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SYSTEMS AND METHODS FOR ROUTING AND TOPOLOGY MANAGEMENT OF
COMPUTER NETWORKS WITH STEERABLE BEAM ANTENNAS

RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Patent Application No. 15/137,747, titled
“SYSTEMS AND METHODS FOR ROUTING AND TOPOLOGY MANAGEMENT OF
COMPUTER NETWORKS WITH STEERABLE BEAM ANTENNAS” and filed on April 25,

2016, the entire contents of which are hereby incorporated by reference.

BACKGROUND
[0002] Information can be transmitted over computer networks, such as aerospace and other
mobile networks. In such networks, one or more of the network nodes may move over time,
such that a pair of network nodes that were previously linked can no longer form a link. As a
result, it can be difficult to maintain connectivity of network nodes to satisfy provisioned

network flows.

SUMMARY
[0003] In some aspects, the disclosure relates to a method for configuring a network having a
plurality of nodes including at least one moving node. The method can include generating, by a
network controller, an input graph for a first future time period. The input graph can have a
plurality of vertices each representing a respective one of the plurality of nodes and a plurality
of edges each representing a possible link between two of the plurality of nodes. The input
graph can include corresponding location information for each of the nodes during the first
time period and an edge for every possible link that could be formed for the first time period
between the nodes based on their corresponding location information. Each edge can be
associated with at least one network performance metric. The method can include receiving, by
a solver module, information corresponding to the input graph, a maximum degree for each
vertex in the input graph, and a set of provisioned network flows. The method can include
determining, by the solver module, a subgraph representing a network topology based on the
input graph, the maximum degree for each vertex in the input graph, and the set of provisioned
network flows. A number of edges associated with each vertex in the subgraph may not exceed
the maximum degree for each vertex. The method can include assigning, by the network
controller, links between the plurality of nodes based on the subgraph. The method can include
determining, by the network controller, link establishment instructions for the plurality of

nodes. The method can include to causing, by the network controller, the plurality of nodes to
1
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establish the assigned links.

[0004] Another innovative aspect of the subject matter described in this disclosure can be
implemented in a system for configuring a network having a plurality of nodes including at
least one moving node. The system can include the plurality of nodes, a network controller
communicatively coupled to the plurality of nodes, and a solver module. The system can be
configured to generate an input graph for a first future time period. The input graph can have a
plurality of vertices each representing a respective one of the plurality of nodes and a plurality
of edges each representing a possible link between two of the plurality of nodes. The input
graph can include corresponding location information for each of the nodes during the first
time period and an edge for every possible link that could be formed for the first time period
between the nodes based on their corresponding location information. Each edge is associated
with at least one network performance metric. The system can be configured to receive
information corresponding to the input graph, a maximum degree for each vertex in the input
graph, and a set of provisioned network flows. The system can be configured to determine a
subgraph representing a network topology based on the input graph, the maximum degree for
each vertex in the input graph, and the set of provisioned network flows. A number of edges
associated with each vertex in the subgraph may not exceed the maximum degree for each
vertex. The system can be configured to assign links between the plurality of nodes based on
the subgraph. The system can be configured to determine link establishment instructions for
the plurality of nodes. The system can be configured to cause the plurality of nodes to establish
the assigned links.

[0005] Another innovative aspect of the subject matter described in this disclosure can be
implemented in a non-transitory computer-readable medium having instructions encoded
thereon which, when executed by one or more processors, cause the one or more processors to
perform a method for configuring a directional point-to-point network having a plurality of
nodes including at least one moving node. The method can include generating, by a network
controller, an input graph for a first future time period. The input graph can have a plurality of
vertices each representing a respective one of the plurality of nodes and a plurality of edges
each representing a possible link between two of the plurality of nodes. The input graph can
include corresponding location information for each of the nodes during the first time period
and an edge for every possible link that could be formed for the first time period between the
nodes based on their corresponding location information. Each edge can be associated with at
least one network performance metric. The method can include receiving, by a solver module,
information corresponding to the input graph, a maximum degree for each vertex in the input

graph, and a set of provisioned network flows. The method can include determining, by the
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solver module, a subgraph representing a network topology based on the input graph, the
maximum degree for each vertex in the input graph, and the set of provisioned network flows.
A number of edges associated with each vertex in the subgraph may not exceed the maximum
degree for each vertex. The method can include assigning, by the network controller, links
between the plurality of nodes based on the subgraph. The method can include determining, by
the network controller, link establishment instructions for the plurality of nodes. The method
can include to causing, by the network controller, the plurality of nodes to establish the

assigned links.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] The above and related objects, features, and advantages of the present disclosure will be
more fully understood by reference to the following detailed description, when taken in
conjunction with the accompanying figures, wherein:
[0007] Figure 1 is a block diagram of an example directional point-to-point computer network;
[0008] Figure 2A is a schematic diagram of an input graph for an example computer network;
[0009] Figure 2B is a schematic diagram of a subgraph based on the input graph shown in
Figure 2A;
[0010] Figure 3 is a block diagram of an example system for configuring a computer network;
and
[0011] Figure 4 is a flowchart of an example method for configuring a computer network.
[0012] For purposes of clarity, not every component may be labeled in every figure. The
drawings are not intended to be drawn to scale. Like reference numbers and designations in the

various figures indicate like elements.

