor, a virtual or logical processor, or some
combination thereof. As a specific example, in some implementations, processor
610 can include multiple processors such as one or more general purpose

processors and one or more ASICs.

[1062] Communications interface 620 is an interface via which processor 610 can
communicate with other processors or computing systems via a communications
link. As a specific example, communications interface 620 can include a network

interface card and a communications protocol stack hosted at processor 610 (e.g.,
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instructions or code stored at memory 630 and executed or interpreted at processor
610 to implement a network protocol) to receive data from and send data to other
computing systems. As specific examples, communications interface 620 can be a
wired interface, a wireless interface, an Ethernet interface, a Fibre Channel interface,
an IEEE 802.11 interface, or some other communications interface via which
processor 610 can exchange signals or symbols representing data to communicate
with other processors or computing systems.

[1063] Memory 630 is one or more processor-readable media that store instructions,
codes, data, or other information. As used herein, a processor-readable medium is
any medium that stores instructions, codes, data, or other information non-transitorily
and is directly or indirectly accessible to a processor. Said differently, a processor-
readable medium is a non-transitory medium at which a processor can access
instructions, codes, data, or other information. For example, memory 630 can be a
volatile random access memory (RAM), a persistent data store such as a hard-disk
drive or a solid-state drive, a compact disc (CD), a digital versatile disc (DVD), a
Secure Digital™ (SD) card, a MultiMediaCard (MMC) card, a CompactFlash™ (CF)
card, or a combination thereof or of other memories. In other words, memory 630
can represent multiple processor-readable media. In some implementations,
memory 630 (or some portion thereof) can be integrated with processor 610,
separate from processor 610, and/or external to computing system 600.

[1064] Memory 630 includes instructions or codes that can be executed at processor
610. In this example, memory 630 includes instructions that define operating system
631 when executed at process 610, tuning module 635, analysis module 636,
deployment module 637, and aggregation module 638. A module is a collection of
instruction that when executed or interpreted at a process cause the processor to
implement an engine or system. Thus, tuning module 635, analysis module 636,
deployment module 637, and aggregation module 638 implement a tuning system
(i.e., one or more tuning engines), an analysis engine, a deployment engine, and an
aggregation engine, respectively, when executed at processor 610. Memory 630 is
also operable to store additional data structures, codes, or instructions to implement
other modules not illustrated in FIG. 6 such as an aggregation module that
implements an aggregation engine when hosted at (e.g., executed or interpreted at)
processor 610.
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[1065] In some implementations, tuning module 635, analysis module 636, and
deployment module 637 can be implemented within a virtual machine hosted at
computing system 600. Moreover, in some implementations, a traffic scheduling
system is implemented at logic circuitry and at a computing device. In other words, a
traffic scheduling system can be distributed across logic circuitry and one or more
computing systems. For example, a traffic scheduling system can include a tuning
system and an analysis engine implemented at an ASIC and a deployment engine

implemented at a virtual machine.

[1066] Referring again to FIG. 4, the flow of information among the entities of FIG. 4
is logical. In other words, entities represented in FIG. 4 may be in communication
one with another via systems and/or resources not illustrated in FIG. 4. SDN
applications 411-419 provide traffic data to aggregation engine 420. That is, SDN
applications 411-419 provide information about pending traffic for a network directly
or indirectly (e.g., via one or more SDN applications) to aggregation engine 420.
Aggregation engine 420 receives the traffic data from SDN applications 411-419 and
provides pending traffic data to tuning system 430. In other implementations,
aggregation engine 420 generates initial scheduling plans from the pending traffic
data received from SDN applications 411-419, and provides the initial scheduling
plans to tuning system 430.

[1067] In some implementations, aggregation engine 420 groups the traffic data
(e.g., information or initial scheduling plans) according to network requirements of
the pending traffic described by the traffic data. For example, traffic data associated
with pending traffic that has similar network requirements can be provided to specific
tuning engines of tuning system 430 to tune for those network requirements. Such
tuning engines can be specific to or configure to tune traffic tuning parameters
related to those network requirements. For example, if the pending traffic includes a
QoS requirement, related traffic data can be provided to a tuning engine that
accesses QoS preferences of a traffic scheduling system and tunes a scheduling

plan to satisfy those preferences.

[1068] Tuning system 430 includes one or more tuning engines (tuning engines 431-
439) that generate scheduling plans tuned for traffic tuning parameters. A tuning
engine is a combination of hardware and software that tunes scheduling plans

according to a traffic tuning parameter. As discussed above, scheduling plans such
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as initial scheduling plans can be provided to tuning system 430 and tuned to
generate tuned scheduling plans. In other implementations, information about
network requirements of pending traffic is provided to tuning system 430, and tuning
system 430 generates initial scheduling plans from this information (or traffic data)
and tunes these initial scheduling plans to generate tuned scheduling plans.

[1069] Tuning engines of a tuning system can tune scheduling plans for a variety of
traffic tuning parameters such as power consumption, traffic latency, bandwidth,
availability, security, QoS, and/or other traffic tuning parameters. Tuning engines
can receive or access traffic tuning parameters within policies. For example, a
tuning engine can receive or access a policy (not illustrated in FIG. 4) that includes
traffic tuning parameters specific to that tuning engine or some property of that
tuning engine. As a specific example, a tuning engine can be configured to tune a
particular level of a scheduling plan, such as a level of a scheduling plan discussed
below in relation to FIGS. 16 and 18A-18E. That tuning engine can access a policy
including traffic tuning parameters for that level of the scheduling plan. The tuning
engine can tune that level of the scheduling plan using the traffic tuning parameters
from the policy.

[1070] Additionally, a tuning system can store and/or access a current scheduling
plan for a traffic scheduling system as illustrated in FIG. 4. A tuning engine of the
tuning system can access a level of the scheduling plan and tune that level of the
scheduling plan using traffic tuning parameters for that level of the scheduling plan.
In other words, the tuning engine can receive information about pending traffic (e.g.,
incremental information about pending traffic as discussed in more detail below) and
access a level of a current scheduling plan and a policy including traffic tuning
parameters for that level. The tuning engine can then tune that level of the
scheduling based on the information about the pending traffic and traffic tuning
parameters. The tuning engine can update the level of the current scheduling plan
within the current scheduling plan. In other words, the current scheduling plan can
be incrementally updated with the level of the current scheduling plan tuned by the
tuning engine. Moreover, the level of the current scheduling plan and/or the current
scheduling plan can be output from the tuning engine to, for example, another tuning

engine and/or an analysis engine.
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[1071] As discussed above, a traffic scheduling system can group traffic by its
specific needs based on traffic tuning parameters. Thus, groups of traffic data or
scheduling plans with requirements related to common traffic tuning parameters can
be provided to tuning engines for those traffic tuning parameters. The tuned
scheduling plans output from tuning engines are then combined at analysis engine
440, with the tuned scheduling plans of some groups taking priority over other
groups, to define a current scheduling plan. In some implementations, tuning is
performed in series at multiple tuning engines that consider priority of traffic tuning
parameters and tuning engines using those traffic tuning parameters to define a
preferred scheduling plan from various priority plans. In some such
implementations, an analysis engine may be omitted. Additional details regarding
examples of the operation and structure of tuning engines are discussed below in
connection with FIGS. 8-14.

[1072] In some implementations, aggregation engine 420 provides traffic data and/or
initial scheduling plans for the same pending traffic to multiple traffic engines at
tuning system 430 to tune scheduling plans for that pending traffic according to
multiple traffic tuning parameters. More specifically, aggregation engine 420 can
provide traffic data and/or initial scheduling plans for the same pending traffic to a
traffic engine to tune that pending traffic for energy conservation and to another
traffic engine to tune that pending traffic for high availability. In such
implementations, a traffic identifier can be associated with the traffic data, with the
initial scheduling plans provided to each scheduling engine, and with the tuned
scheduling engines generated from those traffic data and/or initial scheduling plans
to identify tuned scheduling plans that are associated with the same pending traffic.
Tuning system 430 and analysis engine 440 can use such traffic identifiers to identify
scheduling plans that represent particular pending traffic and not schedule that
pending traffic more than once in a current scheduling plan.

[1073] Additionally, as illustrated in FIG. 4, one or more policies 490 including
network tuning parameters for tuning engines 431-439 of tuning system 430 and/or
analysis engine 440. Tuning system 430, or tuning engine 431-439 of tuning system
430, and/or analysis engine 440 can use the network tuning parameters to define a
tuned scheduling plan. In some implementations, the policy from policies 490

provided to each of tuning engines 431-439 of tuning system 430 and/or analysis
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engine 440 (or analysis sub-engines of analysis engine 440) can be related to a
specific level of a scheduling plan. Accordingly, tuning engines 431-439 and
analysis engine 440 can access specific network tuning parameters for tuning
engines 431-439 and analysis engine 440.

[1074] Tuned scheduling plans are output from tuning system 430 and provided to
analysis engine 440. Analysis engine 440 analyzes the tuned scheduling plans and
traffic tuning parameters such as global traffic tuning parameters that apply globally
within a traffic scheduling system to define a current scheduling plan for all the
pending traffic for the network. That is, analysis engine 440 combines tuned
scheduling plans (or portions thereof) or selects a tuned scheduling plan that best
satisfies both the individual parameters, which may be used at multiple tuning
engines, and global parameters of the traffic scheduling system among the tuned
scheduling plans. For example, the current scheduling plan can be a scheduling
plan that is a combination of or selected from the tuned scheduling plans and
optimally according to some preference satisfies traffic tuning parameters based on,
for example, priorities among traffic tuning parameters specific to tuning parameters

or pending traffic and global traffic tuning parameters.

