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COMPUTING LONG-TERM SCHEDULES FOR DATA TRANSFERS OVER A
WIDE AREA NETWORK

BACKGROUND
[0001] Wide area networks (WANS) are becoming ubiquitous, and relatively large
volumes of data are often transferred between computing devices in WANS. To support the
transfer of large volumes of data, operators of respective WANSs invest a substantial amount
of resources into computer networking hardware that facilitates data transfer between
computing devices in WANs. Maximizing the utilization of such computer networking
hardware in a WAN, therefore, is desirable from an efficiency standpoint.
[0002] Unfortunately, requestors of data transfers in a WAN, which generate
network data traffic, are typically unaware of one another. Thus, a requestor of a data
transfer sets forth a request with an expectation that the WAN can handle the request, and
the data transfer will be immediately initialized. While this is not largely problematic for
relatively small volumes of network traffic, when data transfers involving relatively large
volumes of data overlap in time, the WAN may be excessively taxed. Such overlapping
transfers can occur even if one or more requestors have the option of delaying their transfers
to another time, since mechanisms are not provided by which such data transfers can be
time-shifted. Consequently, not only can this inflexibility result in periods of excessive
network taxation, it can also result in other time periods during which hardware resources
of the WAN are underutilized, as there is a relatively small amount of network traffic.
Accordingly, operators of WANSs are often forced to purchase costly computer networking
hardware to accommodate high-demand time periods, when large volumes of data are
transferred over the WAN. This typically results in the WAN being over-provisioned, such
that such costly computer networking hardware remains underutilized for substantial
portions of its service life.

SUMMARY

[0003] The following is a brief summary of subject matter that is described in greater
detail herein. This summary is not intended to be limiting as to the scope of the claims.
[0004] Described herein are various technologies pertaining to the schedule of data
transfers in a network, such as a wide area network (WAN), based upon a plurality of
requests for the data transfers, where the requests have respective deadlines, and where the
data transfers are to be completed prior to the respective deadlines. In an exemplary

embodiment, the network can comprise a plurality of data centers (each comprising a
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plurality of computing devices), and a request to transfer data can be a request to transfer
data from a computing device in a first data center to a computing device in a second data
center. The data centers in the network can be included in a public cloud or a private cloud.
A public cloud exposes resources of the data centers (e.g., applications and storage) to the
general public by way of the Internet. In contrast, a private cloud exposes resources of the
data centers to a private enterprise that operates the data centers.

[0005] Further, the network comprises a plurality of devices that facilitate transfer
of data between devices in the network. The plurality of devices include a plurality of
computing devices that are configured to store and process data, where the plurality of
computing devices reside on the edge of the network. For instance, the plurality of
computing devices can include server computing devices in data centers. Additionally, the
plurality of devices comprise network infrastructure devices (e.g., switches, routers, hubs,
gateways, ectc.) that are configured to direct the transfer of data among and between
computing device in the plurality of computing devices.

[0006] The network also includes a controller computing device that is configured
to schedule data transfers over the network. For example, the controller computing device
can receive a plurality of requests to transfer data between respective computing devices in
the network, wherein each request can identify: 1) a respective source computing device
(e.g., from where data is to be transferred; 2) a respective recipient computing device (e.g.,
to which the data is to be transferred; 3) a respective amount of data that is to be transferred
from the source computing device to the recipient computing device; and 4) a respective
deadline, wherein the transfer of data from the source computing device to the recipient
computing device is to be completed prior to the deadline. The controller computing device
can receive these requests at arbitrary times, and the requests can specify different amounts
of data and different deadlines. For example, a first data transfer request can be received at
a first point in time, and can indicate that the transfer of data is relatively urgent by
specifying a deadline that is proximate in time to the first point in time. A second data
transfer request can be received at a second point in time (where the first point in time and
the second point in time are proximate), and indicate that the transfer of data is not
particularly time-sensitive by specifying a deadline that is relatively distal from the second
point in time.

[0007] The controller computing device receives such requests and computes a long-
term schedule for the transfer of data in the network. The long-term schedule can cover a

plurality of (potentially uniform) time units, where flow of data through the network is
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defined in the long-term schedule for each time unit covered by the long-term schedule.
Thus, the long-term schedule comprises a sub-schedule for each time unit covered by the
long-term schedule. In a non-limiting example, the long-term schedule can cover twelve 5-
minute intervals, where the time-units are the 5-minute intervals. For each of these time
units in the long-term schedule, the long-term schedule can include a respective sub-
schedule. A sub-schedule can identify which computing devices are to act as source
computing devices for the time unit of the sub-schedule, respective rates at which the
computing devices are to output data, respective paths over which data is to travel between
source computing devices and recipient computing devices, etc. It can therefore be
ascertained that the controller computing device computes the long-term schedule to
facilitate completion of requested data transfers prior to their respective deadlines while
maximizing utilization of network resources. To that end, in an example, the controller
computing device can determine whether to accept or decline newly received data transfer
requests based upon the long-term schedule (e.g., the controller computing device can
determine if a requested data transfer can be completed prior to its specified deadline based
upon the long-term schedule, previously received requests where their data transfers have
not been completed, and their respective deadlines). The controller computing device re-
computes the long-term schedule over time to take into consideration newly received
requests, alterations in the network, satisfied requests (where the respective data transfers
have been completed), etc. In an exemplary embodiment, the controller computing device
can compute the long-term schedule by executing an optimization process. For instance,
the optimization process can include execution of a mixed packing and covering algorithm.
[0008] The controller computing device can further compute a short-term schedule
based upon the long-term schedule. The short-term schedule can cover fewer time units
than the long-term schedule. For example, the short-term schedule can cover a single time
unit that is immediately subsequent in time to a current time unit (e.g., a S-minute interval).
The short-term schedule includes: 1) routing tables for respective network infrastructure
devices in the network; and 2) instructions for source computing devices that identifies data
to be output by the source computing devices and respective rates at which the data is to be
output by the source computing devices. The controller computing device computes the
short-term schedule to facilitate completion of data transfers in accordance with the long-
term schedule. The controller computing device transmits the routing tables and instructions
in the short-term schedule to the respective network infrastructure devices and source

computing devices in the network.
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[0009] In the exemplary embodiment where the network supports data transfers
between computing devices exposed in a public cloud, the controller computing device can
compute a pricing schedule that is exposed to customers of the operator of the public cloud.
The controller computing device can compute the price schedule to smooth demand over
time, thereby facilitating maximization of utilization of network resources of the network.
For example, the pricing schedule can indicate that requests with less urgent demands are
associated with smaller fees per data unit transferred when compared to requests with more
urgent demands. In another example, the pricing schedule can indicate that data transfers
with associated deadlines within a particular time period are generally charged more per
unit of data transferred when compared to data transfers with associated deadlines within
other time periods (that are associated with less demand than the particular time period).
Still further, prices for data transfers can be based upon source and/or destination computing
device(s).

[0010] The above summary presents a simplified summary in order to provide a
basic understanding of some aspects of the systems and/or methods discussed herein. This
summary is not an extensive overview of the systems and/or methods discussed herein. It
is not intended to identify key/critical elements or to delineate the scope of such systems
and/or methods. Its sole purpose is to present some concepts in a simplified form as a
prelude to the more detailed description that is presented later.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] Fig. 1 is a functional block diagram of an exemplary system that facilitates

scheduling data transfers among and between computing devices in a network.

[0012] Fig. 2 is an exemplary long-term schedule for data transfers in the network.
[0013] Fig. 3 is an exemplary short-term schedule for data transfers in the network.
[0014] Fig. 4 is a functional block diagram of an exemplary scheduler component

that can generate a long-term schedule and a short-term schedule for data transfers in the
WAN.

[0015] Fig. 5 is an exemplary network graph.

[0016] Fig. 6 is an exemplary graphical user interface that can be exposed to a
customer to facilitate receipt of a request for a data transfer over the network.

[0017] Fig. 7 is a flow diagram illustrating an exemplary methodology for
scheduling data transfers in the network.

[0018] Fig. 8 is a flow diagram illustrating an exemplary methodology for

computing a long-term schedule for data transfers in the network.
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[0019] Fig. 9 is a flow diagram illustrating an exemplary methodology for exposing

a price schedule corresponding to transfer of data in the network.

[0020] Fig. 10 is an exemplary computing system.
DETAILED DESCRIPTION
[0021] Various technologies pertaining to transferring data between computing

devices in anetwork (such as a wide area network (WAN)) are now described with reference
to the drawings, wherein like reference numerals are used to refer to like elements
throughout. In the following description, for purposes of explanation, numerous specific
details are set forth in order to provide a thorough understanding of one or more aspects. It
may be evident, however, that such aspect(s) may be practiced without these specific details.
In other instances, well-known structures and devices are shown in block diagram form in
order to facilitate describing one or more aspects. Further, it is to be understood that
functionality that is described as being carried out by a single system component may be
performed by multiple components. Similarly, for instance, a single component may be
configured to perform functionality that is described as being carried out by multiple
components.