DETAILED DESCRIPTION
[0013] The systems and methods of the disclosure relate to managing topology and routing in a
directional point-to-point computer network. Particularly, the disclosure describes techniques
for determining a current topology of a computer network, including the current geographical
position of network nodes, some of which may move over time. An input graph can be
constructed to represent the current state of the network and all of the possible links that could
be formed between network nodes given the current state of the network. Based on the input
graph and the network flows that have already been provisioned, a subgraph can be generated
representing a network topology which can be implemented based on the location of the
network nodes and which can satisfy the provisioned network flows.

[0014] Figure 1 is a block diagram of an example directional point-to-point computer network
3
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100. The computer network 100 is a directional point-to-point computer network consisting of
nodes mounted on various land- and air-based devices, some of which may change position
with respect to other nodes in the network 100 over time. For example, the network 100
includes nodes associated with each of two land-based datacenters 105a and 105b (generally
referred to as datacenters 105), nodes associated with each of two ground stations 107a and
107b (generally referred to as ground stations 107), and nodes associated with each of three
airborne high altitude platforms (HAPs) 110a—110c (generally referred to as HAPs 110). As
shown, the HAP 110a is a blimp, the HAP 110b is an airplane, and the HAP 110c is a balloon.
Arrows shown between a pair of nodes represent active communication links between the
nodes. It should be understood that the network 100 as shown in Figure 1 is illustrative only,
and in some implementations the network 100 may include additional or different nodes. For
example, in some implementations, the network 100 may include additional HAPS, which may
be blimps, airplanes, unmanned aerial vehicles (UAVs), or any other form of high altitude
platform. In some implementations, additional network nodes also may be mounted on sea-
based platforms or on space-based platforms, such as satellites. In some implementations, the
network 100 may serve as an access network for client devices such as cellular phones, laptop
computers, desktop computers, wearable devices, or tablet computers. The network 100 also
may be connected to a larger network, such as the Internet, and may be configured to provide a
client device with access to resources stored on or provided through the larger computer
network. In some implementations, the HAPs 110 can include wireless transceivers associated
with a cellular or other mobile network, such as eNodeB base stations or other wireless access
points, such as WiMAX or UMTS access points. Together, the HAPs 110 can form a wireless
access network. The HAPs 110 can connect to the datacenters 105, for example, via backbone
network links or transit networks operated by third parties. The datacenters 105 may include
servers hosting applications that are accessed by remote users as well as systems that monitor
and control the components of the network 100. The HAPs 110 can provide wireless access for
the users, and can route user requests to the datacenters 105 and return responses to the users
via the backbone network links.

[0015] Some of the nodes of the network 100 can be configured to communicate with one
another using steerable wireless transceivers. Such transceivers may be mounted to actuators
that can be controlled to point in a desired direction. To form a link between two directional
nodes, such as the node associated with the HAP 110a and the node associated with the HAP
110b, the transceivers of the respective nodes can be controlled to point in the direction of one
another so that data can be sent and received between the nodes. In some implementations,

some of the nodes may include transceivers with omnidirectional antennas and therefore are not
4



WO 2017/189051 PCT/US2016/069226

required to be steered towards other nodes to form communication links. Similarly, some of the
nodes may include directional transceivers whose positions are fixed and cannot be adjusted. In
some implementations, parameters associated with each transceiver can be controlled to
facilitate formation of the links in the network 100. For example, nodes having steerable
directional antennas can be controlled to point in the direction of nodes with which they are to
establish links. In addition, the power of the signals transmitted by each transceiver can also be
controlled to facilitate formation of the links in the network 100. For example, transceivers of
nodes that are separated by a relatively large distance can be configured to operate at a higher
power to compensate for the loss of signal-to-noise ratio that occurs over the distance
separating the two nodes. Transceivers of odes that are spaced nearer to one another may be
controlled to operate at a relatively lower power so as to save power. The communication
channels and protocols for pairs of nodes that are to establish links can also be controlled to
facilitate the formation of the links in the network 100.

[0016] In general, each directional transceiver can be aimed at only one other transceiver at a
given time, and each transceiver must be able to operate at a sufficient power in order to form a
link with a transceiver of another node. Furthermore, omnidirectional nodes may only be
capable of forming a limited number of simultaneous communication links. As a result, the
feasible topologies for the network 100 at a given time are constrained. For example, each
network node will have a fixed number of transceivers, and thus the number of links coupling a
first node to other nodes (sometimes referred to as the degree of the first node) must be no
greater than the number of transceivers associated with the first node. Furthermore, the
maximum range for each transceiver is limited by the maximum power output for the
transceiver, and therefore a link cannot be established between a pair of nodes that are
separated by a distance that exceeds the maximum range for either of their transceivers. In
some implementations, the maximum power output for a transceiver can be constrained based
on a variety of factors, including a battery level, weather conditions that may impact solar
power generation rates, and remaining flight time for a HAP 110.