[1075] Additionally, in some implementations, tuning system 430 provides rules (not
shown) to analysis engine 440 that describe how the tuned scheduling plans were
generated from other scheduling plans. Analysis engine 440 can access these rules
to determine the decisions made by tuning system 430, and analyze the scheduling
plans in the context of those decisions. An example of such rules is discussed below
in relation to FIG. 17.

[1076] Moreover, analysis engine 440 can include a hierarchical structure of analysis
sub-engines that are related to particular tuning engines of tuning system 430. For
example, analysis sub-engines that are specific or particular to certain traffic tuning
parameters and/or levels of a scheduling plan can receive tuned scheduling plans
from tuning engines that are also specific or particular to those traffic tuning
parameters. Such analysis sub-engines can define a scheduling plan that are input
to one or more other analysis sub-engines to define a current scheduling plan. In
other words, each analysis sub-engine in the hierarchy can analyze scheduling plans
received from tuning engines or other analysis sub-engines and can access

parameters or logic to analyze those scheduling plans. Additionally, analysis sub-
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engines can output a scheduling plan to another analysis sub-engine for further
analysis, with the final analysis sub-engine in the hierarchy defining the current
scheduling plan.

[1077] In some implementations, analysis engine 440 provides the current traffic plan
to tuning system 430, which can subsequently generate tuned scheduling plans
based on the current traffic plan. For example, the current traffic plan can represent
all the pending traffic for a network. Tuning system 430 can periodically receive
incremental information about pending traffic (e.g., traffic data or one or more
scheduling plans) from aggregation engine 420 or from SDN applications 411-419
related to a portion of the network. For example, tuning system 430 can periodically
receive incremental information indicating that a flow will be added to or removed
from the network. One or more scheduling plans derived from this information can
be tuned and combined with the current scheduling plan to define tuned scheduling
plans. In some implementations, the one or more scheduling plans can be combined
with the current scheduling plan and tuned to define tuned scheduling plans. The

scheduling plans can then be provided to analysis engine 440 as discussed above.

[1078] As discussed above, in some implementations tuning engines access policies
and levels of a current scheduling plan specific to those levels of a current
scheduling plan to tune a scheduling plan (or levels of a scheduling plan). Similarly,
in some implementations an analysis engine (or analysis sub-engines of an analysis
engine) can access policies and levels of a current scheduling plan specific to those
levels of a current scheduling plan to analyze one or more levels of a scheduling
plan and define one or more levels of the scheduling plan. In other words, analysis
sub-engines in a hierarchy of analysis sub-engines of an analysis engine can be
specific to levels of a scheduling plan. Each analysis sub-engine can analyze
scheduling plans received from tuning engines using a policy specific to the level
with which that analysis sub-engine is associated and information in a corresponding
level of a current scheduling plan. Thus, each analysis sub-engine can define a level
of a scheduling plan independent of other analysis sub-engines and levels of the
scheduling plan. Accordingly, each analysis sub-engine can define a level of a
scheduling plan to incrementally update a current scheduling plan.

[1079] As illustrated in FIG. 4, the current traffic plan defined at analysis engine 440

is provided to deployment engine 450. Deployment engine 450 interprets the current
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scheduling plan and generates network configuration instructions to configure
network resources to realize or implement the scheduling plan. For example,
deployment engine 450 determines from the current scheduling plan how network
resources should be configured to realize the current scheduling plan. Such
information about the configuration of network devices can be accessed from a
current scheduling plan that describes pending traffic and which network devices
should handle that traffic in a time domain as discussed below in relation to FIGS. 16
and 18A-18E.

[1080] Deployment engine 450 then generates network configuration instructions
such as Openflow® commands for each network resource that when implemented at
the network resources cause the network resources to realize the current scheduling
plan. The network configuration instructions for each network resource (e.g.,
network resources 461-469) are then provided to those network resources. For
example, the network configuration instructions can be provided to network
resources via an SDN controller (not shown) and a control plane of a network.

[1081] FIG. 7 is a flowchart of a network scheduling process, according to an
implementation. Process 700 is as example of a network scheduling process. In
other implementations, a network scheduling process can include more, fewer, or
rearranged blocks (or steps). Similar to process 300 illustrated in FIG. 3, process
700 can be implemented at a traffic scheduling system hosted at any of a variety of
hosts. For example, process 700 can be hosted at (or implemented by) a tuning
system and a deployment engine of a traffic scheduling system. Blocks 710 and 740
of process 700 are illustrated in dashed lines to highlight that these blocks are not
implemented in some implementations. One example will be discussed in relation to
blocks 720, 730, and 750; and another example will be discussed in relation to these
blocks and blocks 710 and 740.

[1082] Scheduling plans are tuned according to one or more traffic tuning parameters
to generate tuned scheduling plans for network resources in a network at block 720.
As examples, scheduling plans can be tuned according to traffic tuning parameters
such as: latency to prefer paths through the network with high link speeds, shortest
distances, fewest hops, switches with lowest store and forward delays, and other
properties related to latency; security by preferring MACSEC links, fibre over copper,

paths intrusion prevention systems (IPS), and/or switches with IPS functionality;
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high availability (HA) by preferring paths with physical layer redundancy, switches
with high reliability, creating copies of data packets and transmitting these copies via
different paths and eliminating the redundant data packets at the last switch in the
path; jitter by selecting paths or network resources with low jitter; energy
consumption be selecting paths with energy efficient links or network resources
and/or defining paths and timing configurations of network resources and/or data
packets described in a scheduling plan to increase the length and/or quantity of
inactive periods for network resources; other traffic tuning parameters; and/or
combinations thereof.

[1083] Scheduling plans can be tuned to generate tuned scheduling plans by
generating options for pending traffic (e.g., from information about the pending traffic
such as traffic data describing the pending traffic and network requirements of the
pending traffic and/or scheduling plans that describe the pending traffic) using
descriptions of the network infrastructure such as which network resources are
available to handle the pending traffic and operational modes or capabilities of those
network resources such as energy conservation modes. Additionally, preferences
can be accessed and considered when generating options for the pending traffic.

[1084] Such options can be described in potential scheduling plans. Potential
scheduling plans are scheduling plans that are generated from various combinations
of network resources (e.g., various network paths within a network) and configuration
of those network resources that differ one from another and satisfy network
requirements of pending traffic. Thus, as part of generating tuned scheduling plans,
multiple potential scheduling plans can first be generated.

[1085] As a specific example, to generate potential scheduling plans for an energy
conservation traffic tuning parameter, various combinations of network resources
and spacing of data packets that satisfy timing requirements of pending traffic and
have long inactive periods between data packets (or groups of data packets) can be
generated as potential scheduling plans. The various combinations of network
resources represent different paths through the network. That is, each potential
scheduling plan describes a combination of paths and traffic spacing to increase

inactive periods of network devices and reduce energy consumption in the network.
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[1086] The potential scheduling plans are then compared using preferences for
objectives of tuning (e.g., preferences related to the traffic tuning parameter or
parameters scheduling plans are being tuned), and a tuned scheduling plan that best
(according to some measure for the tuning) satisfies those objectives is defined. The
tuned scheduling plan can be a combination or amalgamation of multiple potential
scheduling plans or can be a potential scheduling plan that is selected as best
satisfying the objectives. Additional details of tuning are discussed below in relation
to FIGS. 8-14.

[1087] Similarly to blocks 340 and 350 discussed above in relation to FIG. 3, a
current scheduling plan is defined from the tuned scheduling plan at block 730. For
example, the scheduling plans used to generate tuned scheduling plans at block 720
can be the initial scheduling plans generated at block 330 of FIG. 3, and the
scheduling plans derived from the initial scheduling plans discussed in relation to
block 340 of FIG. 3 can be the tuned scheduling plans generated at block 720. In
other words, in some implementations, block 720 can be implemented between
blocks 330 and 340 of FIG. 3.

[1088] Network configuration instructions such as Openflow® commands or other
instructions to configure network resources are generated at block 750. These
network configuration instructions can be provided to the network resources to cause
the network resources to realize (or implement) the current scheduling plan. That is,
after these network configuration instructions have been provided (or deployed) to
the network resources and the network resources have configured themselves
according to these network configuration instructions, the network implements the
scheduling plan. For example, as discussed above in relation to deployment engine
450 of FIG. 4, the current scheduling plan can be interpreted at block 750 and
network configuration instructions to configure network resources to realize or
implement the current scheduling plan can be generated based on the current
scheduling plan.

[1089] As discussed above, in some implementations process 700 accesses a policy
including one or more traffic tuning parameters for a level of a scheduling plan at
block 710. The one or more traffic tuning parameters included in the policy
accessed at block 710 can be the one or more traffic tuning parameters used at

block 720 to generate tuned scheduling plans. Moreover, in some implementations,
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block 710 can be repeated (either serially or in parallel) at each of a group of tuning
engines of a tuning system. Each tuning engine can be specific to a level of a
scheduling plan, and can access a policy including one or more traffic tuning
parameters for that level of a scheduling plan. Each tuning engine can then
generate a tuned level of a scheduling plan at block 720 to collectively generate a
tuned scheduling plan. Also at step 710, the current scheduling plan, limited to the
scope of this level, is examined to generate tuned traffic plans by learning about the

past scheduling plan.

[1090] In some implementations, a tuned scheduling plan is generated incrementally
at block 720. For example, some of the tuning engines receive incremental
information about pending traffic and generate tuned levels of the scheduling plan
based on the incremental information about pending traffic for the tuned scheduling
plan. Other tuning engines do not receive information about pending traffic, and
levels of a current scheduling plan are used in the tuned scheduling plan for the
levels corresponding to those tuning engines that do not receive information about

pending traffic.