[0022] Moreover, the term “or” is intended to mean an inclusive “or” rather than an
exclusive “or.” That is, unless specified otherwise, or clear from the context, the phrase “X
employs A or B” is intended to mean any of the natural inclusive permutations. That is, the
phrase “X employs A or B” is satisfied by any of the following instances: X employs A; X
employs B; or X employs both A and B. In addition, the articles “a” and “an” as used in
this application and the appended claims should generally be construed to mean “one or
more” unless specified otherwise or clear from the context to be directed to a singular form.
[0023] Further, as used herein, the terms “component” and “system” are intended to
encompass computer-readable data storage that is configured with computer-executable
instructions that cause certain functionality to be performed when executed by a processor.
The computer-executable instructions may include a routine, a function, or the like. It is
also to be understood that a component or system may be localized on a single device or
distributed across several devices. Further, as used herein, the term “exemplary” is intended
to mean serving as an illustration or example of something, and is not intended to indicate
a preference.

[0024] With reference now to Fig. 1, an exemplary controller computing device 100
that is configured to compute a long-term schedule for data transfers in a network 102 is

illustrated. For example, the network 102 can be a WAN. While the controller computing
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device 100 shown as being external to the network, it is to be understood that this is for
purposes of illustration, and that the controller computing device 100 is included in the
network 102. Further, while the controller computing device 100 is shown and described
as being a single computing device, the controller computing device 100 is to encompass a
logically centralized control system, wherein functionality described as being performed by
the controller computing device 100 may be distributed across several computing devices.
[0025] The network 102 includes a plurality of computing devices 104-110 that
reside on the edge of the network 102. In an exemplary embodiment, a number of
computing devices in the plurality of computing device 104-110 can be between ten
computing devices and 3000 computing devices. In another exemplary embodiment, a
number of computing devices in the plurality of computing devices 104-110 can be between
ten computing devices and 100,000 computing devices. In an exemplary embodiment, the
computing devices 104-110 can be server computing devices residing in respective server
racks. Furthermore, the computing devices 104-110, in an example, may be at respective
different data centers, wherein each data center comprises a respective plurality of
computing devices in communication with one another. The data centers can employed to
facilitate provision of a public and/or private cloud. A public cloud exposes resources of
the data centers to the public (e.g., for fees) by way of the Internet, while a private cloud
exposes resources of the data centers to an enterprise that operates the data centers. The
network 102 further comprises a plurality of network infrastructure devices 112-114 that
facilitate transfer of data among and between the computing devices 104-110. For example,
the network infrastructure devices 112-114 can be or include switches, routers, hubs,
gateways, or the like. Pursuant to an example, a number of network infrastructure devices
in the plurality of network infrastructure devices can be between 10 devices and 1000
devices. In another example, a number of network infrastructure devices in the plurality of
network infrastructure devices can be between 100 devices and 10000 devices.

[0026] In an example, an owner of data retained on one of the computing devices
104-110 may desirably transfer such data to another of the computing devices 104-110.
Conventionally, for instance, when a request is received to transfer data from the first
computing device 104 to the third computing device 108, very little scheduling is involved.
Instead, the first computing device 104 begins to transmit data at as high of a rate as possible,
and the data travels along one or more paths through the network 102 to the third computing
device 108, potentially taxing the infrastructure of the network 102. Specifically, the

network infrastructure devices 112-114 are typically configured with instructions to balance
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the load transmitted across network links when directing data along to the intended recipient
(the third computing device 108). This approach is workable for over-provisioned networks,
where an operator of the WAN 102 provides sufficient network capacity to meet maximal
data transfer demand. This, however, tends to be an inefficient use of the resources of the
network 102.

[0027] The controller computing device 100, as will be described in greater detail
below, computes a long-term schedule for data transfers over the network 102, which can
result in smoothing the volume of traffic over the network 102 over time, thus increasing
efficiency of utilization of the network 102. To that end, the controller computing device
100, in contrast to conventional approaches, contemplates transfer deadlines (received at
different times and having different durations) when computing the long-term schedule
(plan) for data transfers in the network 102.

[0028] With more detail pertaining to computation of a long-term schedule, the
controller computing device 100 includes a receiver component 116 that can receive a
plurality of data transfer requests. For instance, the network 102 can be configured to
simultaneously support 100,000 separate traffic flows (e.g., transfers of data between
computing devices in the computing devices 104-110). The data transfer requests received
by the receiver component 116 include respective identities of sources of data to be
transmitted, respective identities of intended recipients of data to be transmitted, respective
volumes of data to be transmitted over the WAN 102, and respective deadlines. More
particularly, a data transfer request received by the receiver component 116 includes: 1) an
identity of a source computing device from which data is to be transferred; 2) an indication
of the data that is to be transferred; 3) an identity of a recipient computing device that is to
receive the data that is to be transferred; 4) a volume of the data that is to be transferred
from the source computing device to the recipient computing device; and 5) a deadline,
wherein the volume of data is to be transferred from the source computing device to the
recipient computing device prior to the deadline. Further, it is to be understood that the
request can include multiple potential deadlines, where fees for the transfer vary depending
upon the deadline. The receiver component 116 can receive the data transfer request from
the source computing device, from the recipient computing device, or from another
computing device operated by an owner of the data that is to be transferred from the source
computing device to the recipient computing device. The data transfer requests can be
received from any of the devices in the computing devices 104-110, or can be received from

a system or component that identifies server(s) from which data is to be transferred. In an
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example, the system or component referenced above need not identify particular source and
target computing devices in the request; thus, the request can be more general, requesting
information about paths in the network, transfer rates, etc.

[0029] In a non-limiting example, the receiver component 116 can receive a first
data transfer request, wherein the first data transfer request identifies the first computing
device 104 as the source computing device, identifies data to be transferred, identifies the
third computing device 108 as the recipient computing device, identifies that the volume of
the data is 50 terabytes, and identifies that such transfer is to be completed prior to 4:00 pm
of the date of the data transfer request. Similarly, the receiver component 116 can receive
an Mth data transfer request, wherein the Mth data transfer request identifies the second
computing device 106 as being the source computing device, identifies the data to be
transferred, identifies the first computing device 104 as being the recipient computing
device, identifies that the volume of the data is 5 petabytes, and identifies that such transfer
is to be completed by 5:00 am the next day.

[0030] The controller computing device 100 additionally comprises a scheduler
component 118 that is in communication with the receiver component 116. The controller
computing device 100 has access to a data store 120, wherein the data store 120 includes a
network map 122. The network map 122 represents the physical topography of the network
102. For example, the network map 122 may be a computer-implemented graph that is
representative of the network 102, wherein the graph includes nodes that are representative
of the devices (e.g., the computing devices 104-110 and the network infrastructure devices
112-114) in the network 102 and edges that represent communications links between
respective devices. The network map 122 can further include data that identifies constraints
of the network 102, such as capacities of respective links of the network 102. In an
exemplary embodiment, the network map 122 can be updated from time to time based upon
data received from devices of the network 102. For example, data can be received from a
device in the network 102 that indicates that a particular link is down. In another example,
data can be received from a device in the network 102 that indicates that a particular link
has been restored. The network map 122 can be updated from time to time to reflect these
changes in topology of the network 102.

[0031] The scheduler component 118 receives the plurality of data transfer requests
(over time) and the network map 122 from the data repository 120, computes a long-term
schedule 124 for data transfers in the network 102 based upon the data transfer requests and

the network map 122, and stores the long-term schedule 124 in the data repository 120.
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Additionally, while not shown, the scheduler component 118 can compute the long-term
schedule based upon historic network utilization. For example, if a customer historically
requests transfer of data every day at a particular time, the scheduler component 118 can
reserve network resources for the customer in the long-term schedule, even if the receiver
component 116 has yet to receive a data transfer request from the customer. Still further,
the scheduler component 118 can reserve network resources for ad-hoc requests when
computing the long-term schedule, where ad-hoc requests are typically those that have no
specified deadline and request a relatively small volume of data to be transferred over the
network 102. In an example, and as will be described in greater detail below, the scheduler
component 118 can execute an optimization process when computing the long-term
schedule 124, wherein the optimization process can include execution of a mixed packing
and covering algorithm.