[0017] Further constraining the feasible topologies of the network 100 is the requirement that
the path between a pair of nodes should be clear of obstructions in order for the nodes to form a
link. In some implementations, the relative motion of the nodes in the network 100 may prevent
the formation of links at some points in time. For example, while the network 100 shows a link
between the HAP 110c and the ground station 107b, the link joining these two nodes may
become unreliable at times during which clouds are positioned between the HAP 110c¢ and the
ground station 107b. Similarly, the link between the HAP 110b and the balloon 110a may not

be feasible when the path of the HAP 110b brings the HAP 110b into a position in which the
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earth, e.g., a mountain, is positioned between it and the HAP 110a. Thus, movement of the
HAPs 110, as well as external events such weather or failure of one or more transceivers, can
limit the subset of nodes that are reachable from a given node at a given time in the network
100. As result, links and routing information must be continuously updated based on the
respective locations of the network nodes and other properties of the network nodes to maintain
connectivity across the network 100 over time. To achieve this, in some implementations an
input graph representing all of the possible links that can be formed in the network at a given
time can be generated and processed to generate a subgraph that conforms to the constraints
discussed above while satisfying any provisioned network flows.

[0018] Figure 2A is a schematic diagram of an input graph 200 for an example computer
network. The input graph 200 includes a plurality of vertices 205a—205i (generally referred to
as nodes 200) joined by edges represented by solid arrows. Each vertex 205 can represent a
network node, and each edge can represent a link joining a pair of network nodes. Each edge
in the input graph 200 includes an associated bandwidth expressed in gigabits per second
(Gbps). Also shown in Figure 2A are a series of broken lines representing provisioned network
flows and their respective bandwidths. For example, a first flow requiring 3 Gbps of bandwidth
is provisioned between the network node represented by the vertex 205b and the network node
represented by the vertex 2051, a second flow requiring 2 Gbps of bandwidth is provisioned
between the network node represented by the vertex 205¢ and the network node represented by
the vertex 2051, and a third flow requiring 4 Gbps of bandwidth is provisioned between the
network node represented by the vertex 205f and the network node represented by the vertex
205i. It should be understood that the provisioned flows shown in broken lines are not
themselves part of the input graph 200, but are shown overlaid onto the input graph 200 for
illustrative purposes.

[0019] The input graph 200 can be a graph representing all of the possible options for links at a
given time, based on the geographical locations of the nodes at that time. In some
implementations, the input graph 200 can be an unbounded, maximum spanning graph. In some
implementations, the input graph may represent all of the possible options for links during a
given window of time. For example, the duration of such a time window can be selected to be
equal to or longer than the period for which a network topology is desired to remain valid. In
implementations in which the network is reconfigured at a specified frequency, the time
window can be equal to the reciprocal of the reconfiguration frequency (i.e., equal to the
reconfiguration period). To ensure that the network is actually capable of forming the links
represented by the edges in the input graph 200, the input graph 200 may include an edge 200

only if the edge 200 represents a link that could be present in the network during the entire
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duration, or substantially the entire duration, of the selected time window. The input graph 200
can include edges representing both active and potential links, and no constraints are placed on
the number of edges between the vertices 205 in the input graph 200. For example, while the
node represented by the vertex 205a may include only a single transceiver (i.e., it may have a
degree of one), there is no limit on the number of edges that may connect to the vertex 205a in
the input graph 200. An edge can be present in the input graph 200 so long as the vertices 205
joined by the edge represent nodes that are accessible (i.e., could be established) at the given
time based on the locations and physical communication channel capabilities of the respective
nodes. For example, an edge can be present in the input graph 200 if the vertices 205 joined by
the edge represent nodes that are within range of one another, have transceivers that are
compatible with one another, and are each able to use their transceivers to communicate with
one another without obstruction. In some implementations, the input graph 200, and other
information such as information regarding the provisioned flows, can be used to determine a
subgraph representing a feasible network topology that is able to satisfy the provisioned
network flows. An example of such a subgraph is described further below in connection with
Figure 2B.

[0020] Figure 2B is a schematic diagram of a subgraph 201 based on the input graph 200
shown in Figure 2A. The subgraph 201 is bounded in ways that match the constraints of the
network that it represents. For example, in the subgraph 201, the degree of each vertex 205 is
constrained such that the number of edges connecting to each vertex 205 does not exceed the
maximum number of links supported by the nodes represented by each vertex 205. The
subgraph 201 also is selected such that the links represented by the edges in the subgraph 201
are capable of satisfying the provisioned network flows as shown in Figure 2A. For example,
the 3 Gbps flow from the vertex 205a to the vertex 205i can be carried along a path from the
vertex 2(05a through the vertices 205b, 205d, and 205h. The 2 Gbps flow from the vertex 205¢
to the vertex 205i can be carried along a path from the vertex 205¢ through the vertices 205d
and 205h. The 4 Gbps flow from the vertex 205f to the vertex 205i can be carried along a path
from the vertex 205f through the vertices 205g and 205h. In some implementations, the input
graph 200 can be processed along with other information, such as the provisioned network
flows and network performance metrics such as latency, bandwidth, link lifetime, or topology
lifetime, to generate the subgraph 201. After the subgraph 201 has been generated, the nodes
of the network can be controlled to form the links represented by edges in the subgraph 201 and
update their routing tables to implement the topology represented by the subgraph 201.
Additional details regarding various techniques for generating the subgraph 201 based on the

input graph 200 are described further below.
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[0021] Figure 3 is a block diagram of an example system 300 for configuring a computer
network. The system 300 includes a network controller 305 in communication with a network
307. In some implementations, the network 307 may be a point-to-point network having one or
more nodes that move relative to other nodes over time, similar to the network 100 shown in
Figure 1. The network controller may be any type of computing device capable of configuring
the topology of the network 307 and passing routing information to the nodes of the network
307. In some implementations, the network 307 can be a software-defined network (SDN), and
the network controller 305 can be an SDN controller. Although the network controller 305 is
shown as a component separate from the network 307, it should be understood that in some
implementations, the network controller 305 may be part of the network 307. The network
controller 305 includes a topology and routing manager 310, a topology determination module
315, a flow determination module 320, a solver module 325, a flight control module 312, and a
database 330.