[1091] Additionally, in some implementations a current scheduling plan is updated at
block 740. For example, levels of a scheduling plan that are tuned at block 720 are
updated in the current scheduling plan. As a specific example, process 700 can
update portions of a data structure stored at memory that correspond to levels of the
current scheduling plan. In this example, tuning engines associated with each level
of the current scheduling plan can update portions of the data structure
corresponding to those levels. Such implementations can allow efficient incremental
updates to a current scheduling plan by updating only the levels of that current
scheduling corresponding to incremental information about pending traffic for a

network.

[1092] FIGS. 8 and 9 are schematic block diagrams of a tuning engine, according to
an implementation. Tuning engine 800 includes option engine 810 and comparison
engine 850. Option engine 810 is a combination of hardware and software that
generating options for pending traffic. For example, option engine 810 can receive
information about the pending traffic such as traffic data describing the pending
traffic and network requirements of the pending traffic and/or scheduling plans that

describe the pending traffic. Additionally, option engine 810 can access descriptions
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of the network infrastructure to generate potential scheduling plans that represent
various combinations of network resources available to handle the pending traffic
using operational modes or capabilities of those network resources that satisfy the
network requirements of the pending traffic. In some implementations, preferences
are accessed and considered by option engine 810 when generating options for the
pending traffic to limit the combinations of network resources and operational modes
or capabilities of those network resources represented in potential scheduling plans
to those that satisfy network requirements of the pending traffic and the preferences.

[1093] Option engine 810 provides potential scheduling plans (labeled PSP in FIG. 8)
and rules that describe how the potential scheduling plans were generated are
provided to comparison engine 850. Comparison engine 850 is a combination of
hardware and software that compares potential scheduling plans based on
information included within the potential scheduling plans and associated rules, and
defines a tuned scheduling plan that satisfies an objective for the tuning engine. For
example, the tuning engine can be related to a traffic tuning parameter and the
objective can be to best satisfy (or meet) that traffic tuning parameter. Comparison
engine 850 can compare the potential scheduling plans using, for example,
preferences for objective and define a tuned scheduling plan.

[1094] The tuned scheduling plan can be defined by selecting the tuned scheduling
plan from the potential scheduling plans. Alternatively, comparison engine 850 can
compare the potential scheduling plans and select portions of various potential
scheduling plans to aggregate or combine to define the tuned scheduling plan. For
example, comparison engine 850 can combine portions of multiple potential
scheduling plans to define a tuned scheduling plan that best satisfies objectives of
tuning engine 800. That is, comparison engine 850 can combine portions of multiple
potential scheduling plans to define a tuned scheduling plan according to some
preference accessed by tuning engine 800.

[1095] As illustrated in FIG. 8, one or more policies 890 including network tuning
parameters for option engine 810 are accessed by option engine 810. The network
tuning parameters used at option engine 810 to define potential scheduling plans
can be those included at policies 890. In some implementations, the network tuning
parameters can be related to a specific level of a scheduling plan associated with

option engine 810. Additionally, option engine 810 can access a current scheduling
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plan, or one or more levels of a current scheduling plan, defined at comparison
engine 850. Option engine 810 can use information in the current scheduling plan,
or one or more levels thereof, to generate potential scheduling plans from
incremental information about pending traffic. That is, option engine 810 can
combine information from the current scheduling plan such as information about a
scheduling plan level with which option engine 810 is associated with incremental

information about pending traffic to generate potential scheduling plans.

[1096] As illustrated in FIG. 9, tuning engine 800 can include additional components
than illustrated in FIG. 8. Rules have not been illustrated from the example
illustrated in FIG. 9. Other implementations can include rules as discussed in other
examples herein. Moreover, tuning engine 800 is illustrated logically in FIG. 9.
Thus, some components (e.g., sub-engines) of tuning engine 800 can be
implemented at different physical devices. For example, some sub-engines can be
implemented at an ASIC or at multiple ASICs. As another example, some sub-
engines can be implemented as instructions on a non-transitory computer readable
medium (e.g., a memory) and hosted at a processor or computing system. As a
specific example, some sub-engines can be hosted at a computing system within a
virtual machine (VM). As yet another example, tuning engine 800 can be distributed
such that tuning engine 800 includes sub-engines that are implemented according to

multiple of these examples.

[1097] Although particular engines (i.e., combinations of hardware and software) are
illustrated and discussed in relation to tuning engine 800 specifically and other
example implementations discussed herein generally, other combinations or sub-
combinations of engines can be included within other implementations. Said
differently, although engines illustrated in FIG. 9 and discussed in other example
implementations perform specific functionalities in the examples discussed herein,
these and other functionalities can be accomplished, implemented, or realized at

different engines or at combinations of engines.

[1098] For example, two or more engines illustrated and/or discussed as separate
can be combined into an engine that performs the functionalities discussed in

relation to the two engines. As another example, functionalities performed at one
engine as discussed in relation to these examples can be performed at a different

engine or different engines. Moreover, an engine discussed herein in relation to a
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particular type of engine can be implemented as a different type of engine in other
implementations. For example, a particular engine can be implemented using a
group of electronic and/or optical circuits (or logic circuitry) or as instructions stored
at a non-transitory processor-readable medium such as a memory and executed at a

processor.

[1099] As illustrated in FIG. 9, option engine 810 includes option sub-engines 811-
817 and comparison engine 850 includes comparison sub-engines 851-857. As
illustrated by the ellipses, option engine 810 can include additional option sub-
engines and comparison engine 850 can include additional comparison sub-engines
in various implementations. Option sub-engines perform the functionalities of an
option engine as discussed above in relation to FIG. 8, and each option sub-engine
can generate potential scheduling plans (labeled PSP in FIG. 9) using different
preferences, traffic tuning parameters, logic, combinations of network resources
(e.g., paths through a network), operational modes or capabilities of network
resources, or other criteria or objectives. Option sub-engine 811 receives
information about pending traffic (e.g., descriptions of pending traffic or scheduling
plans such as initial scheduling plans) and generates potential scheduling plans that
are provided to option sub-engines 812 and 813, and other option sub-engines in
some implementations. In the example illustrated in FIG. 9, a unique potential
scheduling plan is provided from option sub-engine 811 to option sub-engines 812
and 813. That is, the potential scheduling plan provided to option sub-engine 812 is
distinct from the potential scheduling plan provided to option sub-engine 813. In
other implementations, potential scheduling plans provided to one option sub-engine

are also provided to one or more other option sub-engines.

[1100] Similarly, the potential scheduling plans generated by option sub-engine 812
are provided to option sub-engines 814-815, and other option sub-engines in other
implementations. The potential scheduling plans generated by option sub-engine
832 are likewise provided to option sub-engines 816-817, and other option sub-
engines in other implementations. The potential scheduling plans generated by
option engine 810 (the potential scheduling plans generated by option sub-engines
814-817 in this example) are then provided to comparison engine 850. As discussed
above, different option sub-engines can generate potential scheduling plans using
different methodologies. Accordingly, implementations such as that illustrated in
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FIG. 9 allow an option engine of a tuning engine to generate potential scheduling
plans (or options for scheduling pending traffic) according to various methodologies.

[1101] Comparison engine 850 includes comparison sub-engines 851-857.
Comparison sub-engines perform the functionalities of a comparison engine, and
each comparison sub-engine can generate tuned scheduling plans (labeled TSP in
FIG. 9) using different preferences, logic, or other criteria or objectives. In some
implementations, as illustrated in FIG. 9 each comparison sub-engine is matched or
corresponding with an option sub-engine. Comparison sub-engines and option sub-
engines that are matched can be positioned within an option engine and comparison
engine such that scheduling plans derived from potential scheduling plans output by
an option sub-engine are received by a comparison sub-engine matched with that
option sub-engine. Moreover, comparison sub-engines and option sub-engines that
are matched can access and utilize similar preferences, logic, or other criteria or
objectives to define and generate scheduling plans. As an example, option sub-
engine 812 and comparison sub-engine 852 can be said to be matched, and can
access and utilize similar preferences, logic, or other criteria or objectives to define
and generate scheduling plans.

[1102] Comparison sub-engines 854-857 receive potential scheduling plans from
option sub-engines 814-817, as illustrated in FIG. 9. Although FIG. 9 illustrates each
of comparison sub-engines 854-857 receiving potential scheduling plans from one of
option sub-engines 814-817, potential scheduling plans can be provided from option
sub-engines 814-817 to other combinations of comparison sub-engines 854-857 or

even to each of comparison sub-engines 854-857 in other implementations.

[1103] Comparison sub-engines 854-857 define tuned scheduling plans and provide
those tuned scheduling plans to comparison sub-engines 852 and 853. As
discussed above in relation to option sub-engines 811-817, although each of
comparison sub-engines 854 and 855 provides a tuned scheduling plan to
comparison sub-engine 852 and comparison sub-engines 856 and 857 provides a
tuned scheduling plan to comparison sub-engine 853 in the example illustrated in
FIG. 9, tuned scheduling plans can be provided from each of comparison sub-
engines 854-857 to each of comparison sub-engines 852 and 853 or in other

combinations in other implementations.
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[1104] Tuned scheduling plans are then provided from comparison sub-engines 852
and 853, and other comparison sub-engines in some implementations, to
comparison sub-engine 851. Comparison sub-engine 851 the defines a tuned

scheduling plan for tuning engine 800, for example, as discussed above.

[1105] In the example illustrated in FIG. 9, comparison engine 850 includes
comparison sub-engines that are structured symmetrically with the option sub-
engines of option engine 810. In other implementations, comparison sub-engines
and option sub-engines are structure asymmetrical with respect to one another.
Moreover, although not illustrated in FIG. 9, one or more of options sub-engines can
receive a scheduling plan output from a corresponding comparison sub-engine. With
reference to FIG. 9, option sub-engine 811 can receive a tuned scheduling plan from
comparison sub-engine 851. This scheduling plan can be used as a current
scheduling plan as discussed above in relation to FIGS. 4 and 7 for incremental
tuning of scheduling plans. That is, each option sub-engine that accesses a
scheduling plan output from a corresponding comparison sub-engine can use that
scheduling plan to incrementally generate potential scheduling plans for incremental
information about changes in pending traffic for one portion of a network.