[0032] Additional detail pertaining to the long-term schedule 124 is now set forth.
The long-term schedule 124 covers a plurality of time units going forward in time (e.g.,
future time units). In an exemplary embodiment, the time units covered by the long-term
schedule 124 can be uniform, such that the time units have a common duration. In another
exemplary embodiment, the time units covered by the long-term schedule may be non-
uniform, wherein duration of a time unit covered by the long-term schedule 124 proximate
in time to the current time is shorter when compared to a time unit covered by the long-term
schedule that is distal in time from the current time. Pursuant to an example, the long-term
schedule 124 can cover 240 consecutive one-minute time windows (e.g., for a 4-hour total
time window), wherein the time units covered by the long-term schedule 124 are one minute
windows. The long-term schedule 124 includes a respective sub-schedule for each time unit
covered by the long-term schedule 124, wherein a sub-schedule defines flow of data through
the network 102 during its time unit.

[0033] For instance, the sub-schedule can identify which computing devices in the
computing devices 104-110 are source computing devices, which computing devices in the
computing devices 104-110 are recipient computing devices (where a computing device can
be both a source computing device and a recipient computing device), rates at which
respective source computing devices are to output data, and paths over which data is to be
transferred from source computing devices to recipient computing devices. The scheduler
component 118 re-computes the long-term schedule 124 as time passes, such that the long-
term schedule covers a time window of a particular duration as time moves forward. Re-

computation of the long-term schedule further allows for new data transfer requests (ad-hoc
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or with specified deadlines) to be contemplated, changes in topology of the network 102 to
be contemplated, completed requests to be contemplated, etc. An exemplary process for
performing this computation of the long-term schedule 124 is set forth below.

[0034] The scheduler component 118 can compute a short-term schedule 126 based
upon the long-term schedule 124 and can store the short-term schedule 126 in the data
repository 120. The short-term schedule 126 defines flow of data through the network 102
during a time unit that is immediately subsequent to the current time unit (e.g., the next one
minute time window). Accordingly, the short-term schedule 126 covers fewer time units
than the long-term schedule 124. In an exemplary embodiment, the short-term schedule 126
can cover a single time unit. The short-term schedule 126 includes: 1) routing tables for the
network infrastructure devices 112-114, respectively; and instructions for source computing
devices in the computing devices 104-110 as to whether to output particular data during the
time covered by the sort-term schedule 126 and a rate at which to output the particular data.
The controller computing device 100 can transmit the respective routing tables to the
network infrastructure devices 112-114 and can transmit the respective instructions to one
or more of the computing devices 104-110.

[0035] It can therefore be ascertained that the scheduler component 118 computes
the long-term schedule 124 and the short-term schedule 126 to facilitate completion of
requested data transfers corresponding to accepted data transfer requests prior to their
respective deadlines. In another example, where completion of data transfers is not possible,
the scheduler component 118 can compute the long-term schedule 124 to minimize loss of
revenue, to allow a percentage of requests to be satisfied (e.g., 95% of all requests to be
satisfied), or the like. Additionally, as noted above, the scheduler component 118 can
determine whether to accept or reject a received data transfer request based upon the long-
term schedule 124. Pursuant to an example, the long-term schedule 124 can indicate that,
for a particular time window, a certain link in the network 102 is scheduled to transmit data
at maximum capacity. Based upon this information, the scheduler component 118 can
output an indication to the requester that the data transfer request is unable to be completed
prior to the deadline (as the link does not support the increased capacity caused by the data
transfer request). The scheduler component 118 can additionally perform other analysis
when scheduling data transfers. For instance, when operating in a public cloud, the
scheduler component 118 can be configured to determine whether to accept or reject

received requests to maximize profit, minimize loss, etc.
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[0036] The controller computing device 100 may additionally include a price setter
component 128 that can expose a pricing schedule to customers based upon the long-term
schedule 124. For instance, when at least one of the computing devices 104-110 is included
in a data center that exposes resources by way of a public cloud, customers of the public
cloud can pay fees for transfer of data. The price setter component 128 can set prices for
data transfers as a function of (lengths of) deadlines in requests for data transfers, times
when transfers are to be completed, etc. For example, the price setter component 128 can
set a lower price per unit of data transferred when the deadline of a data transfer request is
distal in time from a current time. The price setter component 128 can compute the price
schedule to drive network utilization to a desired operating point. That is, the price setter
component 128 can set prices to manipulate demand for data transfers in the network 102
based upon deadline-based data transfer requests. Initiators of data transfer requests may
thus be incentivized to provide longer deadlines to achieve reduced cost. Moreover, the
price setter component 128 can be configured to accept or reject price offers; for instance, a
request can identify multiple deadlines, each deadline with a particular price (e.g., per unit
to be transferred) related thereto. For example, the request can indicate that if the transfer
is completed by a first time, the requestor is willing to pay a first price, if the transfer is
completed by a second time, the requestor is willing to pay a second price, and so on. The
price setter component 128 can act to select the price (and thus the deadline), and the long-
term schedule can be computed based upon the actions of the price setter component 128.

[0037] Referring now to Fig. 2, an exemplary depiction of the long-term schedule
124 computed by the scheduler component 118 is shown. As can be ascertained, the long-
term schedule 124 covers a plurality of time units (time unit 1 - time unit P). Accordingly,
the long-term schedule 124 can be perceived as comprising a plurality of sub-schedules 202-
210, one sub-schedule for each time unit. Each sub-schedule in the sub-schedules 202-210
can define how data is to flow through the network 102 for its respective time unit. For
example, the first sub-schedule 202 in the long-term schedule 124 can define how data is to
flow through the network 102 for the first time unit (e.g., for the 5 minutes represented by
the first time unit). Accordingly, the first sub-schedule 202 can define, for each data transfer
between a source computing device and a recipient computing device (traffic flow), a rate
at which the source is to output data and path(s) over which the output data is to travel to
reach the recipient computing device. Therefore, the first sub-schedule 202 can configure
(or specify) rate and path(s) of various traffic flows, each traffic flow having its own source

and recipient computing device, and each traffic flow having path(s) defined over which the
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traffic flow is to travel from the source computing device to the recipient computing device.
As indicated above, the time units 1-P may have a common duration, which, in an example,
can be between 1 minute and 5 minutes. In another example, the time units 1-P may have
different durations. For example, the first time unit may have a shorter duration than the
duration of the Pth time unit. Pursuant to a particular example, the first time unit for the
first sub-schedule 202 may have a time duration of 1 minute, while the Pth time unit for the
Pth schedule 210 may have a time duration of 10 minutes.

[0038] Now referring to Fig. 3, an exemplary depiction of the short-term schedule
126 is illustrated. The short-term schedule 126 covers an immediately subsequent time unit
(time unit 0). The short-term schedule 126 comprises a plurality of routing tables 302-306
that respectively correspond to the plurality of network infrastructure devices 112-114, and
a plurality of instructions 308-312 that respectively correspond to the plurality of computing
devices 104-110. The plurality of instructions 308-312 define which of the computing
devices 104-110 is to begin outputting data to satisfy a data transfer request, and rate(s) at
which computing device(s) are to output such data. The scheduler component 118 can
transmit the routing tables 302-306 to the respective network infrastructure devices 112-
114, and the scheduler component 118 can transmit the instructions 308-312 to the
respective computing devices 104-110. Thus, the first routing table 302 is transmitted to
the first network infrastructure device 112, and the Nth routing table 306 is transmitted to
the Nth network infrastructure device 114. The first network infrastructure device 112,
responsive to receiving the first routing table 302, is configured (for time unit 0) with the
routing table 302, and routes data received by the network infrastructure device 112 in
accordance with contents of the first routing table 302. Likewise, the first instructions 310
are transmitted to the first computing device 304, and the Zth instructions 312 are
transmitted to the Zth computing device 110. Accordingly, in an example, the first
computing device 104, responsive to receipt of the first instructions 310, outputs data in
accordance with the first instructions 310.

[0039] With reference now to Fig. 4, a detailed depiction of the scheduler
component 118 is presented. The scheduler component 118 can access the data repository
120 and retrieve the network map 122. The scheduler component 118 comprises a network
graph constructor component 401 that receives the network map 122 and constructs a
network graph 402 based upon the network map 122 and a number of time units covered by
the long-term schedule 124 covers. The scheduler component 118 causes the network graph

402 to be retained in the data repository 120. When constructing the network graph 402,
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the network graph constructor component 401 can generate multiple instances of the
network map 122: one instance for each time unit covered by the long-term schedule 124.
The network graph constructor component 401 can couple different instances of the network
map 122 by generating edges that couple nodes in the instances of the network map 122 that
represent a same device.