[0022] In some implementations, the topology and routing manager 310 can serve as the
interface between the network controller 305 and the network 307. The topology and routing
manager 310 can receive information from each of the nodes within the network 307. For
example, in some implementations, the topology and routing manager 310 may receive
information from each node in the network 307 corresponding to the current location of each
node, the predicted path of each node, the current links associated with each node, and the
routing information stored by each node. Each node also may send to the topology and routing
manager 310 information corresponding to any failed links, which may occur due to unforeseen
obstructions between nodes or due to failure of one or more transceivers. In some
implementations, the topology and routing manager 310 can receive predicted link metrics
from each node. For example, a predicted link metric may include a predicted value of a
network performance metric for a hypothetical link that may be formed in the future. Network
performance metrics can include bandwidth capacity, latency, or link lifetime duration, and can
be based on the predicted relative motion of the nodes in the network 307. Link lifetime
duration can represent the period of time during which a link is feasible in the network 307. In
some implementations, the topology and routing manager 310 also can receive information
relating to the applications whose data is being transmitted through the network 307, such as
the sources and destinations for application data. The topology and routing manager 310 can
store the information it receives from the network in the database 330.

[0023] The topology determination module 315 can be configured to determine the current
topology of the network 315. In some implementations, the determination can be made based

on the information received by the topology and routing manager 310. For example, the
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topology determination module 315 can be configured to aggregate the information relating to
the current location of each node, the links formed between each pair of nodes, and any failed
links that may exist within the network 307. The topology determination module 315 can
receive this information from the topology and routing manager 310, or may retrieve this
information from the database 330. In some implementations, the topology determination
module 315 can receive information from the flight control module 327 corresponding to the
flight paths of the airborne network nodes over the time window associated with the input
graph. The topology determination module can aggregate this information to determine the
topology of the network 307 over the time window associated with the input graph. In some
implementations, the topology determination module 315 can be configured to generate an
input graph similar to the input graph 200 shown in Figure 2A, based on the topology of the
network 307. In some other implementations, the topology determination module can provide
the topology information to the topology and routing manager 310, which can construct the
input graph based on the topology information.

[0024] The flow determination module 320 can be configured to determine all of the flows that
are currently provisioned in the network 307. In some implementations, the flow determination
module 320 can determine the provisioned flows based on the application data that is received
by the topology and routing manager 310. In some implementations, the flow determination
module 320 also can determine other information related to provisioned flows, such as the class
of service or quality of service for each provisioned flow. In some implementations, the flow
determination module 320 can aggregate the application data to determine the total amount of
bandwidth required between each node pair in the network 307. In some implementations, the
flow determination module 320 can aggregate the application data at a more granular level. For
example, in some implementations, the network data for each pair of nodes can be aggregated
by class of service, quality of service, or any other relevant network traffic discriminator. This
information can be stored, for example, in the database 330.

[0025] The solver module 325 can be configured to generate a subgraph based on the input
graph constructed by the topology and routing manager 310 or by the topology determination
module 315. As discussed above, the subgraph can represent a feasible network topology that is
capable of satisfying all provisioned network flows. In some implementations, the solver also
may compute routing paths for the provisioned flows over the topology represented by the
subgraph. In some implementations, the solver module 325 can be configured to generate the
subgraph based in part on additional information that may not be included in the input graph.
For example, the solver module 325 may generate a subgraph that takes into account various

network performance metrics such as link bandwidth, link latency, flow bandwidth, flow
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priority, link switching time (i.e., the time required to implement a new topology in the network
307), link duration, and topology duration. Each of these metrics may be modeled as a
constraint that is weighted when generating the subgraph. In some implementations, the solver
module also may receive information corresponding to the current state of the network, and
may attempt to generate a subgraph that minimizes of reduces the topological changes that
must be made to the current network topology. After the solver module 325 has generated a
subgraph and routing information, the topology and routing manager 310 can be configured to
control the nodes of the network 307 to implement the topology represented by the subgraph by
sending instructions to the nodes to cause the nodes to form the links represented by edges in
the subgraph (e.g., by steering their respective transceivers, adjusting their respective
transmission power levels, setting their transmission and reception frequency bands, etc.) and
update their routing tables accordingly.

[0026] In some implementations, the solver module 325 may be unable to determine a
subgraph representing a network that is capable of satisfying all of the provisioned network
flows. For example, one or more of the airborne network nodes in the network 307 may drift
too far from the other network nodes to be able to form a link. To address this, the flight control
module 327 can generate instructions for the airborne nodes of the network 307 that cause the
airborne nodes to alter their flight paths such that additional links may be formed, for example
by causing the airborne nodes to move closer to one another or to avoid obstructions. After the
nodes have been repositioned according to the instructions generated by the flight control
module 327, an updated input graph can be created based on the new locations of the network
nodes, and the updated input graph can be processed by the solver module 325 to attempt to
determine a suitable subgraph.