[1106] Moreover, option sub-engines and comparison sub-engines can accesses
policies defining traffic tuning parameters, and use those traffic tuning parameters to
define potential scheduling plans and select tuned scheduling plans. Similarly as
discussed above in relation to FIGS. 4 and 7, option sub-engines and comparison
sub-engines can be associated with levels of a scheduling plan, and the policies
accessed by each option sub-engine and comparison sub-engine can be specific to
the level of the scheduling plan associated with that option sub-engine or
comparison sub-engine. Additionally, the option sub-engines and comparison sub-
engines can access levels of a current scheduling plan rather than a complete
current scheduling plan, and generate potential scheduling plans and select or define
tuned scheduling plans for those levels. Such features allow a tuning engine to tune
scheduling plans without tuning an entire scheduling plan. That is, a tuning engine
can incrementally tune scheduling plans level by level based on incremental

information about pending traffic associated with those levels.

[1107] FIG. 10 is a schematic block diagram of a tuning system, according to an

implementation. The tuning system illustrated in FIG. 10 includes three tuning
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engines: tuning engine 1010, tuning engine 1020, and tuning engine 1030. Other
combinations of tuning engines can be implemented in various implementations.
Each of tuning engine 1010, tuning engine 1020, and tuning engine 1030 includes an
option engine and comparison engine (option engine 1011 and comparison engine
1012, option engine 1021 and comparison engine 1022, and option engine 1031 and
comparison engine 1032, respectively) operate as other tuning engines discussed
herein. Although not illustrated in FIG. 10 for clarity, each of option engines 1011,
1021, and 1031 can access policies including network tuning parameters, for
example as discussed above in relation to FIG. 8. Additionally, option engines 1011,
1021, and 1031 can access current scheduling plans, or portions thereof, from
comparison engines 1012, 1022, and 1032, respectively.

[1108] Additionally, each of tuning engine 1010, tuning engine 1020, and tuning
engine 1030 is related to (e.g., tunes for) a traffic tuning parameter with an
associated priority. The traffic tuning parameter related to tuning engine 1030 has a
higher priority than the traffic tuning parameter related to tuning engine 1020, which
has a higher priority than the traffic tuning parameter related to tuning engine 1010.
In other words, as illustrated by the flow of tuned scheduling plans (labeled TSP in
FIG. 10) and rules, tuning engine 1010, tuning engine 1020, and tuning engine 1030
are arranged in order of ascending priority of related traffic tuning parameters.

[1109] This ordering allows tuning engines related to higher priority traffic tuning
parameters to tune scheduling plans that modify the tuning performed by tuning
engines related to lower priority traffic tuning parameters. As an example with
reference to FIG. 10, tuning engine 1010 receives information about pending traffic
for a network and generates a tuned scheduling plan according to its related traffic
tuning parameter, and outputs that tuned scheduling plan and rules that describe
how (e.g., according to which preferences, network requirements, or other criteria)
the tuned scheduling plan was generated. That tuned scheduling plan and related
rules are provided to tuning engine 1020, which generates a tuned scheduling plan
according to its related traffic tuning parameter from the tuned scheduling plan and
rules received from tuning engine 1010. Because tuning engine 1020 is related to a
traffic tuning parameter with higher priority than that of tuning engine 1010, tuning
engine 1020 may generate a tuned scheduling plan that changes, reverses, or

eliminates some characteristics of the tuned scheduling plan output from tuning
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engine 1010. Tuning engine 1020 then outputs that tuned scheduling plan and rules
that describe how the tuned scheduling plan was generated to tuning engine 1030.

[1110] Similarly, that tuned scheduling plan and related rules are received at tuning
engine 1030, which generates a tuned scheduling plan according to its related traffic
tuning parameter from the tuned scheduling plan and rules received from tuning
engine 1020. Because tuning engine 1030 is related to a traffic tuning parameter
with higher priority than that of tuning engine 1020, tuning engine 1030 may
generate a tuned scheduling plan that changes, reverses, or eliminates some
characteristics of the tuned scheduling plan output from tuning engine 1020. Tuning
engine 1030 then outputs that tuned scheduling plan and rules that describe how the
tuned scheduling plan was generated.

[1111]1 FIG. 11 is a schematic block diagram of a tuning engine of the tuning system
illustrated in FIG. 10, according to an implementation. In the example illustrated in
FIG. 11, tuning engine 1010 includes prediction engine 1180. A prediction engine is
a combination of hardware and software that determines the effect of other tuning
engines (e.g., tuning engines related to higher priority traffic tuning parameters) on
potential scheduling plans of a tuning engine.

[1112] A tuning engine including a prediction engine can use this information to
define a tuned scheduling plan that will include one or more properties or
characteristics after it is tuned by other tuning engines. For example, a prediction
engine can define tuned scheduling plans based on scheduling plans generated by
an option engine (e.g., potential scheduling plans) that are based on (or tuned
according to) traffic tuning parameters that have a higher priority than a traffic tuning
parameter related to the tuning engine including the predication engine. Said
differently, a prediction engine of a tuning engine can apply traffic tuning parameters
related to other tuning engines to scheduling plans within that tuning engine.

[1113] As discussed above in relation to FIG. 10 and other examples, sub-engines of
a tuning engine (e.g., option engines and/or comparison engines) can access levels
of a current scheduling plan (i.e., a previously defined or past scheduling plan) and
policies such as policies 1190 including traffic tuning parameters associated with
those levels. Similarly, one or more prediction engines of a tuning engine can

access levels of a current scheduling plan and policies including traffic tuning
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parameters associated with those levels. As a specific example, a sub-engine or
prediction engine of a tuning engine can be associated with a level of a scheduling
plan, and can access that level of a current scheduling plan and policies including
traffic tuning parameters associated with that level to define a tuned scheduling plan.
Said differently, the traffic tuning parameters used by a sub-engine or prediction
engine of a tuning engine can be specific to the level of a scheduling plan with which

that sub-engine or prediction engine is associated.

[1114] Such level-specific tuning of scheduling plans allows incremental tuning of
scheduling plans. That is in response to receipt of incremental information about
pending traffic, a tuning engine can provide that information to sub-engines or other
components that are associated with a level of a current scheduling plan affected by
that information. Those sub-engines or other components can tune only those levels
of the current scheduling plan, rather than the entire scheduling plan. Such
implementations can allow for more rapid definition of scheduling plans because only
the levels of the current scheduling plan affected by the incremental information are
tuned and updated. Thus, such tuning engines can avoid unnecessarily tuning
levels of a current scheduling plan that are not impacted by incremental information

about pending traffic.

[1115] As illustrated in FIG. 11, option engine 1111 provides potential scheduling
plans (labeled PSP in FIG. 11) and rules to prediction engine 1180. Prediction
engine 1180 generates tuned scheduling plans (labeled TSP in FIG. 11) based on
traffic tuning parameters that have a higher priority than a traffic tuning parameter
related to tuning engine 1010. For example, prediction engine 1180 can generate
tuned scheduling plans based on traffic tuning parameters related to tuning engines
1020 and 1030. These tuned scheduling plans describe the effect of tuning potential
scheduling plans for tuning engine 1010 with tuning engines 1020 and 1030. These
tuned scheduling plans and related rules are provided to comparison engine 1140,
which defines a tuned scheduling plan for tuning engine 1010 that preserves tuning
for the traffic tuning parameter related to tuning engine 1010 that will not be reversed

or removed during later tuning by tuning engines 1020 and/or 1030.

[1116] A prediction engine can generate such tuned scheduling plans according to a
variety of methodologies. For example, a prediction engine can implement other

tuning engines. That is, a prediction engine can include logic circuitry or modules
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hosted at a processor to perform the functionalities of other tuning engines. As
another example, a prediction engine can communicate with other tuning engines to
provide scheduling plans and receive tuned scheduling plans. As yet another
example, a prediction engine can share resources such as blocks of logic circuitry
with tuning engines. In some implementations, a prediction engine generates tuned

scheduling plans using a combination of these and/or other methodologies.

[1117] FIGS. 12A — 12D are schematic block diagrams of the prediction engine
illustrated in FIG. 11, according to various implementations. In other
implementations, prediction engines can apply traffic tuning parameters related to
other tuning engines in other parallel and/or serial arrangements. The tuning
engines are illustrated with broken lines to indicate that the tuning engines are not
included within prediction engine 1180 in some implementations. The arrowed lines
indicate the flow of scheduling plans, with scheduling plans generated by option
engine 1111 provided as input to prediction engine 1180 and tuned scheduling plans
output from predication engine 1180 to comparison engine 1140.

[1118] FIG. 12A illustrates prediction engine 1180 configured to apply a serial
arrangement of traffic tuning parameters to scheduling plans generated by tuning
engine 1010 (e.g., potential scheduling plans generated by option engine 1111). In
other words, in this example, tuning engines 1020 and 1030 (or functionalities or
logic thereof) tune scheduling plans generated by option engine 1111 serially
according to the traffic tuning parameters for those tuning engines. Thus,
comparison engine 1140 can determine how a combination of tuning engines 1020
and 1030 will alter scheduling plans generated by tuning engine 1010.