[0040] Referring briefly to Fig. 5, an exemplary network graph 500 that can be
constructed by the network graph constructor component 401 is illustrated. The exemplary
network graph 500 comprises a first instance of the network map 501a for a first time unit
and a second instance of the network map 501b for a second time unit. The first instance
501a of the network map 122 comprises a first plurality of nodes 502a-508a that are
respectively representative of the computing devices 104-110 of the network 102 and a
second plurality of nodes 510a-512a that are respectively representative of the network
infrastructure devices 112-114. The first instance 501a of the network map 122 includes
edges (shown in solid line) that represent physical links between devices in the network 102.
The second instance 501b of the network map 122 additionally includes such edges. In an
example, edges can be weighted differently in the instances of the network map 122. For
example, it may be desirable to reserve more bandwidth over a particular link in the network
102 for the first time unit when compared to the second time unit. This can be represented
in the network graph 500 through assignment of different weights to the link in the first
instance 501a of the network map 122 and the second instance 501b of the network map
122.

[0041] The network graph 402 also includes a plurality of edges 514-524 that couple
nodes between the instances 501a and 501b of the network map 122 that represent same
devices. For example, a first edge 514 couples the node 504a with the node 504b, wherein
both 504a and 504b represent the second computing device 106. Similarly, a second edge
516 couples the node 502a to the node 502b, wherein both nodes 502a and 502b represent
the first computing device 104 in the network 102. In an exemplary embodiment, relatively
high weights can be assigned to the edges 514- 524. Accordingly, the network 102 can be
represented at numerous different time units by the network graph 402. The edges shown
in solid can be weighted based upon, for example, capacity of the physical network links
represented by such edges, historic demands of the physical links during the time units,
some combination thereof, or the like. While not shown, if the network graph 500 included

a third instance of the network map 122 corresponding to a third time unit, each node in the
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third instance of the WAN map 122 would be coupled to all nodes in the network graph 500
that represent the same device.

[0042] Returning to Fig. 4, the scheduler component 118 may further include a path
constrainer component 404 that receives the network graph 402 and applies path-based
constraints to the network graph 402. For example, to reduce computation complexity, the
path constrainer component 404 can constrain a number of potential paths between a source
and destination to some threshold number of paths, can constrain paths based upon a number
of network hops between a source computing device and destination computing device (e.g.,
network paths having more than a threshold number of hops between a source and
destination are not considered when determining paths between the source and the
recipient), or other suitable constraint. Responsive to applying constraints to the network
graph 402, the scheduler component 118 can store a constrained graph 406 in the data
repository 120.

[0043] The scheduler component 118 can further include an optimizer component
408 that receives the constrained graph 406 and data relating to all pending data transfer
requests (e.g., previously received and accepted data transfer requests, where their
respective data transfers are incomplete), and outputs the long-term schedule 124 based
upon the pending data transfer requests, their respective statuses (e.g., amounts of data to be
transferred, amounts of time prior to the respective deadlines of the requests, etc.), and the
constrained graph 406. As indicated above, the optimizer component 408 can execute a
suitable optimization process to compute the long-term schedule. In an exemplary
embodiment, the optimization process can include execution of a mixed packing and
covering algorithm, wherein the optimizer component 408 computes the long-term schedule
124 to (for instance) smooth network utilization over time and meet the deadlines of the
requests. In an exemplary embodiment, the optimizer component 408 can execute a
parallelized version of a mixed packing and covering algorithm. Parallelization may be
necessary to allow for repeated computation of the long-term schedule 124 over time as
circumstances change. Other types of optimization approaches, including expectation-
maximization approaches, linear programming processes, and the like can be used to
generate the long-term schedule 124. The optimizer component 408 can generate the short-
term schedule 126 based upon the long-term schedule 124.

[0044] Additional detail pertaining to an exemplary optimization process that can
be executed by the optimizer component 408 is now set forth. Generally, the optimizer

component 408 receives a computer-implemented graph G = (V, E), where |V| = n and
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|E| = m, and non-negative edge capacities ¢ : E — R,. Long-term requests can be defined
by the tuple (a;, b;, d;, D;,s;,t;, P;), where a; is the aware time in which the optimizer
component 408 becomes aware of the request, b; is the begin time from which the request
can be scheduled, d; is the deadline after which the request cannot be scheduled, D; is the
demand of the request, s; is the source node the request needs to be routed from, ¢; is the
target node the request needs to be routed to, and P; is the collection of admissible paths
from s; to t; of the request.

[0045] When time step 7 begins, the optimizer component 408 becomes aware of all
long-term requests i for which a; = 7. Additionally, the optimizer component 408 can have
an estimate X, ; for the fraction of the capacity ¢, of edge e that may be needed by high
priority (¢.g., ad-hoc) requests at time 7. Since X, ; is an estimate, the actual fraction of the
capacity needed to service the ad-hoc requests becomes known at the beginning of time
(along with long-term requests made at such time).

[0046] As indicated above, the optimizer component 408 can treat the scheduling
problem as a mixed packing and covering problem, and can thus use packing and covering
constraints to generate the schedule. For example, the optimizer component 408 can use
variables f; , - corresponding to the amount of flow allocated for request i on path p € P; in
time 7, where b; < 7 < d;. Using these variables, linear packing and covering inequalities
can be formulated that assert the allocation’s feasibility; in every time and for every edge
the total flow allocated on it does not exceed its capacity; cach long-term request i is
allocated at least a fraction «; of its demand D; until its deadline.

[0047] These inequalities evolve and change over time for several reasons: new
long-term requests arrive; the stochastic realization of high-priority usage of edges (e.g., to
service ad-hoc requests) is revealed; and under-allocation of edges in the far future
diminishes as time progresses. The optimizer component 408 adjusts the variables f; 5, - in
response to changing inequalities, thereby adapting the schedule. It is to be noted that this
approach improves upon schemes that only compute schedules for the current time instance,
as the optimizer component 408 schedules flows relatively far into the future, enabling the
output of a promised «@; on the fraction of the demand the ith request receives.

[0048] Further, as indicated, the optimizer component 408 can correct for high-
priority (ad-hoc) data transfer requests. X, ; is an estimate of the fraction of the capacity of
edge e needed by high priority requests at time t. Thus, when formulating the above

inequalities, instead of using the capacity ¢, at time 7, the optimizer component 408 can use
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(1 — Xe’f) C,. Once time 7 has been reached and the realization of such fraction is
observed, the optimizer component 408 may find that edge e is overused — e.g., the total
flow on e exceeds its capacity. When this occurs, the optimizer component 408 can reduce
some pre-scheduled flows f; 5, - for which e € p. This can be done by formulating a small
linear program (whose size depends only on the size of the original computer-implemented
graph G and not 7) as to minimize the effect on the promises «; output by the optimizer
component 408.

[0049] Further, the optimizer component 408 can be configured to under-utilize
edges that are far into the future (e.g., constrain the graph G), and diminish this restriction
as time progresses. For example, a parameter 5, . » can be used to determine the fraction of
(1 — Xe’f) ' ¢, that can be utilized by the optimizer component 408 at time 7. As time 7,
progresses, i, +  can increase (€.g., the under-utilization restriction diminishes).

[0050] In an exemplary embodiment, the optimizer component 408 can be
configured to maximize the worst promise @, which corresponds to a “fairness” objective.
In spite of maximizing &, some portions of the network 102 may be under-utilized, and more
flow can be allocated. To address this issue, the optimizer component 408 can employ a
secondary utility function; e.g., maximize the average promise &, which leads to a schedule
having higher network utilization. This utility can be formulated as a covering inequality.
[0051] It can be ascertained that long-term requests that are extremely lengthy, e.g.,
d; — a; is very large, can slow the running time of the optimizer component 408. In order
to facilitate computing a solution relatively quickly, the optimizer component 408 can
employ a sliding window approach, where the optimizer component 408 considers a fixed
number of time steps into the future. Requests whose respective deadlines lie beyond the
sliding window can be broken into smaller requests. In such case, the optimizer component
408 can update a smaller request’s demand based on its original demand and the total flow
already allocated.

[0052] Additional detail pertaining to the design and operation of the optimizer
component 408 are now set forth. For purposes of explanation, processes are derived in
stages, starting from the offline case, proceeding to the online case, and then adding
additional features such as traffic smoothening by way of the f parameters, grace or
violation of capacity constraints, request splitting due to bounded horizon, and handling of
different priorities. Furthermore, while the examples provided herein refer to computing

traffic flow schedules in network, it is to be understood that the mixed packing and covering
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approach described herein can be used in other scenarios. For example, dynamic
modification of inequalities as data is received to output a solution is contemplated. In
addition, parallelization of mixed packing and covering algorithms are generally
contemplated, and doing so to compute a long-term schedule for network traffic flows is but
one exemplary scenario where it may be desirable to parallelize a mixed packing and
covering algorithm. Still further, the general approach of estimating high priority traffic in
a network and allocating remaining bandwidth of network links to meet a goal is
contemplated. In such a case, the allocating of the bandwidth of the links can be
dynamically updated when the actual high priority traffic differs from the estimate, while
minimal disruption to the goal occurs.