[0027] Figure 4 is a flowchart of an example method 400 for configuring a computer network.
In brief overview, the method 400 includes generating, by a network controller, an input graph
representing a plurality of network nodes (stage 410), receiving, by a solver module,
information corresponding to the input graph, other constraints, and provisioned network flows
(stage 420), determining, by the solver module, a subgraph representing a network topology
based on the input graph, the other constraints, and the provisioned network flows (stage 430),
assigning, by the network controller, links between the plurality of network nodes, based on the
subgraph (stage 440), determining, by the network controller, link establishment instructions
for the plurality of nodes (stage 450), and causing, by the network controller, the plurality of
nodes to establish the assigned links (stage 460).

[0028] Referring again to Figure 4, the method 400 includes generating, by a network

controller, an input graph representing a plurality of network nodes (stage 410). In some
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implementations, the topology and routing manager 310 shown in Figure 3 can construct the
input graph. The input graph can represent all of the existing and possible links that could be
formed in the network at a given time, similar to the input graph 200 shown in Figure 2A. For
example, the topology and routing manager 310 can retrieve the topology information
generated by the topology determination module 315. From the topology information, the
topology and routing manager 310 can construct an input graph having a vertex for each node
in the network, and an edge representing each link that could exist during a given time window
based on the geographic locations of the nodes and the physical capabilities of the transceivers
associated with the nodes. In some implementations, there is no limitation on the number of
edges that can be included between vertices in the input graph. Instead, an edge will exist in the
input graph so long as the nodes represented by the vertices connected by the edge could form a
link based on their predicted geographic locations during the time window associated with the
input graph and compatibility of their respective transceivers. In some implementations, the
input graph also can include additional information, such as information relating to a
performance metric (e.g., maximum available bandwidth) associated with each edge.

[0029] The method 400 includes receiving, by a solver module, information corresponding to
the input graph, other constraints, and provisioned network flows (stage 420). In some
implementations, the solver module may receive other constraints such as link bandwidth, link
latency, flow bandwidth, flow priority, and link switching time. In some implementations,
some such constraints may be associated with a minimum value, a maximum value, or a
required value. Some constraints may represent strict requirements which must be met in order
for the subgraph to represent a feasible network topology. For example, the maximum degree
for each node must be satisfied in a subgraph, because it is not possible to implement a
topology that requires a node to form more links than it is capable of forming. Other constraints
may represent preferences that are desirable, but which may not be strictly necessary. For
example, a subgraph representing a topology that achieves a low average latency may be
preferred, but a subgraph representing a topology that achieves a higher average latency may be
still be feasible. In some implementations, constraints that represent preferences rather than
requirements may be assigned a numerical weight, and the relative weight of each constraint
may indicate its importance relative to other constraints. In some implementations, a metric
may be associated with a required value as well as a preferred value. For example, a lifetime
duration of a topology may have a minimum required value below which the topology cannot
be implemented in the network 307, and it also may be preferred to achieve a lifetime duration
that is as long as possible, in order to reduce the number of network reconfigurations that must

be performed. Such a constraint may be associated with both a required value and a preferred
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value, and also may be assigned a weight representing the importance of that constraint relative
to other constraints. As described above in connection with Figure 3, in some implementations
a solver module such as the solver module 325 may receive the input graph and other constraint
information from the topology and routing manager 310. The solver module may receive
information corresponding to the provisioned network flows from the flow determination
module 320.

[0030] The method 400 includes determining, by the solver module, a subgraph representing a
network topology based on the input graph, the other constraints, and the provisioned network
flows (stage 430). In some implementations, the solver module can be configured to treat the
input graph, the additional constraints, and the provisioned network flows as the inputs to an
optimization or maximization problem. For example, the solver module can determine the
subgraph that represents a network topology that optimizes or otherwise improves one or more
network performance metrics while simultaneously satisfying the provisioned network flows
and not exceeding the constraints.

[0031] In some implementations, the network performance metric to be maximized may be a
duration over which the input graph will continue to satisfy the provisioned network flows.
Recalculating subgraphs representing new topologies and reconfiguring the network to
implement new topologies may be computationally intensive tasks. Furthermore, redirecting
transceivers associated with each network node to implement a new topology can result in a
temporary disruption of links during the time required to steer the transceivers towards their
new targets. Therefore, it may be beneficial to sacrifice other network performance metrics in
order to achieve a topology that remains capable of satisfying the provisioned network flows
over a relatively long period of time, so that frequent recalculation and reconfiguration of the
network can be avoided. Similarly, the solver module can be configured to determine a
subgraph representing a topology that has a minimal or reduced degree of change as compared
to the current state of the network, while still satisfying all other constraints. A subgraph
representing a topology that is similar to the current network topology can be preferred,
because it may be implemented more quickly than a subgraph representing a topology that
differs significantly from the current network topology. In some other implementations, other
network performance metrics may be highly valued. For example, it may be desirable for the
network to exhibit low latency across as many of the links as possible. Therefore, the solver
module may determine the subgraph such that latency is minimized or reduced, even if such a
topology will not satisfy the provisioned network flows for a long duration of time and will
have to be updated more frequently.

[0032] In some implementations, the solver module can be configured to select a solution that
12
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is optimized for more than one performance metric. Each performance metric can be associated
with a numerical weight that is proportional to the importance of that metric in the network. In
one example, the computing resources allocated to the solver module may not be capable of
recalculating subgraphs at a rapid rate, and therefore the lifetime of a topology may be highly
valued to avoid overburdening the solver module. In this example, the topology duration metric
may be assigned a relatively high weight, and other performance metrics, such as latency, may
be assigned relatively lower weights. The solver module can be configured to generate a
subgraph corresponding to a network topology that prioritizes each performance metric
according to the relative weight assigned to each performance metric.