[1119] FIG. 12B illustrates prediction engine 1180 configured to apply a parallel
arrangement of traffic tuning parameters to scheduling plans generated by tuning
engine 1010. In other words, in this example, tuning engines 1020 and 1030 (or
functionalities or logic thereof) tune scheduling plans generated by option engine
1111 in parallel according to the traffic tuning parameters for those tuning engines.
Thus, comparison engine 1140 can determine how tuning engines 1020 and 1030
will individually alter scheduling plans generated by tuning engine 1010.

[1120] FIG. 12C illustrates prediction engine 1180 configured to apply a parallel

arrangement of traffic tuning parameters and a serial arrangement of traffic tuning
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parameters to scheduling plans generated by tuning engine 1010. In other words, in
this example, tuning engines 1020 and 1030 (or functionalities or logic thereof) tune
scheduling plans generated by option engine 1111 in parallel and serially according
to the traffic tuning parameters for those tuning engines. Thus, comparison engine
1140 can determine how tuning engines 1020 and 1030 will individually and
collectively alter scheduling plans generated by tuning engine 1010.

[1121] FIG. 12D illustrates prediction engine 1180 configured to apply various
parallel and serial arrangements of traffic tuning parameters to scheduling plans
generated by tuning engine 1010. To illustrate an increased variety in the parallel
and serial arrangements of traffic tuning parameters applied to scheduling plans
generated by tuning engine 1010, an additional tuning engine — tuning engine 1040
is introduced. Tuning engine 1040 is related to a traffic tuning parameter with a
higher priority than that of tuning engine 1030. Accordingly, in this example, tuning
engines 1020, 1030, and 1040 (or functionalities or logic thereof) tune scheduling
plans generated by option engine 1111 in parallel and serially according to the traffic
tuning parameters for those tuning engines. Thus, comparison engine 1140 can
determine how tuning engines 1020, 1030, and 1040 will individually and in various
combinations alter scheduling plans generated by tuning engine 1010.

[1122] FIGS. 13 and 14 are schematic block diagrams of a tuning engine of the
tuning system illustrated in FIG. 10, according to various implementations. The
implementations of tuning engine 1010 illustrated in FIGS. 13 and 14 show different
arrangements of options engines, comparison engines, and prediction engines than

the example illustrated in FIG. 11.

[1123] As illustrated in FIG. 13, option engine 1320 outputs potential scheduling
plans (labeled PSP) and associated rules, which are received at comparison engine
1341. Comparison engine 1341 generates a tuned scheduling plan (labeled TSP)
based on the potential scheduling plans and associated rules output by option
engine 1320. This tuned scheduling plan and associated rules are then provide to
prediction engine 1380, which applies one or more traffic tuning parameters that are
higher in priority than a traffic tuning parameter related to tuning engine 1010. The
resulting tuned scheduling plans and associated rules are provided to comparison
engine 1342, which defines a tuned scheduling plan for tuning engine 1010 that

preserves tuning for the traffic tuning parameter related to tuning engine 1010 that
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will not be reversed or removed during later tuning by other tuning engines related to
the one or more traffic tuning parameters that are higher in priority than a traffic
tuning parameter related to tuning engine 1010.

[1124] The example illustrated in FIG. 14 excludes rules. However, rules can be
included in other implementations. In the example of FIG. 14, option engine 1410
outputs potential scheduling plans (labeled PSP), which are received at prediction
engine 1481. Prediction engine 1481 applies one or more traffic tuning parameters
that are higher in priority than a traffic tuning parameter related to tuning engine
1010. The resulting tuned scheduling plans are provided to comparison engine
1441, which defines a tuned scheduling plan.

[1125] This tuned scheduling plan is provided to prediction engine 1482, which
applies one or more traffic tuning parameters that are higher in priority than a traffic
tuning parameter related to tuning engine 1010. In this example, prediction engine
1482 applies an arrangement of traffic tuning parameters that differs from an
arrangement of traffic tuning parameters applied by prediction engine 1481. The
resulting tuned scheduling plans are provided to comparison engine 1342, which
defines a tuned scheduling plan for tuning engine 1010 that preserves tuning for the
traffic tuning parameter related to tuning engine 1010 that will not be reversed or
removed during later tuning by other tuning engines related to the one or more traffic
tuning parameters that are higher in priority than a traffic tuning parameter related to
tuning engine 1010.

[1126] FIG. 15 is a flowchart of a network scheduling process, according to an
implementation. Similar to processes 300 and 700 discussed above in relation to
FIGS. 3 and 5, respectively, process 1500 can be implemented at a traffic
scheduling system implemented as logic circuitry, instructions execute at one or
more processors, or a combination thereof. Additionally, references to process 1500
performing a function should be understood to refer to a traffic scheduling system
implementing process 1500.

[1127] Information describing pending traffic for a network is collected at block 1510.
For example, as discussed in relation to other implementations, information about
pending traffic for a network can be collected at or from SDN applications, network
applications, or from network traffic profiling techniques. Initial scheduling plans are
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then generated from that information and a description of network resources within

the network that are available to handle the pending traffic at block 1520.

[1128] Traffic tuning parameters for a level of a scheduling plan associated with a
component of a traffic scheduling system such as a tuning engine or option engine
are accessed at block 1530. For example, the traffic tuning parameters can be
accessed at a policy for that level of a scheduling plan. At block 1540, if a current
scheduling plan has been previously defined, that current scheduling plan or the
level of the current scheduling plan for which traffic tuning parameters are accessed
at block 1540 is accessed. The initial scheduling plans or a current scheduling plan
or level thereof if previously defined are then tuned according to the traffic tuning
parameters accessed at block 1530 to generate tuned scheduling plans for the
network resources available to handle the pending traffic in the network at block
1550. If a level of the current scheduling plan, rather than the entire current
scheduling plan, is accessed at block 1540, only that level of the current scheduling
plan, again rather than the entire current scheduling plan, can be tuned. Such
implementations can be applicable to incrementally tuning scheduling plans as

discussed in other example herein.

[1129] The tuned scheduling plans, or tuned level or levels of scheduling plans, are
then analyzed at block 1560 and a new scheduling plan or new level of a scheduling
plan for the network resources is defined from the tuned scheduling plans at block
1570. The new scheduling plan or new level of a scheduling plan is then stored as a
current scheduling plan or level of a current scheduling plan at block 1580. If a
current scheduling plan (or level thereof) was previously defined, that current
scheduling plan (or level thereof) can be updated at block 1580 with the new

scheduling plan or new level of a scheduling plan defined at block 1570.

[1130] At block 1590, process 1500 determines whether a deadline has occurred or
incremental information about pending traffic is received. If the deadline has not
occurred and incremental information about pending traffic has not been received,

process 1500 remains at block 1590.

[1131] The deadline can be a deadline associated with an amount of time required to
determine and/or deploy a current scheduling plan. In some implementations, the
deadline is a cut-off time at which changes can no longer be made to network
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configuration instructions before they must be provided to network resources to
ensure that the network devices are available and ready to handle pending traffic.
As a specific example, the deadline is based on one or more of three times. First, a
tuning time TT is the time required to translate information about pending traffic (e.g.,
incremental information about pending traffic) into tuned scheduling plan. Second, a
combining time CT is the time to analyze tuned scheduling plans and define a
current scheduling plan (e.g., a single scheduling plan for the network at a given
time). Third, a deploy time DT is the time to generate network configuration
instructions from the current scheduling play and to provide these network
configuration instructions to the network infrastructure (e.g., network resources of the
network) in time for the pending traffic. Accordingly, no additional information about
pending traffic can be accepted less that TT+CT+DT units of time before the pending
traffic is expected to enter the network.

[1132] The values of TT, CT, and DT can vary based on the amount of information
about pending traffic. That is, incremental information about smaller changes in
pending traffic (e.g., pending traffic that affects a small portion of the network) can
have shorter TT, CT, and DT times that changes in pending traffic that affect large
portions of the network or the entire network. Accordingly, by performing
incremental updates to stored current scheduling plans as discussed above and in
additional detail below, such updates can have shorter TT+CT+DT times and be
entered into the system later (with less warning) than changes to the pending traffic
for the entire network that incur long TT+CT+DT times.

[1133] If the deadline has occurred, for example, if a current time is not more than
TT+CT+DT before pending traffic will be introduced into the network, process 1500
determines the current scheduling plan is a final scheduling plan (i.e., a scheduling
plan that should be used to generate network configuration instructions) and
proceeds to block 1591 to generate network configuration instructions to configure
network resources to realize the current scheduling plan. For example, the current
scheduling plan can be output to a deployment engine to generate network
configuration instructions to configure network resources to realize the current
scheduling plan. Additionally, although not illustrated in FIG. 15, process 1500 can
provide the network configuration instructions to network resources (or deploy the

network configuration instructions) to realize the current scheduling plan in the
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network. For example, Openflow® commands can be provided to the network
resources via an SDN controller and control plane of a network.

[1134] If incremental information about pending traffic is received at block 1590,
process 1500 proceeds to block 1530 to incrementally tune scheduling plans based
on the incremental information about pending traffic and a current scheduling plan at
blocks 1530-1580. Incremental information about pending traffic is information about
pending traffic for the network that describes network requirements and is related to
only a portion of the network and/or is an update or modification of previously
provided information about pending traffic. Scheduling plans can be incrementally
tuned based on incremental information about pending traffic and a current
scheduling plan by tuning scheduling plans or portions thereof that are affected by

the incremental information about pending traffic.

[1135] For example, one or more scheduling plans representing the incremental
information about pending traffic can be incrementally generated from the
incremental information. These scheduling plans can be tuned as discussed herein
to generate a tuned scheduling plan at block 1550. As an example, potential
scheduling plans can be incrementally generated from the incremental information
and one or more tuned scheduling plans incrementally defined from the potential
scheduling plans. That is, in some implementations, potential scheduling plans can
be incrementally generated and tuned scheduling plans incrementally defined by
operating on the levels (or portions) of those scheduling plans and a current
scheduling plan that are affected or modified by the incremental information. In
some implementations, levels of those scheduling plans and/or a current scheduling
plan that are not affected or modified by the incremental information may be

accessed, but are not modified.