[0053] As indicated above, G = (V,E), where |V| =n and |E| = m, and non-
negative edge capacities ¢ : E - R,. Long-term requests can be defined by the tuple
(a;, b;,d;, Dy, si,t;,P;). Additionally, unless otherwise specified, it can be assumed that
there is an absolute size T (which may be large) that upper bounds requests’ respective
deadlines, e.g., T =2 d;V1 <i < k.

[0054] The optimizer component 408 in the offline case is now described, where it
is assumed that the optimizer component 408 is aware of all requests from the beginning,
e.g., that a; = 0 for all requests 1 < i < k. Given the graph G and all k requests, it can be
desirable to locate the largest @, 0 < a < 1, such that a fraction of at least @ of the demand
of each request can be routed while respecting capacity constraints. This is referred to as
the “concurrent multicommodity flow” problem, a special case of the problem of
fractionally solving a system of linear packing/covering constraints. Given «, the system

of linear inequalities needed to solve the offline case (with no utility) by a linear program is

as follows:

Zi:biStSdi z:z)ESPi:eEp fi,p,t < Ce VeeEVOL<t<T
d; .
t=bizl’€?ifi.l).t 2 a-D; Vi<i<k

fi,p,tZO VI<i<k,VpeEP,VO<t<T

In the example set forth above, the optimization process searches iteratively for the best

(e.g., using line search methods). In each iteration, it is ascertained whether the linear
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program is feasible or not; if feasible, a feasible solution can be output.

process for solving the feasibility problem is presented below.

Initialization
5
fipt <0 V1<i<kVpeP,vh<t<d
Yer < 1 Ve eEVO<t<T
R« {1,..k}
while 3i € Rs.£. 5L, Soep, fipe <@ D; do
Findi* € R, b« <t* < d;-,and p* € P;« s.t.:
Yert* 1
o Yeep o~ @Dy 21" )
*
Y ecE ZZ:() Yert YieRZi
if there is no such i*,t*, and p*, then
abort and return that there is no feasible solution
else
y « £-min {a . Di*,min{ce}};
eep*
£
15 ﬁ*,p*,t* «— fi*,p*,t* + E . y;

Y
Yei+ & Ver+ " €%,Ve €7

N A
a-Di* .

Zi* «— Zl* e ;
R
lfzt=bi* ZPE.'PL-* fi*,p,t = a - D;- then
R« R\{i"};
20 return{f,,,:1<i<kp€P,b<t<d)

An exemplary

[0055] The initialization referred to above and the update of the y, ;s and z;s is done

so that the following holds:

N
25 ye,t = exp __Zi:biStSdi Zpe?i:eep fi,p,t
£Ce
N d;
zi = exp (= =25 Sety, Zper fipr)
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[0056] In each step of the process, a single (carefully chosen) flow variable fi« )« .+
is increased. The variable can be chosen for which the increase in the “worst” packing
constraint (e.g., a link in the network 102 whose capacity is closest to being violated) would
be less than the increase in the “worst” covering constraint (e.g., the request which is the
furthest from its demand constraint). Existing processes pertaining to packing and covering
problems can satisfy this requirement through use of a smooth approximations of max and
min operators; the approximate requirement is manifested in inequality (*), where the y, s
can be viewed as internal variables representing the packing constraints, while the z; as
internal variables representing the covering constraints.

[0057] The output of an existing packing and covering algorithm guarantees that the
covering constraints are satisfied (assuming that « is feasible). Because (*) is the ratio of
the derivatives of the smooth approximations of max and min (as opposed to the ratio of the
changes in the value of the constraints), the output violates the packing constraints by a
small multiplicative factor. The factor monotonously decreases to one as the accuracy

parameter € is decreased to zero. Such guarantee is made formal in the following theorem.

Theorem 1: If the linear program is feasible, then for every 0 < € < 1/2, the output of the

process satisfies:

Zi:bistsdinE?i:eep fi,p,t < (1 + 35) " Ce Ve € E; VO<t<T

d; ,
Zt;bine:Pifi,p,t =a- Dy Vi<i<k

Theorem 2: For every 0 < € < 1/2, the feasibility-checking process terminates after at

most k + % (k +(1+3) m-(T+ 1)) iterations.

[0058] The choice of € reflects the required tradeoff between the accuracy of the
process (by how much the packing constraints are deviated) and running time. A small
violation in capacity constraints may be acceptable when concepts of traffic smoothening
by way of the § parameters, as the violation means that only a pre-specified fraction of the

capacity ¢, is exceeded, rather than the entire capacity.
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[0059] As can be ascertained, maximizing a corresponds to a fairness objective,
where it is guaranteed that a fraction of a from each request’s demand is routed by its
deadline. This alone may be insufficient, as it is possible that a solution which achieves the

best & may not utilize parts of the network and more flow can still be routed. Accordingly,
one may use an additional utility function, e.g., the average a: %Z;;l a;, that needs to be
maximized along all the optimal solutions of the original fairness objective (e.g., the above-
mentioned maximization of the “worst” @).

[0060] Any utility of the following form can be introduced: g( f ) =
>k, Ypep, Zfibi Uipt " fipe» Where u;, . = 0. In particular, the above-mentioned average
a utility can be achieved by choosing u;,, . = RLDL It can be noted that g( f ) can be used to

model “soft deadlines.” For example, a request i can be fixed, and the utility coefficients
U;pe = h;(t) can be considered for a function h;(t) that decays exponentially fast for t >
D (D is some time step). This functions models the fact that D is a soft deadline for request
i.

[0061] The following constraint can be added to the linear program referenced
above: g( f ) > U for some guess U of g’s maximum value. As a conventional packing and
covering algorithm works for any packing and covering constraints, adding the above linear
covering constraint is possible. Given the constraint, the following changes can be made to

the process referenced above: an internal r variable is added; r is initialized to 1; when

ui* p* t*')/
increasing fi« .+, 1 is updated as follows: 7" <~ 7" - € F ; condition (*) is
changed to:
y % 1 ui*, *,t*
Y eepr—2 ——zp—E
Ce i*

b

T
Ye€E Xt=0 Ye,t YieR Zi+T

when the new constraint is satisfied for the first time, i.e., g ( f) = F, the internal variable r

is removed from (*) and is not updated any longer; the stopping condition of the process is

that all covering constraints (one for each request i and the additional utility constraint

g(f) > F) are satisfied; -y is chosen by the following formula: ¥ < &€ * min {a '
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. F
D+ mlg{ce}, u_} The variable r is initialized as above so that the following
i*,p*,t*

eEp
holds:
_ N sk d;
T =exp (; Di=1 ZpeP; Limp, Uipt * fi,p,t)- 3)
[0062] Operation of the optimizer component 408 in the online case — where the

optimizer component 408 receives requests and adapts the long-term schedule responsive
to receipt of the request, is now set forth. The assumption made in the offline case that the
optimizer component 408 is aware of all requests at time t =0, e.g., a; =0, can be
unreasonable. An exemplary process that can be employed by the optimizer component 408
when used online has three main properties: it enables online handling of requests, it makes
incremental changes to the solution as new requests arrive, and it updates the promised «
values progressively.

[0063] With respect to such process, time can be indexed by 7. When time step 7
starts, the process employed by the optimizer component 408 becomes aware of requests i
whose aware time is 7, e.g., a; = 7. The collection of requests that are relevant at time 7
can be denoted by R(7) = {i:a; < 1,d; = 1}. Derivation of such process is described
herein in stages.

[0064] A first design is presented, wherein the process is incremental in nature and
chooses the a values greedily. The system of inequalities the online process utilizes to solve

at time 7 by the linear program LP (7) is denoted as follows:

Z [:i€R(T) ZPE?i:fi’p’t < Ce VeeE,VT<t<T
max{t,b;}<stsd; €€p

d; )
Fiﬂ'_l + Z:t;max{r,bi} ZPE?ifi,p,t = Aq; D; vi € R(7)

fipe =0 Vi € R(1),Vmax{r,b;} <t <d;, Vp € P,
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Fizoq = E;éi Zpe?i fipe can be defined as the total flow already routed by the process

before time 7 for request i € R(7), and by «;, the promised fraction of request i’s demand
that the process scheduled. It can be noted that F; ;_; is a constant when operating at time
step T.

[0065] The online process at time 7 uses the solution from the previous time step as
its starting point. Thereafter, given values for a;s, the process executes the offline algorithm
to determine whether there is a feasible solution or not for the given a; values. The process
can determine the @; values, as requests i that are not new, e.g., a; < 7, already have a
promised a; value from the previous time step. Newly aware requests i, e.g., @; = 7, can
initially be set to have at a; = 0. The process can conduce a “water filling” process, in
which the lowest a scores are increased as long as LP(7) is feasible.