[0033] In some other implementations, the solver module can be configured to generate
multiple subgraphs based on a single input graph. For example, the solver module can generate
a plurality of subgraphs using different solving techniques. After a plurality of subgraphs have
been generated, the solver module can compare the predicted network performance metrics for
each subgraph to the weights associated with each performance metric, and can select the
subgraph corresponding to the topology that most closely achieves the weighted performance
metrics.

[0034] In some other implementations, the solver module can generate a plurality of subgraphs,
each of which satisfies at least the required values for the constraints, and each subgraph can be
assigned a score based on how well it achieves certain network performance metrics and on the
relative weights assigned to the performance metrics. For example, in some implementations,
each subgraph can be ranked across a variety of network performance metrics based on how
well its topology satisfies each metric. The ranks can be multiplied by the relative weights
assigned to their respective metrics (or otherwise modified to account for the weights assigned
to their respective metrics), and the resulting data for each subgraph can be combined to
generate an overall score for the subgraph. Then, the solver module can select the subgraph
having the best overall score, and the other subgraphs can be discarded.

[0035] The solver module can be configured to generate the subgraph using any type of
constraint-based solving technique. For example, the solver module can determine the subgraph
by modeling various parameters as constraints, such as the degree of each node and the
available bandwidth associated with each link. The solver module can then determine the
subgraph using, for example, mixed integer programming, constraint programming, a Boolean
problem, a genetic algorithm, or a greedy algorithm. In some implementations, determining the
subgraph (step 430) may be carried out substantially simultaneously by two or more separate
solver modules each using a different constraint-based problem solving technique. The

resulting subgraphs can then be compared on the basis of the network performance achieved by
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implementing the topologies represented by the subgraphs, and the subgraph or subgraphs
associated with the lower performance may be discarded. In some implementations, after the
subgraph has been determined, the solver module also can generate updated routing
information to allow the nodes of the network to correctly forward packets based on the
network topology represented by the subgraph.

[0036] The method 400 includes assigning, by the network controller, links between the
plurality of network nodes, based on the subgraph (stage 440). As discussed above, the
vertices included in the subgraph can represent network nodes. Links can be assigned to each
network node pair whose corresponding vertices in the subgraph are joined by an edge.

[0037] The method 400 includes determining, by the network controller, link establishment
instructions for the plurality of nodes (stage 450). After the links have been assigned, the
network controller can determine link establishment instructions based in part on the
geographic locations of the nodes. For example, the relative positions of a pair of network
nodes to be joined by a link can determine the direction in which each node of the pair of nodes
should aim its transceiver to form the link if the nodes include steerable transceivers. In some
implementations, the network controller can determine the direction in which each node should
aim its respective transceivers, and can generate a set of instructions corresponding to these
directions. In some implementations, the link establishment instructions for a node having a
steerable transceiver may include instructions that cause the node to adjust the direction of its
transceiver over time, for example to account for relative motion between the node and a
second node with which the node forms a link.

[0038] The method 400 includes causing, by the network controller, the plurality of nodes to
establish the assigned links (stage 460). In some implementations, the network controller can
cause the plurality of nodes to establish the assigned links by transmitting the link
establishment instructions to the plurality of nodes. Each of the plurality of nodes can be
configured to implement the link establishment instructions upon receipt, for example by
steering its respective transceiver in accordance with the link establishment instructions. In
some implementations, the network controller also may send additional instructions to the
plurality of nodes to facilitate the formation of links. For example, the network controller may
send instructions to the network nodes indicating the power levels, frequencies, and
modulations schemes that each node should use for transmitting data. In some
implementations, the network controller also can send updated routing information to the nodes
of the network so that each node correctly forwards packets through the network based on the
updated topology.

[0039] In some implementations, the steps of the method 400 can be repeated one or more
14
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times to update the topology of the network to compensate for the relative motion the nodes of
the network move over time. In some implementations, the method 400 can be repeated at
regularly recurring intervals. For example, the method 400 can be repeated every 5 seconds,
every 10 seconds, every 30 seconds, every minute, every 5 minutes, every 10 minutes, every 30
minutes, or every one or more hours. In some other implementations, the method 400 may be
repeated at irregular intervals. For example, the method 400 may be repeated only when an
updated network topology becomes necessary to satisfy the provisioned network flows. The
network controller can monitor the provisioned network flows and the ability of the current
network topology to satisfy the provisioned network flows. When the provisioned network
flows exceed the capacity of the network to satisfy the flows, or when an existing link fails, the
network controller can initiate execution of the method 400 to determine an updated network
topology that can satisfy the provisioned flows. In implementations in which a link has failed,
the network controller can generate an input graph that excludes either or both of the
transceivers associated with the failed link. In still other implementations, the network
controller may monitor the performance of the network, and may initiate execution of the
method 400 to determine an updated network topology when certain performance metrics fall
below respective thresholds. Thus, even if the current topology is capable of satisfying the
provisioned network flows, the network controller may initiate execution of the method 400 in
order to determine a more optimal topology.