[1136] A scheduling plan can be incrementally defined level by level using a data
structure stored at a memory such as data structure 1600 illustrated and discussed
in relation to FIGS. 16 and 18A-18E. For example, each tuning engine of a tuning
system can be associated with a particular scheduling plan level, and can generate
new information for only that level. Each tuning engine generates information for a
particular level of the scheduling plan, and updates the portion of a data structure
stored at a memory that represents the scheduling plan corresponding to that level.
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[1137] Accordingly, in response to receiving incremental information about pending
traffic that is related to one level, the current scheduling plan can be incrementally
tuned only at that level as discussed in relation to FIG. 15 and other examples
herein. In other words, a tuning engine or group of tuning engines can tune that
level of the current scheduling plan and not other levels of the current scheduling
plan. Accordingly, updates to a current scheduling plan can be limited or localized to
the scheduling plan level with which a tuning engine is associated. This process can
be repeated for various levels of the current scheduling plan in response to receipt of
incremental information about pending traffic associated with those levels. Thus,
different levels of a current scheduling plan can be updated incrementally based on
incremental information about pending traffic associated with the various levels of

the current scheduling plan.

[1138] The tuned scheduling plan (or plans) can be analyzed together with the
current scheduling plan and then be analyzed at block 1560. A portion of the current
scheduling plan that relates to the portion of the network or pending traffic for the
network can then be modified with the tuned scheduling plan or a combination
thereof at block 1570 to incrementally define a new current scheduling plan. This
scheduling plan can be stored for later use in incrementally modifying the current
scheduling plan at block 1580.

[1139] Such incrementally generating scheduling plans modifying a current
scheduling plan can be applied to examples discussed above. For example, current
scheduling plans can be stored at the traffic scheduling system discussed in relation
to FIG. 4 and used to incrementally modify the current scheduling plan. Additionally,
current scheduling plans can be stored at the traffic scheduling systems (or tuning
engines) illustrated in FIGS. 8-14. Specifically, for example, current scheduling
plans defined by comparison engines can be provided to option engines for
incrementally generating potential scheduling plans from incremental information

about pending traffic for a network.

[1140] FIG. 16 is an illustration of a data structure representing a scheduling plan,
according to an implementation. Data structure 1600 discussed in relation to FIGS.
16 and 18A-18E can be stored at a non-transitory memory of a traffic scheduling
system, and can be useful to organize scheduling plans for incremental modification.

Additionally, data structure 1600 can itself be referred to as a scheduling plan.
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[1141] Root section 1611 stores information about all known pending traffic in a
network, and references source sections 1621-1629. Each source section of data
structure 1600 represents pending traffic for a particular source within a network
such as a computing device operatively coupled to the network. In other words,
source sections of data structure 1600 describe pending traffic for a source in the
network. Source section 1621 references flow sections 1631-1639. Source sections
1622-1629 reference other flow sections (not shown for clarity in FIG. 16).

[1142] Flow sections of data structure 1600 represent flows or connections within the
network from a source to a destination, and reference sub-flow sections of data
structure 1600. As illustrated in this example, flow section 1631 references sub-flow
sections 1641-1649. Flow sections 1632-1699 reference other sub-flow sections
(not shown for clarity in FIG. 16). Sub-flow sections of data structure 1600 represent
portions of flows or connections represented by flow sections 1631-1639 that share
one or more temporal relationships. For example, a sub-flow section can represent

groups of data packets that span a particular time period.

[1143] Sub-flow sections of data structure 1600 reference packet sections, which
represents data packets via which data are communicated through the network. As
illustrated in the example of FIG. 16, sub-flow section 1641 references packet
sections 1651-1659. Sub-flow sections 1642-1649 reference other packet sections
(not shown for clarity in FIG. 16). Additional details of each section of data structure
1600 are discussed below in relation to FIGS. 18A-18E.

[1144] As illustrated in FIG. 16, root section 1611 references (or points) to lower
lever source sections that describe lower level details of a scheduling plan.

Similarly, source sections reference lower level flow sections that describe lower
level details of a scheduling plan. Flow sections reference lower level sub-flow
sections that describe lower level details of a scheduling plan. Sub-flow sections
reference lower level packet sections that describe lower level details of a scheduling
plan. Thus, sections rely on lower level sections for lower level or more detailed

information.

[1145] The hierarchical structure of data structure 1600 facilitates incrementally
modifying scheduling plans because incremental information about pending traffic
can be added to the section of data structure 1600 that is related to that pending
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traffic, and only the sections above that section need to be tuned and updated to
modify the scheduling plan. This incremental information about pending traffic can
be efficiently added to and operated on within data structure 1600 to reduce the TT,
CT, and DT times discussed above. That is, modifying a scheduling plan
represented by data structure 1600 can be efficiently modified because data
structure 1600 does not rely on a full or complete update when one part is updated.
Rather, modifications such as incremental updates to various sections of data
structure 1600 can be made without affecting other sections of data structure 1600.

[1146] FIG. 17 is an illustration of a data structure representing a rule, according to
an implementation. Similar to data structure 1600, data structure 1700 can be stored
at a non-transitory processor readable medium such as a memory of a traffic
scheduling system, and is used to facilitate generation and modification of
scheduling plans. The DECISION ID. (or identifier) field of each rule (e.g., instance
of data structure 1700 within a memory) is assigned a identifier, which is stored at
this field. The value in the Decision ID. field can be used to identify a particular rule.

[1147] The next field is a labeled REQ. USED LIST and includes references (e.g.,
pointers) to requirements of a scheduling plan represented by a data structure that
were used to tune, define, or generate an associated scheduling plan. The value or
values in the REQ. USED LIST field can reference low level network requirements of
pending traffic or to higher level requirements of pending traffic at various sections of

a scheduling plan stored at data structure 1600.

[1148] The next field of data structure 1700 (or a rule represented by data structure
1700) is labeled OPTNS. EXCLD. LIST and includes references to scheduling plans
that were provided as input to generate or define the scheduling plan associated with
this rule. This allows components of a traffic scheduling system to identify the

scheduling plans that were accessed to define a new or modified scheduling plan.

[1149] The CHANGES LIST field contains a description of changes made to
generate or define a scheduling plan. For example, the CHANGES LIST field can
include descriptions of changes such as rearranging packets, rearranging flows or
sub-flows, changing references to timing information, or other changes.

[1150] The TRAFFIC PLAN ENTRY field includes a pointer to the description, path,

and timing sections of the packet sections of a scheduling plan represented by data
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structure 1600 that is associated with this rules data structure. The STATUS field
includes the status of the component of a traffic scheduling system that uses these
data structures.

[1151] FIGS. 18A — 18E are illustrations of the data structure representing the
scheduling plan shown in FIG. 16, according to an implementation. FIG. 18A
illustrates root section 1611 of data structure 1600. Root section 1611 includes a
description field, a path field, and a timing field, each of which include multiple sub-
fields. The description field includes a header and a list of descriptions (DESC.) of
traffic sources (e.g., a computing system that transmits data via a network). The
header includes status information and the number of traffic sources in the list. Each
description of a traffic source includes a status (STATUS) of that traffic source and a

reference (or pointer, REF.) to a description field of a source section.

[1152] The path field includes a header and a list of path descriptions (PATH) for
sources represented by source sections. The header includes status information
and the number of path descriptions in the list. Each path description includes a
status (STATUS) of the path(s) for a traffic source and a reference (REF.) to a path
field of a source section.

[1153] The timing field includes a header and a list of timing descriptions (TIMING)
for traffic sources represented by source sections. The header includes a field that
indicates the number of timing descriptions for the packet sources that comprise the
overall plan and the summary status of the timing for this traffic source. The list of
timing descriptions includes a timing description for each traffic sources in a
scheduling plan. Each timing description includes a reference to the traffic source
timing details at a timing field of a source section and the status of the timing for this

traffic source.

[1154] FIG. 18B illustrates source section 1621 of data structure 1600. Source
section 1621 includes a description field, a path field, and a timing field, each of
which include multiple sub-fields. Similar to root section 1611, each of the
description field, the path field, and the timing field include a header with a number of

items in a list and status information.

[1155] For source section 1621, the descriptions (DESC.) are for each flow (e.g., a
stream of data packets) that is expected from this traffic source (i.e., the traffic
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source associated with source section 1621). The description contains information
including a traffic identifier (ID.) assigned to this traffic source, an authorized traffic
owner of the traffic identifier (SEC.), the network requirements (REQS.) such as
timing requirements that the related flow should meet, the source and the destination
of the traffic source (SRC./DST.), a reference (REF.) to the flow details in flow
sections, and the status (STATUS) of this flow.

[1156] The path information (PATH) includes an identifier of a portion of a network
such as a network slice identifier that this flow should use and includes the source
associated with source section 1621 (PATH INFO.). The path information also
includes a reference (REF.) to a flow section path description and a status
(STATUS). The timing information (TIMING) contains a summary (SUMMARY) of all
the timing information from the lower sections in data structure 1600, a reference
(REF.) to a timing description of a flow section, and status (STATUS) of the timing
for this flow.

[1157] FIG. 18C illustrates flow section 1631 of data structure 1600. Flow section
1631 includes a description field, a path field, and a timing field, each of which
include multiple sub-fields. Similar to root section 1611, each of the description field,
the path field, and the timing field include a header with a number of items in a list
and status information. For flow section 1631, the descriptions (DESC.) are for each
sub-flow (e.g., a portion of a stream of data packets) that is expected from this flow

(i.e., the flow associated with flow section 1631).