[0066] Relative to the offline process, the following changes can be made: condition

(*) is changed to:

Yert* -1
ZeEp*T a-Di*—F-*

A
i*r-1 °

YecE XL

e€E Lt=0 Ye,t

YieR Zi

when increasing fi< .+ the variable z;+ is updated as follows: Z;x ¢ Z;= -

Y
a:l* Dl* _Fi*,'l'—

e 1, y is changed according to Y < &£ min {a "D —

Fi 14, min{ce}}; i* is removed from R when:
’ eep*

d.+
i e D
Fl*'T_l + Zt=maX{T,bi*}2p€?i* ﬂ*'p't 2 a Dl ?

the stopping condition of the algorithm is that all the “new” covering constraints are
satisfied. Similarly to Eq. (1) and Eq. (2), y. ; and z; are maintained to uphold the following

definitions:
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Yetr — €XP _Z i:i€R(T) Zpefpi:fi,p,t 4)

£Ce
max{z,b;}<t<d; eep

N d;
zZ; =exp|— o)
l exp ( 8'(ai'Di—Fi,T_1) Zt=max{~r,bi} ZPE?l fl,p,t) (5)
[0067] A problem that exists with the above online incremental solution is that is

essentially chooses the a values in a greedy manner, which may cause a wide variation in
the sequence ay, @4, ..., and some as may have a very small value.

[0068] In order to sustain fairness over time, the concept of traffic smoothening can
be introduced. Intuitively, this can be done by limiting the capacity the incremental online
process can use, leaving some capacity vacant for future requests. Formally, S, ., can
denote the fraction of the capacity of edge e in future time t that can be used by the online
incremental process when running at time step 7. This changes the capacity constraint of

LP(7) as follows:

Y iier()  2pePifipt < BetrCe Ve €ENVT<t<T
max{t,b;}<stsd; €€p

Given an edge e € E and a time t, the following function is non-decreasing in 7:
Bet:10,....,t] = [0,1]. B+ can be set to 1, since when the online process reaches time
step T = t, the entire capacity of the edge can be used as there is no reasons to save vacant
capacity for future uses. For example, an exemplary choice is ., , = exp(—(t — 7)/c) for
some constant c.

[0069] Based on the forgoing, the following changes to Eq. (1) can be implemented:
N A
a rule can be updated for y, .+, where Vg ¢+ € Vo ¢+ ° eferrrieye € p*; condition

(*) changes to:

) Yet” E z
E 3k
e€p Be,t*,T'Ce OfDl* _Fi*,'l'—l 4 .
T = 5
ZeEEZt:o Ye,t YieRZi
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Ve, 1s initialized and updated to maintain the following definition:

Yer = €xp| z—- Y iier(  2pePifipt |- (6)
ettre max{t,b;}<t<d; €€p
[0070] In the online case when operating at time 7, one can improve results obtained

by the traffic smoothening approach. As the optimizer component 408, when employing
the online process, applies water filling at each time step 7, it might be the case that some
of the a values can be improved. At each time step 7, after the online process (with traffic
smoothening terminates), the same algorithmic approach can be applied with a utility

constraint. LP'(t) can denote the system of inequalities the online process needs to solve

at time T with utility g(f):

Y iier@®  2pePifipt < PetrCe Ve EEVT<t<T
max{t,b;}<stsd; €€p

d; ]
Fi,‘r—l + Zt;max{f’bi} Zpe?ifi,p,t < Di Vi € R(1)

d;
ZiER(T) (Ui,r—l + Zpe:PingaX{T,bi} Uipt 'fi,p,t) =2 U

fipe =0 Vi € R(1),Vmax{r,b;} <t <d; Vp € P,.

Uijroq = ZPE?i Zg;éi Uiyt * fipe can be defined as the total utility of flow already routed

by the process before time 7 for request i € R(7). It can be noted that U; ,_; is a constant
when operating at time step 7.

[0071] The second constraint states that the total flow of request i should not exceed
its total demand D; (this is a packing constraint). The third constraint states that the total
utility is at least some given value F (this is a covering constraint). It can be noted that the
second constraint is not needed in LP and LP (1), but is needed here with LP' (7).

[0072] When considering such constraints, the following changes to Eq. (1) can be

incorporated into the optimizer component 408: internal variables s; can be added, where
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|4

. : : : D;«—F;
Vi € R(1); when increasing f;« ,+ .+, 5;» is updated as follows: Sj* ¢ Sj* * € T

condition (*) is changed to:

* .
Vet . Si*

ZeEp*B

T
et*7Ce Dipx—Fpx 4 Ui p* t*

YeeE 2’{:0 Ye,t+2iER(‘r) si U_ZiER(r) Ui,r—l,

the stopping condition of the process is that the utility constraint is satisfied; ¥ is chosen to

U_ZiER(‘L') Uir—1
ui*

be Y « e-min{Di* — i*’T_l,grel%)r}{ce}, } The internal

prt*

variables Y., S;, and r are maintained, such that Eq. (6) remains unchanged, and the

following holds:
_ ___ N d;
S; = €exp ( 8'(Di—Fi,r—1) Zpe?i2t=max{r,bi} ﬂ.P,t) %
r=ex = : / 8
exp (8'(U—2ieR(r) Uiz—1) ZPE?L Zmax{‘r,bi} fl.P,t) (®)
[0073] As indicated in Theorem 1, the optimizer component 408 may produce a

solution that violates the capacity constraints by a small multiplicative factor of at most
(1 + 3¢). This may happen both in traffic smoothening and utility incorporation. This is
not an issue, however, since exceeding f, ; ; * ¢, units of flow on edge e at time t scheduled
by the online process at time 7 and the edge’s capacity c,. This approach allows for
acceptance of small capacity violations generated by the optimizer component 408 without
actually violating the capacity at all in the final output, which results in higher a values.

[0074] It can be ascertained that the online case has no theoretical performance
guarantees, although it can be proven that when the appropriate system of inequalities is
feasible, then the process used by the optimizer component 408 will not get stuck; that is,
there is always a variable f; .« .+ that can increase implying that the ratio of the derivative
of the smoothening of the worst packing constraint and the derivative of the smoothening

of the worst packing constraint is upper bounded by 1. This holds for any current solution

f . This is summarized in the following theorem:
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Theorem 3: For any f , if LP, LP(t) and LP'(t) are feasible, then there is always a i*,p”,
and t* such that the respective condition (*) holds.

[0075] As reference above, high-priority requests (e.g., ad-hoc requests) are
desirably satisfied. It can be assumed that all high priority requests are broken into small
chunks, each having a; = b; = d;, e.g., each high priority request spans exactly a single
time step. The process referenced above has prior estimation of the fraction of the capacity
ce of edge e at time t that will be needed for high priority requests. This fraction can be
denoted by X, ;. This incurs the following adaption of the process previously mentioned:
¢, 1s replaced with (1 — Xe’t) ' ¢, Since X's are estimations, it may be the case that once
time step t arrives and the process becomes aware of the actual high priority requests, it
becomes apparent that more than a X, . fraction of the capacity of edge e is needed. In this
case, the process can be configured to reduce some pre-scheduled flow on edge e, which
can be accomplished by formulating a small linear program that corrects the pre-scheduled
flow on edge e while minimizing the effect on the promise guarantees a; provided by the
optimizer component 408.

[0076] In another exemplary embodiment, to speed up the running time, it may be
desirable to consider use of a sliding window approach. Given a window size W, if the
online process 1s at time step 7, it only looks W time steps ahead into the future. A potential
issue with this approach is that there may be requests i for which d; — a; > W, e.g., at the
time in which the process becomes aware of request i it ends after the current window.
[0077] A solution for this potential issue is to break this request into smaller
requests. Specifically, once the process becomes aware of the request i as above at time 7,
it considers its deadline to be the current end time of the sliding window: 7+ W.
Additionally, its demand is set to be the proportion of its original demand that fits into the
current sliding window. With more particularity, the demand can be determined by the

following formula when the online process of the optimizer component 408 is at time 7:

|14
:Di*d

TiffbiSTSdianddi>W
—

= D; otherwise.
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At any subsequent time steps the total of the flow of request i scheduled can be subtracted
from D;.

[0078] It can be ascertained that the optimizer component 408 must operate in a
relatively tight time-scale. Accordingly, the process described above can be modified to
facilitate expediting of its execution. For example, the shortest path problem can be
decomposed. Finding an (i,t,p) tuple that satisfies (*) can be substantially similar to
executing an all-pairs shortest path process on an expanded graph, which includes one copy
of the original network for every time instance. Doing so, however, may be too costly in
view of the large problem instances that may be considered by the scheduler component
118. Thus, as alluded to above, the network graph 402 can be constrained. For instance,
for each source-destination pair, a sorted by length list of paths can be retained for each copy

of the graph (a path’s length is the sum of lengths of its edges; the edge length is given by

362). The shortest path for each source destination pair can be obtained by taking the

minimum length path among all copies; an advantage of such decomposition is that shortest
paths can be searched for on much smaller graphs.