[0040] Implementations of the subject matter and the operations described in this specification
can be implemented in digital electronic circuitry, or in computer software embodied on a
tangible medium, firmware, or hardware, including the structures disclosed in this specification
and their structural equivalents, or in combinations of one or more of them. Implementations of
the subject matter described in this specification can be implemented as one or more computer
programs embodied on a tangible medium, i.e., one or more modules of computer program
instructions, encoded on one or more computer storage media for execution by, or to control
the operation of, a data processing apparatus. A computer storage medium can be, or be
included in, a computer-readable storage device, a computer-readable storage substrate, a
random or serial access memory array or device, or a combination of one or more of them. The
computer storage medium can also be, or be included in, one or more separate components or
media (e.g., multiple CDs, disks, or other storage devices). The computer storage medium may
be tangible and non- transitory.

[0041] A computer program (also known as a program, software, software application, script,
or code) can be written in any form of programming language, including compiled languages,

interpreted languages, declarative languages, and procedural languages, and the computer
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program can be deployed in any form, including as a stand-alone program or as a module,
component, subroutine, object, or other unit suitable for use in a computing environment. A
computer program may, but need not, correspond to a file in a file system. A program can be
stored in a portion of a file that holds other programs or data (e.g., one or more scripts stored in
a markup language document), in a single file dedicated to the program in question, or in
multiple coordinated files (e.g., files that store one or more modules, libraries, sub programs, or
portions of code). A computer program can be deployed to be executed on one computer or on
multiple computers that are located at one site or distributed across multiple sites and
interconnected by a communication network.

[0042] The processes and logic flows described in this specification can be performed by one
or more programmable processors executing one or more computer programs to perform
actions by operating on input data and generating output. The processes and logic flows can
also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., a field programmable gate array (“FPGA”) or an application specific integrated
circuit (“ASIC”). Such a special purpose circuit may be referred to as a computer processor
even if it is not a general-purpose processor.

[0043] While this specification contains many specific implementation details, these should not
be construed as limitations on the scope of any inventions or of what may be claimed, but
rather as descriptions of features specific to particular implementations of particular inventions.
Certain features that are described in this specification in the context of separate
implementations can also be implemented in combination in a single implementation.
Conversely, various features that are described in the context of a single implementation can
also be implemented in multiple implementations separately or in any suitable sub-
combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed combination
may be directed to a sub-combination or variation of a sub-combination.

[0044] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. In certain circumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system components in the implementations
described above should not be understood as requiring such separation in all implementations,
and it should be understood that the described program components and systems can generally

be integrated together in a single software product or packaged into multiple software products.
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[0045] References to “or” may be construed as inclusive so that any terms described using “or”
may indicate any of a single, more than one, and all of the described terms. The labels “first,”
“second,” “third,” an so forth are not necessarily meant to indicate an ordering and are
generally used merely to distinguish between like or similar items or elements.

[0046] Thus, particular implementations of the subject matter have been described. Other
implementations are within the scope of the following claims. In some cases, the actions recited
in the claims can be performed in a different order and still achieve desirable results. In
addition, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In certain

implementations, multitasking or parallel processing may be used.

What is claimed is:
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CLAIMS

1. A method for configuring a network having a plurality of nodes including at least one
moving node, the method comprising:

generating, by a network controller, an input graph for a first future time period, the
input graph having a plurality of vertices each representing a respective one of the plurality of
nodes and a plurality of edges each representing a possible link between two of the plurality of
nodes, wherein the input graph includes corresponding location information for each of the
nodes
during the first time period and an edge for every possible link that could be formed for the first
time period between the nodes based on their corresponding location information, and wherein
each edge is associated with at least one network performance metric;

receiving, by a solver module, information corresponding to the input graph, a
maximum degree for each vertex in the input graph, and a set of provisioned network flows;

determining, by the solver module, a subgraph representing a network topology based
on the input graph, the maximum degree for each vertex in the input graph, and the set of
provisioned network flows, wherein a number of edges associated with each vertex in the
subgraph does not exceed the maximum degree for each vertex;

assigning, by the network controller, links between the plurality of nodes based on the
subgraph;

determining, by the network controller, link establishment instructions for the plurality
of nodes; and

causing, by the network controller, the plurality of nodes to establish the assigned links.

2. The method of claim 1, wherein at least one the plurality of nodes includes a steerable
wireless transceiver positioned on at least one of a balloon, a satellite, and an unmanned aerial

vehicle.

3. The method of claim 2, wherein determining link establishment instructions further
comprises determining, by the network controller, at least one beam steering instruction for the
at least one node including the steerable wireless transceiver to aim a respective
communication channel towards a respective other node to establish a respective one of the

assigned links.

4. The method of claim 1, wherein determining the subgraph comprises performing, by the

solver module, a mixed integer program based on the input graph, the maximum degree for
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each vertex in the input graph, and the set of provisioned network flows.

5. The method of claim 1, further comprising:
generating, by the network controller, a second input graph for a second time period
occurring after the first time; and

determining, by the solver module, a second subgraph based on the second input graph.

6. The method of claim 1, further comprising:
generating, by the solver module, routing information based on the subgraph; and

transmitting, by the network controller, the routing information to the plurality of nodes.

7. The method of claim 1, further comprising:

receiving, by the solver, at least one network performance metric;

generating, by the solver, at least two subgraphs; and

selecting, by the solver, a first subgraph of the at least two subgraphs based on a
determination that the first subgraph represents a network topology that achieves an
improvement of the at least one network performance metric relative to a network topology

represented by a second subgraph of the at least two subgraphs.