[1158] The description contains information including a traffic identifier (ID.) assigned
to this traffic source, the network requirements (REQS.) such as timing requirements
that the related sub-flow should meet, the source and the destination of the flow
(SRC./DST.), a reference (REF.) to the flow details in sub-flow sections, and the
status (STATUS) of this sub-flow.

[1159] As illustrated in FIG. 18C, the network requirements can include a header
field with a number of requirements (REQ.) in a list and a status. Each requirement
in the list of requirements describes a network requirement for the related sub-flow
and can include information about what the traffic requires. For example, each
requirement includes an identifier (ID.); a traffic tuning parameter (PARAMETER)

such as energy conservation, quality of service, latency, reliability, or another
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parameter, an importance indicator for the requirement (IMPORTANCE), and a
priority of the requirement (PRIORITY). Similar requirements can be used at other
sections of data structure 1600.

[1160] The path information (PATH) includes an identifier of a portion of a network
such as a network slice identifier that the related sub-flow should use (PATH INFO.).
The path information also includes a reference (REF.) to a sub-flow section path
description and a status (STATUS). The timing information (TIMING) contains a
summary (SUMMARY) of all the timing information from the lower sections in data
structure 1600, a reference (REF.) to a timing description of a sub-flow section, and
status (STATUS) of the timing for this sub-flow.

[1161] FIG. 18D illustrates sub-flow section 1641 of data structure 1600. Sub-flow
section 1641 includes a description field, a path field, and a timing field, each of
which include multiple sub-fields. Similar to root section 1611, each of the
description field, the path field, and the timing field include a header with a number of
items in a list and status information. For sub-flow section 1641, the descriptions
(DESC.) are for each packet that is expected from this sub-flow (i.e., the sub-flow
associated with flow section 1641).

[1162] The description contains information including a traffic identifier (ID.) assigned
to this traffic source, the network requirements (REQS.) such as timing requirements
that the related packet should meet, the source and the destination of the packet
(SRC./DST.), a reference (REF.) to the sub-flow details in packet sections, and the
status (STATUS) of this packet.

[1163] The path information (PATH) includes an identifier of a portion of a network
such as a network slice identifier that the related packet should use (PATH INFO.).
The path information also includes a reference (REF.) to a packet section path
description and a status (STATUS). The timing information (TIMING) contains a
summary (SUMMARY) of all the timing information from the lower sections in data
structure 1600, a reference (REF.) to a timing description of a packet section, and
status (STATUS) of the timing for this packet.

[1164] FIG. 18E illustrates packet section 1651 of data structure 1600. Packet
section 1651 includes a description field, a path field, and a timing field, each of
which include multiple sub-fields. Packet section 1651 describes a set individual
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packets bound by a time frame to aid tuning by limiting the range of time frame
options for the traffic covered by this scheduling plan. The description field
(DESCRIPTION) includes a status of the related packet. Similar to root section
1611, each of the path field and the timing field include a header with a number of
items in a list and status information. The header of the path field also includes
information about a path (PATH INFO.) of a packet related to packet section 1651.

[1165] The path field includes a list of hops (HOP) across the network. Each hop
includes information about associated transmit, link, and received network resources
(TXINFO., LINK INFO., and RX INFO., respectively) that need to be provisioned or
configured for each hop for this packet. The timing information (TIMING) provides a
time to start transition (START), when receive should be completed (STOP), the gap
between the preceding packet (GAP BFR.), and the gap until the next packet (GAP
AFT.). Typically, GAP AFT. of hop n should be the same a GAP BFR. of hop n+1.

[1166] The values stored at these fields can be set, updated, and accessed by traffic
scheduling systems and methods to tune a scheduling plan represented by data
structure 1600. For example, requirements discussed above can be accessed to
determine appropriate or allowable values for TX INFO., LINK INFO., and RX INFO.
fields for each HOP field. These values can then be used to generate network

configuration instructions.

[1167] FIG. 19 is a flowchart of a network energy conservation process, according to
an implementation. Similar to process 1500 discussed above in relation to FIG. 15,
process 1900 can be implemented at a traffic scheduling system implemented as
logic circuitry, instructions execute at one or more processors, or a combination
thereof. Additionally, references to process 1900 performing a function should be

understood to refer to a traffic scheduling system implementing process 1900.

[1168] A group of inactive periods associated with energy conservation modes of
network resources within a network are determined at block 1910. For example,
process 1900 can access a database to determine energy conservation modes of
network resources within a network. As discussed above in relation to FIGS. 1 and
2, network resource can include a variety of energy conservation modes that are
associated with periods of inactivity. That is, the energy conservation modes into
which network resources can be configured can depend on the amount of time those
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network resource can be idle or inactive. Such inactive periods are identified at block
1910.

[1169] A group of network paths within a network that are available for pending traffic
are then identified at block 1920. For example, process 1900 can communicate with
an SDN controller or another entity to identify network paths through a network that
satisfy network requirements of the pending traffic.

[1170] At block 1930, a group of scheduling plans that include various combinations
of inactive periods and are each associated with an energy conservation measure
are generated for the pending traffic. For example, a group of potential scheduling
plans can be generated at an option engine by varying gap times discussed above in
relation to FIG. 18E within the limits of one or more requirements of the pending

traffic for network resources.

[1171] Each potential scheduling plan is associated with an energy conservation
measure that can be calculated or determined from the energy conservation modes
available to each network device used in the potential scheduling plans. That is, the
energy conservation measure associated with each potential scheduling plan is
equal to the sum of the energy conservation measure for the conservation modes
available to each network device used in the potential scheduling plans in view of the
inactive periods in that potential scheduling plan. The inactive periods are periods of
time during which network resources can expect to not handle network traffic

according to a potential scheduling plan.

[1172] The energy conservation measure of each potential scheduling plan can be
used to define a current scheduling plan for the pending traffic at block 1940. For
example, the energy conservation measure of each potential scheduling plan can be
the metric for evaluating which potential scheduling plan is optimal or preferred.
Accordingly, the potential scheduling plan that provides the most significant energy
conservation measure can be selected as the current scheduling plan. In other
implementations, multiple potential scheduling plans can be combined to define a
current scheduling plan that has a higher energy conservation measure than the
energy conservation measures associated with the potential scheduling plan.

[1173] In other implementations, energy conservation measures can be associated
with tuned scheduling plans. That is, the current scheduling plan can be defined
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from tuned scheduling plans generated from, for example, potential scheduling plans
or initial scheduling plans as discussed in other implementations that each have an

associated energy conservation measure.

[1174] FIGS. 20A — 20E are an illustration of a network scheduling process,
according to an implementation. More specifically, FIGS. 20A — 20E illustrates rule
data structure 2011 during a tuning process. Each field of rule data structure 2011 is
labeled. FIGS. 20A — 20E illustrate updates to rule data structure 2011 in an
example of a two-priority traffic scheduling system.

[1175] In FIG. 20A, initial scheduling plan 2021 (illustrated graphically) has packets
A, B, and C with gaps (inactive periods) between X and Y, which are in a packet
section of initial scheduling plan 2021. Gap Z is precedes a subsequent packet train.
Rules data structure 2011 has the field definitions directly above each field. The
DECISION ID. is assigned a value of n. The REQS. USED LIST field contains
references (or pointers) to traffic plan requirements fields that were used to create
initial scheduling plan 2021. The references can be to lower level requirements or to
higher sections when a scheduling plan is tuned. Because initial scheduling plan
2021 is the initial scheduling plan, the pointer points to the highest level in the packet
section for packets A, B, and C.

[1176] The OPTNS. EXCLD. LIST includes references to traffic plans that were
received as inputs to generate initial scheduling plan 2021. Because initial
scheduling plan 2021 is the initial plan, the reference is NULL. The CHANGES LIST
contains a list of changes made from the input to the output. Because initial

scheduling plan 2021 is the initial scheduling plan, the reference is NULL.

[1177] The TRAFFIC PLAN ENTRY field contains a reference to the DESCRIPTION,
PLAN, and TIMING fields of the packet section of initial scheduling plan 2021 that is
associated with rules data structure 2011. The STATUS field includes the status of
the tuning process that uses these data structures. Because initial scheduling plan
2021 is the initial scheduling plan, the status is INIT.

[1178] In this two-priority example, the power tuning changes initial scheduling plan
2021 in FIG. 20B to generate scheduling plan 2022 that puts packets A, B, and C
and gaps X, Y, and Z together. Rules data structure 2011 is updated to include
references to the power requirements in scheduling plan 2022 (REQS. USED LIST),
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include references to the changes in packet timing information in rules data structure
2011 (CHANGES LIST), and have the status of tuning (STATUS). Additionally, a
reference to initial scheduling plan 2021 is added (OPTNS. EXCLD. LIST) because
initial scheduling plan 2021 was an input to the tuning in FIG. 20B. Also, TRAFFIC
PLAN ENTRY includes a reference to the packet section of scheduling plan 2022.

[1179] In FIG. 20C, the QoS (Quality of Service) tuning changes scheduling plan
2022 to generate scheduling plan 2023, in which high priority packet A is first and
low priority packet C last. Rules data structure 2011 is updated to include references
to the QoS requirements in scheduling plan 2023 (REQS. USED LIST), include
references to the changes in packet order information in rule data structure 2011
(CHANGES LIST), and have the status of tuning (STATUS). Additionally, a
reference to scheduling plan 2022 is added (OPTNS. EXCLD. LIST) because
scheduling plan 2022 was an input to the tuning in FIG. 20C. Also, TRAFFIC PLAN
ENTRY includes a reference to the packet section of scheduling plan 2023.