[0079] In view of the above, it can be observed that in any iteration of the process,
shortest-path can be calculated only for the time instance corresponding to the last update
(e.g., where such time instance is denoted by t). Further, the shortest path (corresponding
to time t) need only be calculated for users whose current shortest path has joint edges with
the path whose flow has been augmented. This results in fewer updates in each iteration,
rendering the process more efficient.

[0080] Moreover, the process set forth above can be parallelized. Incrementing the
flow variables f; ,, » and updating corresponding internal variables y,  and z; can be done in
parallel, so long as there is no contention in the time dimension, and further a request is
assigned to only one thread at a time. To obey these constraints, the total time can be divided
into time ranges, where each time range is assigned to a different thread. Specific time-
ranges can be chosen in a manner that roughly equalizes the “load” (request count) in each
range. The parallelization is straightforward when each request is “alive” in exactly one
time range. Requests, however, may span multiple time ranges. To address this challenge,
the request can be assigned to a specific time range with probability equal to the relative
mass of the request in that time range. Such assignment guarantees that the constraints
described above are indeed enforced. In a scatter phase, each thread runs a given number

of iterations (which can be set — e.g., 10%). The following gather phase then updates the
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values of all variables. While some covering constraint remains unsatisfied and feasible
edits to f; , . based on condition * remain possible, the optimization component 408 repeats
the above scatter and gather phases. Note that a request spanning multiple time ranges can
be assigned to different threads in different scatter phases. Towards the end of the execution,
where the number of unsatisfied requests is small, the process can switch to single-thread
execution (e.g., the parallelization overhead becomes meaningful).

[0081] Summarizing at least some of the above, an exemplary algorithm that can be
used by the optimizer component 408 can be classified as a mixed packing and covering
algorithm. The process identifies a solution by making small yet provably safe changes to
the variables, such that there is a bound on overshoot violations on the packing constraint.
When new constraints appear (e.g., new transfers at a next time step or a change in network
conditions), the process can use the “old” converged state (e.g., the problem need not be
solved from scratch, but can start from a previous converged state). The process allows for
promises to be made to requesters, where the promise guarantees that a transfer request will
be met despite new arrivals, high priority (ad-hoc) requests, and changing network
conditions. This can be accomplished by setting aside a particular amount of future network
resources — at a next time step (from current time), resources can be entirely allocated, while
for time steps in the future, increasing amounts of resources can remain unallocated.
Further, such process can be parallelized for practical implementation.

[0082] With reference to Fig. 6, an exemplary graphical user interface 600 that can
be exposed to an owner of data retained in at least one computing device of the network 102
is illustrated. The graphical user interface 600 includes a data field 602 that is configured
to receive identification of data that is to be transferred from a source computing device to
a recipient computing device. For instance, based upon an identification of the data that is
referenced in the data field 602, a volume of the data that is being requested to be transferred
from the source computing device to the recipient computing device can be ascertained.
[0083] The graphical user interface 600 additionally includes a recipient ID field
604 that identifies a recipient computing device in the network 102. The graphical user
interface 600 may optionally include a start field 606 that is configured to receive an
identification of a time when the transfer of the data to the recipient computing device
identified in the recipient ID field 604 can begin. If the start field 606 is omitted from the
graphical user interface 600 or a start time is not specified, then an assumption can be made

that the transfer of the data can immediately begin. The graphical user interface 600 also

28


WS6
Rectangle

WS6
Rectangle


10

15

20

25

30

includes a deadline field 608 that can receive an indication of when the transfer of the data
from the source computing device to the recipient computing device identified in the
recipient ID field 604 is to be completed. Based upon the data set forth in the fields 602-
608, pricing information can be presented in a pricing field 610. The pricing information
can change, for example, as a deadline set forth in the deadline field 608 changes, as an
amount of data in the data field changes 602, etc. Accordingly, it can be ascertained that
the graphical user interface 600 facilitates specification of an absolute deadline, where the
transfer of data is to be completed prior to the deadline. The scheduler component 118 can
consider the deadline when determining whether to accept or reject the request, and can
compute the long-term schedule 124 and the short-term schedule 126 based upon the
deadline.

[0084] Figs. 7-9 illustrate exemplary methodologies relating to scheduling data
transfers in a network. While the methodologies are shown and described as being a series
of acts that are performed in a sequence, it is to be understood and appreciated that the
methodologies are not limited by the order of the sequence. For example, some acts can
occur in a different order than what is described herein. In addition, an act can occur
concurrently with another act. Further, in some instances, not all acts may be required to
implement a methodology described herein.

[0085] Moreover, the acts described herein may be computer-executable
instructions that can be implemented by one or more processors and/or stored on a
computer-readable medium or media. The computer-executable instructions can include a
routine, a sub-routine, programs, a thread of execution, and/or the like. Still further, results
of acts of the methodologies can be stored in a computer-readable medium, displayed on a
display device, and/or the like.

[0086] With reference now to Fig. 7, an exemplary methodology 700 that facilitates
computation of a long-term schedule is illustrated. The methodology 700 starts at 702, and
at 704, a request to transfer data from a first computing device in a network to a second
computing device in the network is received. As indicated above, the request comprises
first data that identifies the second computing device, second data that identifies a volume
of data to be transferred from the first computing device to the second computing device in
accordance with the request, and third data that identifies a deadline, wherein the transfer of
the data from the first computing device to the second computing device is to be completed

prior to the deadline.
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[0087] Responsive to receiving the request and based at least in part upon the
request, at 706 a long-term schedule for data transfers in the network is generated. As
indicated above, an optimization process is used to compute the long-term schedule. The
long-term schedule covers a plurality of future time units and is generated to facilitate
completion of the transfer of the volume of the data from the first computing device to the
second computing device prior to the deadline. Further, the long-term schedule identifies,
for at least one future time unit in the plurality of future time units, a path in the network
over which data is to be transferred from the first computing device to the second computing
device.

[0088] At 708, based upon the long-term schedule, a short-term schedule is
generated for data transfers in the network, wherein the short-term schedule is generated to
facilitate completion of the transfer of the data from the first computing device to the second
computing device prior to the deadline. The short-term schedule comprises a routing table
for a network infrastructure device in the network. The routing table identifies at least one
device to which data received by the network infrastructure device is to be transferred. At
710, the routing table is transmitted to the network infrastructure device, and the
methodology 700 completes at 712.

[0089] With reference now to Fig. 8, an exemplary methodology 800 that facilitates
generating the long-term schedule is illustrated. The methodology 800 starts at 802, and at
804 a map of a network is received. As indicated above, the map of the network comprises
a plurality of nodes that are representative of devices in the WAN and a plurality of edges
that are representative of network links between devices in the network. At 806, a network
graph is constructed based upon the map of the network. The network graph comprises a
plurality of instances of the map of the network: one instance of the map of the network for
cach time unit covered by the long-term schedule. At 808, path constraints for data transfers
are received. Such path constraints can restrict paths over which data to be transferred from
a source computing device to a recipient computing device can travel.

[0090] At 810, information about pending data transfer requests is received. Such
information can include a respective volume of data remaining to be transferred for each
request, a respective deadline of the request, amongst other information. At 812, a mixed
packing and covering algorithm is executed in parallel over the network graph based upon
the network graph, the path constraints, and the information received 810. It is to be
understood that it is contemplated that other types of algorithms are contemplated for

computing the long-term schedule. For instance, a linear program can be resolved in
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connection with computing the long-term schedule. The methodology 800 completes at
814.

[0091] Turning now to Fig. 9, an exemplary methodology 900 that facilitates
exposing pricing information about data transfers over a network is illustrated. The
methodology starts at 902, and at 904 a long-term schedule for data transfers over a network
isreceived. At 906, based upon the long-term schedule, a pricing schedule for data transfers
is generated. This pricing schedule can be configured to smooth the demand for data
transfers in the network over time, thereby increasing efficiency of utilization of hardware
resources of the network. At 908, a request for a data transfer over the WAN is received,
wherein the request includes an amount of data to be transferred and a deadline prior to
which the transfer is to be completed. At 910, pricing information is exposed to the
requester based upon the pricing schedule and the received request. The requester of the
data transfer may then accept the price or modify the request based upon the pricing
information. The methodology 900 completes at 912.

