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(57) Abstract: Example methods and systems for
assigning tasks to balloons within a balloon net-
work are described. One example system includes a
first sub-fleet of balloons assigned a first set of one
or more tasks within a balloon network, a second

sub-fleet of balloons assigned a second set of one
. or more tasks within the balloon network, and a
502 control system configured to determine that a first
balloon in the first sub-fleet of balloons initially
has a predicted failure mode that corresponds to the
first set of tasks, subsequently determine that the
first balloon has a predicted failure mode that cor-
responds to the second set of tasks, and reassign the
— first balloon from the first sub-fleet of balloons to
504 the second sub-fleet of balloons.
—
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Re-tasking Balloons in a Balloon Network Based on Expected Failure Modes of Bafloons

BACKGROUND
(6881} Unless otherwise indicated herein, the materials desceribed n this section are
not prior art to the claims in this application and are not admitted to be prior art by inclusion

in this section.

[6062] Computing devices such as personal computers, laptop computers, fablet
computers, cellular phones, and countless types of Internet-capable deovices are increasingly
prevalent in numerous aspects of modern life. As such, the demand for data connectivity via
the Internet, cellular data networks, and other such networks, is growing. However, there are
many argas of the world where data connectivity is still unavailable, or if available, is

unreliable and/or costly.  Accordingly, additional network infrastructure is desirable.
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SUMMARY

18083} Example methods and systems for assigning tasks to balloons within a ballcon
network are described. An example system may include a first sub-flect of balloons that is
assigned a first set of one or more tasks within the network. The system may also include a
second sub-fleet of balloons assigned a second set of one or more tasks. A comdrol system
may be configured to determine that a first balloon in the first sub-fleet of balloons itislly
has a predicted failure mode that corresponds to the first set of tasks. The control system may
subsequenily determuine that the first balloon has a predicted faiture mode that corresponds to
the second set of tasks. The conirol sysicm may then reassign the first balloon from the first
sub-fleet of balloons to the second sub-tleet of balloons.

[B804] In one example, a system 1s provided that inclades a first sub-fleet of balloons
assigned a first set of one or more tasks within 2 balloon network, a second sub-ficet of
balloons assigned a second set of one or more tasks within the balloon network, and a control
system configured to determine that a first balloon in the fivst sub-fleet of balloons initially
has a predicted failure mode that correspends to the first set of tasks, subsequently determine
that the first balloon has a predicted fatlore mode that corresponds to the second set of tasks,
and reassign the first balloon from the first sub-fleet of balioons to the second sub-fleet of
balloons.

[8085] In another example, a method is provided that includes determining that a first
balloon in a balloon network has a predicted failore mode that corresponds to a first set of
tasks, where the balloon network includes at least a first sub-fleet of balloons assigned a first
set of one or maore tasks and a second sub-ficet of balloons assigned a second set of one or
more tasks, subsequently determining that the first balloon has a predicted failure mode that

corresponds to the second set of tasks, and reassigning the first balloon from the first sub-
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fleet of balloons to the second sub-fleet of balloons.

18066} In still another example, a system 1s provided that includes a plurality of sub-
fleets of balicons, where each sub-fleet of balioouns is assigned a corresponding set of one or
more tasks within a balloon network and where cach balloon in one of the sub-flects of
balloons mitially has a predicted failure mode that corresponds to the set of tasks assigned to
the sub-flect of balloons, and a control systom configured to periodically determine that =
particular balloon in a first sub-fleet of balloons has a predicted failure mode that corresponds
1o a set of tasks assigned 1o a second sub-fleet of balloons and veassign the particular balloon
from the first sub-fleet of balloons 1o the second sub-fleet of balicons.

18087} In yet another cxample, a system may mclude means for determining that a
first balloon in a balloon network has a predicted failure mode that corresponds to a first set
of tasks, where the balloon network includes at least a first sub-tleet of balloons assigned a
first set of one or more tasks and a second sub-fleet of balloons assigned a second set of one
or more tasks, means for subscquently determining that the first balloon hes 3 predicied
failure mode that corresponds to the second set of tasks, and means for reassigning the fivst

balloon from the first sub-flect of balloons to the second sub-flect of balloons.
18668} These as well as other aspects, advantages, and alternatives, will become
apparcut to those of ordinary skill in the art by reading the following detailed description,

with reference where appropriate to the accompanying figures.