8. The method of claim 7, wherein the at least one network performance metric includes at

least one of bandwidth capacity, latency, and lifetime duration.

9. A system for configuring a network having a plurality of nodes including at least one
moving node, the system comprising the plurality of nodes, a network controller
communicatively coupled to the plurality of nodes, and a solver module configured to:

generate an input graph for a first future time period, the input graph having a plurality
of vertices each representing a respective one of the plurality of nodes and a plurality of edges
each representing a possible link between two of the plurality of nodes, wherein the input graph
includes corresponding location information for each of the nodes during the first time period
and an edge for every possible link that could be formed for the first time period between the
nodes based on their corresponding location information, and wherein each edge is associated
with at least one network performance metric;

receive information corresponding to the input graph, a maximum degree for each
vertex in the input graph, and a set of provisioned network flows;

determine a subgraph representing a network topology based on the input graph, the
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maximum degree for each vertex in the input graph, and the set of provisioned network flows,
wherein a number of edges associated with each vertex in the subgraph does not exceed the
maximum degree for each vertex;

assign links between the plurality of nodes based on the subgraph;

determine link establishment instructions for the plurality of nodes; and

cause the plurality of nodes to establish the assigned links.

10. The system of claim 9, wherein at least one the plurality of nodes includes a steerable
wireless transceiver positioned on at least one of a balloon, a satellite, and an unmanned aerial

vehicle.

11. The system of claim 10, wherein the system is further configured to determine at least one
beam steering instruction for the at least one node including the steerable wireless transceiver
to aim a respective communication channel towards a respective other node to establish a

respective one of the assigned links.

12. The system of claim 9, wherein the solver module is further configured to determine the
subgraph by performing a mixed integer program based on the input graph, the maximum

degree for each vertex in the input graph, and the set of provisioned network flows.

13. The system of claim 9, wherein:

the network controller is further configured to generate a second input graph for a
second time period occurring after the first time; and

the solver module is further configured to determine a second subgraph based on the

second input graph.

14. The system of claim 9, wherein:

the solver module is further configured to generate routing information based on the
subgraph; and

the network controller is further configured to transmit the routing information to the

plurality of nodes.

15. The system of claim 9, wherein the solver is further configured to:
receive at least one network performance metric;

generate at least two subgraphs; and
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select a first subgraph of the at least two subgraphs based on a determination that the
first subgraph represents a network topology that achieves an improvement of the at least one
network performance metric relative to a network topology represented by a second subgraph

of the at least two subgraphs.

16. The system of claim 15, wherein the at least one network performance metric includes at

least one of bandwidth capacity, latency, and lifetime duration.

17. A non-transitory computer-readable medium having instructions encoded thereon which,
when executed by one or more processors, cause the one or more processors to perform a
method for configuring a directional point-to-point network having a plurality of nodes
including at least one moving node, the method comprising:

generating an input graph for a first future time period, the input graph having a
plurality of vertices each representing a respective one of the plurality of nodes and a plurality
of edges each representing a possible link between two of the plurality of nodes, wherein the
input graph includes corresponding location information for each of the nodes during the first
time period and an edge for every possible link that could be formed for the first time period
between the nodes based on their corresponding location information, and wherein each edge is
associated with at least one network performance metric;

receiving information corresponding to the input graph, a maximum degree for each
vertex in the input graph, and a set of provisioned network flows;

determining a subgraph representing a network topology based on the input graph, the
maximum degree for each vertex in the input graph, and the set of provisioned network flows,
wherein a number of edges associated with each vertex in the subgraph does not exceed the
maximum degree for each vertex;

assigning links between the plurality of nodes based on the subgraph;

determining link establishment instructions for the plurality of nodes; and

causing, by the network controller, the plurality of nodes to establish the assigned links.

18. The non-transitory computer-readable medium of claim 17, wherein at least one the
plurality of nodes includes a steerable wireless transceiver positioned on at least one of a

balloon, a satellite, and an unmanned aerial vehicle.

19. The non-transitory computer-readable medium of claim 18, wherein determining link

establishment instructions further comprises determining at least one beam steering instruction
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for the at least one node including the steerable wireless transceiver to aim a respective
communication channel towards a respective other node to establish a respective one of the

assigned links.

20. The non-transitory computer-readable medium of claim 17, wherein determining the
subgraph comprises performing a mixed integer program based on the input graph, the

maximum degree for each vertex in the input graph, and the set of provisioned network flows.

21. The non-transitory computer-readable medium of claim 17, wherein the method further
comprises:

generating a second input graph for a second time period occurring after the first time;
and

determining a second subgraph based on the second input graph.

22. The non-transitory computer-readable medium of claim 17, wherein the method further
comprises:
generating routing information based on the subgraph; and transmitting the routing

information to the plurality of nodes.

23. The non-transitory computer-readable medium of claim 17, wherein the method further
comprises:

receiving at least one network performance metric;

generating at least two subgraphs; and

selecting a first subgraph of the at least two subgraphs based on a determination that the
first subgraph represents a network topology that achieves an improvement of the at least one
network performance metric relative to a network topology represented by a second subgraph

of the at least two subgraphs.
24. The non-transitory computer-readable medium of claim 23, wherein the at least one

network performance metric includes at least one of bandwidth capacity, latency, and lifetime

duration.
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