[0092] Referring now to Fig. 10, a high-level illustration of an exemplary computing
device 1000 that can be used in accordance with the systems and methodologies disclosed
herein is illustrated. For instance, the computing device 1000 may be used in a system that
supports computing a long-term schedule for data transfers in a network. By way of another
example, the computing device 1000 can be a source computing device or a recipient
computing device in the network 102. The computing device 1000 includes at least one
processor 1002 that executes instructions that are stored in a memory 1004. The instructions
may be, for instance, instructions for implementing functionality described as being carried
out by one or more components discussed above or instructions for implementing one or
more of the methods described above. The processor 1002 may access the memory 1004
by way of a system bus 1006. In addition to storing executable instructions, the memory
1004 may also store routing tables, long-term schedules, short-term schedules, etc.

[0093] The computing device 1000 additionally includes a data store 1008 that is
accessible by the processor 1002 by way of the system bus 1006. The data store 1008 may
include executable instructions, data transfer schedules, etc. The computing device 1000
also includes an input interface 1010 that allows external devices to communicate with the
computing device 1000. For instance, the input interface 1010 may be used to receive
instructions from an external computer device, from a user, etc. The computing device 1000

also includes an output interface 1012 that interfaces the computing device 1000 with one
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or more external devices. For example, the computing device 1000 may display text,
images, etc. by way of the output interface 1012.

[0094] It is contemplated that the external devices that communicate with the
computing device 1000 via the input interface 1010 and the output interface 1012 can be
included in an environment that provides substantially any type of user interface with which
a user can interact. Examples of user interface types include graphical user interfaces,
natural user interfaces, and so forth. For instance, a graphical user interface may accept
input from a user employing input device(s) such as a keyboard, mouse, remote control, or
the like and provide output on an output device such as a display. Further, a natural user
interface may enable a user to interact with the computing device 1000 in a manner free
from constraints imposed by input device such as keyboards, mice, remote controls, and the
like. Rather, a natural user interface can rely on speech recognition, touch and stylus
recognition, gesture recognition both on screen and adjacent to the screen, air gestures, head
and eye tracking, voice and speech, vision, touch, gestures, machine intelligence, and so
forth.

[0095] Additionally, while illustrated as a single system, it is to be understood that
the computing device 1000 may be a distributed system. Thus, for instance, several devices
may be in communication by way of a network connection and may collectively perform
tasks described as being performed by the computing device 1000.

[0096] Various functions described herein can be implemented in hardware,
software, or any combination thereof. If implemented in software, the functions can be
stored on or transmitted over as one or more instructions or code on a computer-readable
medium. Computer-readable media includes computer-readable storage media. A
computer-readable storage media can be any available storage media that can be accessed
by a computer. By way of example, and not limitation, such computer-readable storage
media can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or any other medium that can be
used to carry or store desired program code in the form of instructions or data structures and
that can be accessed by a computer. Disk and disc, as used herein, include compact disc
(CD), laser disc, optical disc, digital versatile disc (DVD), floppy disk, and Blu-ray disc
(BD), where disks usually reproduce data magnetically and discs usually reproduce data
optically with lasers. Further, a propagated signal is not included within the scope of
computer-readable storage media. Computer-readable media also includes communication

media including any medium that facilitates transfer of a computer program from one place
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to another. A connection, for instance, can be a communication medium. For example, if
the software is transmitted from a website, server, or other remote source using a coaxial
cable, fiber optic cable, twisted pair, digital subscriber line (DSL), or wireless technologies
such as infrared, radio, and microwave, then the coaxial cable, fiber optic cable, twisted
pair, DSL, or wireless technologies such as infrared, radio and microwave are included in
the definition of communication medium. Combinations of the above should also be
included within the scope of computer-readable media.

[0097] Alternatively, or in addition, the functionally described herein can be
performed, at least in part, by one or more hardware logic components. For example, and
without limitation, illustrative types of hardware logic components that can be used include
Field-programmable Gate Arrays (FPGAs), Program-specific Integrated Circuits (ASICs),
Program-specific Standard Products (ASSPs), System-on-a-chip systems (SOCs), Complex
Programmable Logic Devices (CPLDs), etc.

[0098] What has been described above includes examples of one or more
embodiments. It is, of course, not possible to describe every conceivable modification and
alteration of the above devices or methodologies for purposes of describing the
aforementioned aspects, but one of ordinary skill in the art can recognize that many further
modifications and permutations of various aspects are possible. Accordingly, the described
aspects are intended to embrace all such alterations, modifications, and variations that fall
within the spirit and scope of the appended claims. Furthermore, to the extent that the term
“includes” is used in either the details description or the claims, such term is intended to be
inclusive in a manner similar to the term “comprising” as “comprising” is interpreted when

employed as a transitional word in a claim.
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CLAIMS

1. A method comprising:
receiving a request to transfer data from a first computing device in a network to a
second computing device in the network, the request identifying:
the second computing device;
a volume of data to be transferred from the first computing device to the
second computing device in accordance with the request; and
a deadline, the transfer of the data from the first computing device to the
second computing device to be completed prior to the deadline;
responsive to receiving the request and based upon the request, executing an
optimization process to compute a long-term schedule that covers a plurality of time units,
the long-term schedule generated to facilitate completion of the transfer of the data from
the first computing device to the second computing device prior to the deadline, the long-
term schedule identifies, for a time unit in the plurality of time units, at least one path in
the network over which the data is to be transferred from the first computing device to the
second computing device;
the optimization process comprising:
receiving a map of the network, the map of the network comprising a
plurality of nodes that are respectively representative of devices in the network, the
map of the network further comprising a plurality of edges that are representative
of links between respective devices in the network;
responsive to receipt of the map of the network, constructing a network
graph that is representative of the network over the plurality of time units, the
network graph comprises a plurality of instances of the map of the network that
respectively correspond to the plurality of time units, the plurality of instances of
the map of the network connected with one another by way of edges between nodes
in the plurality of instances of the map of the network that represent common
devices; and
generating the long-term schedule based upon the network graph;
based upon the long-term schedule, computing a short-term schedule, the short-
term schedule computed to facilitate completion of the transfer of the volume of the data
from the first computing device to the second computing device prior to the deadline, the

short term schedule comprising a routing table for a network infrastructure device in the

34



network, the routing table identifies at least one device to which data received by the
network infrastructure device is to be transferred; and

transmitting the routing table to the network infrastructure device.

2. The method of claim 1, further comprising, for the data transfer between the first

computing device and the second computing device, constraining a number of paths
represented in the network graph that can be used to transfer the data from the first
computing device to the second computing device to a threshold number of potential paths,
wherein generating the long-term schedule is based upon the threshold number of potential

paths.

3. The method of claim 1, further comprising:

receiving a plurality of requests for a respective plurality of data transfers between
various computing devices in the network, the plurality of requests identifying a respective
plurality of deadlines, the respective plurality of deadlines being different; and

generating the long-term schedule based upon the plurality of requests, the long
term schedule generated to facilitate completion of the data transfers between the various

computing devices in the network prior to their respective plurality of deadlines.

4. The method of claim 1, wherein the optimization process is executed in parallel

over multiple processor cores.

5. The method of claim 1, wherein the optimization process includes execution of a
mixed packing and covering algorithm.

6. A controller computing device comprising:
a processor; and
a memory that comprises a plurality of components that are executed by the
processor, the plurality of components comprising:
a receiver component that receives a plurality of data transfer requests
having a respective plurality of specified deadlines, each data transfer request being
a respective request to transfer data over a network that comprises a plurality of
network infrastructure devices; and

a scheduler component that:
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computes a long-term schedule based upon the plurality of data

transfer requests, the long-term schedule covering a plurality of time units

and defining flow of traffic through the network in the plurality of future

time units, wherein the long-term schedule is computed by executing an

optimization process, the optimization process comprising:

receiving a map of the network, the map of the network
comprising a plurality of nodes that are respectively representative
of devices in the network, the map of the network further comprising
a plurality of edges that are representative of links between
respective devices in the network;

responsive to receipt of the map of the network, constructing
a network graph that is representative of the network over the
plurality of time units, the network graph comprises a plurality of
instances of the map of the network that respectively correspond to
the plurality of time units, the plurality of instances of the map of the
network connected with one another by way of edges between nodes
in the plurality of instances of the map of the network that represent
common devices; and

generating the long-term schedule based upon the network
graph;

computes a short-term schedule based upon the long-term schedule,

the short-term schedule covering fewer time units than the long-term

schedule; and

causes respective routing tables to be transmitted to the plurality of

network infrastructure devices, the plurality of network infrastructure

devices routing data packets in the network based upon the routing tables.

The computing device of claim 6, the scheduler component executes a mixed

packing and covering algorithm to compute the long-term schedule.

The computing device of claim 7, wherein the long-term schedule comprises a

respective sub-schedule for each time unit, the respective sub-schedule defining flow of

traffic through the network for its corresponding time unit.
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