[1180] Next, FIG. 20D, the power tuning analyzes scheduling plan 2023 and puts
packets A, B, and C first and gaps X, Y, and Z last to increase an inactive period for
one or more network resources. Rules data structure 2011 is updated to include
references to the QoS and power requirements in scheduling plan 2024 (REQS.
USED LIST), include references to the changes in packet timing information in rule
data structure 2011 (CHANGES LIST), and have the status of tuning (STATUS).
Additionally, a reference to scheduling plan 2023 is added (OPTNS. EXCLD. LIST)
because scheduling plan 2023 was an input to the tuning in FIG. 20D. Also,
TRAFFIC PLAN ENTRY includes a reference to the packet section of scheduling
plan 2024.

[1181] In FIG. 20E, the QoS tuning takes scheduling plan 2024 as input and does not
need to make any changes outputs scheduling plan 2025. Because no changes
were made both the OPTNS. EXCLD. LIST and CHANGES LIST fields are NULL
and the status is now tuned (STATUS). Also, TRAFFIC PLAN ENTRY includes a
reference to the packet section of scheduling plan 2025 and REQS. USED LIST
includes references to the QoS and power requirements in scheduling plan 2025.

[1182] As used herein, the term “engine” refers to a combination of hardware (e.g., a

processor such as an integrated circuit or other circuitry) and software (e.g.,
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programming such as machine- or processor-executable instructions, commands, or
code such as firmware, programming, or object code). A combination of hardware
and software includes hardware only (i.e., a hardware element with no software
elements such as an ASIC), software hosted at hardware (e.g., a software module
that is stored at a processor-readable memory such as RAM, a hard-disk or solid-
state drive, resistive memory, or optical media such as a DVD and/or executed or
interpreted at a processor), or hardware and software hosted at hardware.

[1183] While certain implementations have been shown and described above,
various changes in form and details may be made. For example, some features that
have been described in relation to one implementation and/or process can be related
to other implementations. In other words, processes, features, components, and/or
properties described in relation to one implementation can be useful in other
implementations. As an example, functionalities discussed above in relation to
specific modules or elements can be included at different modules, engines, or
components in other implementations. As a more specific example, examples of
engines discussed herein as implemented as modules stored at a non-transitory
memory and/or hosted at a processor can be implemented as circuitry or logic in
hardware. Furthermore, it should be understood that the systems, apparatus, and
methods described herein can include various combinations and/or sub-
combinations of the components and/or features of the different implementations
described. Thus, features described with reference to one or more implementations
can be combined with other implementations described herein.

[1184] As used herein, the singular forms "a," "an," and "the" include plural referents
unless the context clearly dictates otherwise. Thus, for example, the term "engine" is
intended to mean one or more modules or a combination of engine. Furthermore, as
used herein, the term “based on” means “based at least in part on.” Thus, a feature
that is described as based on some cause, can be based only on the cause, or
based on that cause and on one or more other causes. Similarly, as used herein,
the term “using” means “using at least”. Accordingly, for example, an operation
described as using some operand, can use only that operand or use that operand

and one or more additional operands.
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What is claimed is:

1. A traffic tuning system, comprising:

an aggregation engine to collect information about pending traffic for a
network from applications communicating via the network;

an option engine to generate a plurality of potential scheduling plans from the
information about the pending traffic based on a plurality of traffic tuning parameters
and one or more network paths for the pending traffic; and

a comparison engine to compare the plurality of potential scheduling plans
and to define a tuned scheduling plan based on comparing the plurality of potential
scheduling plans.

2. The system of claim 1, wherein:

the option engine includes a first option sub-engine and a second option sub-
engine,

the first option sub-engine to generate a first quantity of potential scheduling
plans from the plurality of potential scheduling plans for the pending traffic based on
a first traffic tuning parameter from the plurality of traffic tuning parameters,

the second option sub-engine to generate a second quantity of potential
scheduling plans from the plurality of potential scheduling plans for the pending
traffic based on a second traffic tuning parameter from the plurality of traffic tuning

parameters.

3. The system of claim 1, wherein:

the option engine includes a plurality of option sub-engines to receive a
potential scheduling plan from another option sub-engine from the plurality of option
sub-engines and to generate potential scheduling plans from the potential scheduling
plan received from the other option sub-engine; and

the comparison engine includes one or more comparison sub-engines to
receive tuned scheduling plans from comparison sub-engines from the one or more
comparison sub-engines and to define a tuned scheduling plan from the tuned
scheduling plans received from the comparison sub-engines from the one or more

comparison sub-engines.
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4. The system of claim 1, wherein:
the option engine includes a plurality of option sub-engines, each option sub-
engine from the plurality of option sub-engines implemented in logic circuitry; and
the comparison engine includes a plurality of comparison sub-engines, each
comparison sub-engine from the plurality of comparison sub-engines implemented in

logic circuitry.

5. The system of claim 1, wherein:

the option engine includes a plurality of option sub-engines, each option sub-
engine from the plurality of option sub-engines implemented in logic circuitry, hosted
at a computing system, or a combination thereof; and

the comparison engine includes a plurality of comparison sub-engines, each
comparison sub-engine from the plurality of comparison sub-engines implemented in

logic circuitry, hosted at a computing system, or a combination thereof.

6. A traffic tuning system, comprising:

an option engine to generate a plurality of scheduling plans from information
describing pending traffic based on a first traffic tuning parameter having a first
priority and one or more network paths for the pending traffic;

a prediction engine to define one or more tuned scheduling plans from the
plurality of scheduling plans based on at least one traffic tuning parameter different
from the first traffic tuning parameter, each traffic tuning parameter from the at least
one traffic tuning parameter having a priority higher than the first priority; and

a comparison engine to compare the one or more tuned scheduling plans and
to define a tuned scheduling plan based on the one or more tuned scheduling plans
and the first priority.
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7. The system of claim 6, wherein the option engine is a first option engine, the
system further comprising:

a second option engine associated with a second traffic tuning parameter
from the at least one traffic tuning parameter, the second traffic tuning parameter
having a second priority higher than the first priority,

the comparison engine to provide the tuned scheduling plan to the second
option engine.

8. The system of claim 6, wherein the option engine is a first option engine, the
comparison engine is a first comparison engine, the plurality of scheduling plans is a
first plurality of scheduling plans, and the tuned scheduling plan is a first tuned
scheduling plan, the system further comprising:

a second option engine to receive the first tuned scheduling plan and to
generate a second plurality of scheduling plans from the first tuned scheduling plan
based on a second traffic tuning parameter from the at least one traffic tuning
parameter and one or more network paths for the pending traffic, the second traffic
tuning parameter having a second priority higher than the first priority; and

a second comparison engine to define a second tuned scheduling plan based
on one or more tuned scheduling plans derived from the second plurality of
scheduling plans.

9. The system of claim 6, wherein:

the at least one traffic tuning parameter different from the first traffic tuning
parameter is a plurality of traffic tuning parameters different from the first traffic
tuning parameter;

each traffic tuning parameter from the plurality of traffic tuning parameters has
a priority higher than the first priority; and

the one or more tuned scheduling plans are defined by applying at least one
serial arrangement of the plurality of traffic tuning parameters to the plurality of
scheduling plans.
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10.  The system of claim 6, wherein:

the at least one traffic tuning parameter different from the first traffic tuning
parameter is a plurality of traffic tuning parameters different from the first traffic
tuning parameter;

each traffic tuning parameter from the plurality of traffic tuning parameters has
a priority higher than the first priority; and

the one or more tuned scheduling plans are defined by applying at least one
parallel arrangement of the plurality of traffic tuning parameters to the plurality of

scheduling plans.

11.  The system of claim 6, wherein:

the at least one traffic tuning parameter different from the first traffic tuning
parameter is a plurality of traffic tuning parameters different from the first traffic
tuning parameter;

each traffic tuning parameter from the plurality of traffic tuning parameters has
a priority higher than the first priority; and

the one or more tuned scheduling plans are defined by applying at least one
parallel arrangement of the plurality of traffic tuning parameters and at least one
serial arrangement of the plurality of traffic tuning parameters to the plurality of

scheduling plans.

12. A network scheduling method, comprising:

accessing incremental information describing pending traffic for a network;

incrementally generating one or more potential scheduling plans based on a
current scheduling plan and the incremental information;

incrementally defining one or more tuned scheduling plans based on the one
or more initial scheduling plans;

incrementally modifying the current scheduling plan based on the one or more
tuned scheduling plans;

determining that a deadline associated with the pending traffic has occurred;
and

outputting a final scheduling plan.

13.  The method of claim 12, further comprising:
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storing the current scheduling plan, the incrementally generating one or more
tuned scheduling plans including accessing the current scheduling plan.

14.  The method of claim 12, wherein the accessing, the incrementally generating,
the incrementally defining, are the incrementally modifying repeated until the
deadline associated with the pending traffic is determined to have occurred.

15. A network energy conservation method, comprising:

determining a plurality of inactive periods associated with energy conservation
modes of a plurality of network resources within a network;

identifying a plurality of network paths within the network available for pending
traffic, each network path from the plurality of network paths including two or more
network resources from the plurality of network resources;

generating a plurality of scheduling plans for the pending traffic, each
scheduling plan from the plurality of scheduling plans including a combination of
inactive periods and associated with an energy conservation measure; and

defining a current scheduling plan from the plurality of scheduling plans based
on the energy conservation measure associated with each scheduling plan from the
plurality of scheduling plans.

16.  The method of claim 15, wherein:
the plurality of scheduling plans is a plurality of tuned scheduling plans; and
the generating each tuned scheduling plan from the plurality of tuned
scheduling plans includes generating a plurality of potential scheduling plans based
on a plurality of traffic tuning parameters and the plurality of network paths,
comparing the plurality of tuned potential scheduling plans, and defining that tuned
scheduling plan based on comparing the plurality of potential scheduling plans.
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