»)
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BRIEF DESCRIPTION OF THE FIGURES

16069} Figure 1 s a block diagram illustrating an example balloon network.

18614} Figure 2 s a block diagram illustrating an example balloon-network control
systent.

8611} Figure 3 shows a high-altitude balloon according to an example embodiment.
18612} Figure 4 is a simplified block diagram illustrating a balloon network that

includes super-nodes and sub-nodes, according to an example embodiment.

16613} Figure § is a block diagram of a method, according to an example
embodiment.
8814} Figure 6A illustrates two sub-flgets of balloons within a balloon network,

according to an example embodiment.

[B815] Figure 68 tllustrates a predicted failure mode of a balloon within one of the
sub-fleets of balloons from Figure 64, according 1o an example embodiment.

(8816} Figure 6C illustrates reassignment of a balloon within one of the sub-flects of
balloons from Figure 6A, according to an example embodiment.

18617} Figure 6D illustrates the sub-flects of balloons following the reassignment of
Figure 6C, according to an example embodiment.

(6618} Figure 7A illustrates three sub-fleets of balloons within a balloon network,
according to an example cmbodiment.

16619 Figure 78 illustrates predicted failure modes of balloons within the sub-flects
of balloons of Figure 74, according to an example embodiment.

16026} Figure 7C illostrates reassignment of balloons within the sub-fleets of balloons

of Figure 7A, according to an example embodiment.
£ 5 £
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18621} Figure 7D illustrates the sub-flects of balloons following the reassignment of
Figure 7C, according to an example embodiment.

16622} Figure 8 shows flight paths of two different sub-flects of balloons, according
to an cxample cmbodiment.

18623} Figure 9 tHlustrates a failure rate curve, according to an example embodiment.
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DETAILED DESCRIPTION
18 Overview
166241 Examples of methods and systems arc described herein. | should be
understood that the words “example” and "exemplary” arc used herein to mean "serving as an
example, instance, or illustration.” Any embodiment or feature described herein as
"exeraplary” 15 not necessarily to be construed as preferred or advantageous over other
embodiments or features. The example or exemplary embodiments described herein are not
meant to be Hmiting. It will be readily umnderstood that certain aspects of the disclosed
systems and methods can be siranged and combined in a wide varicty of different
configurations, ali of which are contemplated hercin.
[B025] Furthermore, the particular arrangements shown in the Figures should not be
viewed as hmiting. Tt should be understood that other embodiments may inchade more or less
of cach clement shown in a given Figure. Further, some of the illustrated clements may be
combined or omitted. Yot further, an exemplary embodiment may include elements that are
not iHustrated in the Figures.
16626} Examples heren may be configured to help provide control of a data network
that inchades a plorality of balioouns, for example, configured as a mesh network formed by
high-altitude balloons deployed in the stratosphere. In some examples, the network of
balloons may be divided into multiple sub-fleets of balloons. Each sub-fleet of balloons may
be given different tasks within the network, For instance, one sub-ficet of balloons may
provide local service to ground-based stations, another sub-fleet of balloons may serve as
relay nodes between balloons, while another sub-fleet of balloons may be sent to provide
service on long-distance flight paths, and so on. Additionally, each sub-tleet of balloons may

be operated according to a separate set of constrainis.

18627} In further examples, a control systcm may assign individual balloons to sub-
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fleets.  Additionally, balloons may be assigned to mudtiple different sub-fleets during their
lifetimes. For instance, a balloon may be placed in a sub-fleet that allows the balloon to
execute long-distance flight paths during a first period of the balloon’s life. The balloon may
then be reassigned to a second sub-fleet where the balloon may serve as a relay node between
other network balloons during a second stage of the balloow’s hfe. The balloon may be
reassigoned again to a third sub-fleet at a later point in time, where the balloon may serve as
weather balloon that collects data for weather forccasting.  Other example balloon life stages

exist as well,

16028} In some examples, a control system may assign individual balloons to sub-
flects based on predicted failure modes of the individual balloons. A predicted fatlure mode
of a balicon may indicate how and when the balloon may be expecied to fail. More
specifically, a failare mode of a balloon may indicate a certain type of failure of an individual
balloon component. For instance, components that may fail may nclude balloon envelopes,
comuumnication systems, propelling systems, power systoms, sensor systems, or other
mechanical or electrical systems. Some failure modes may render the balloon entirely non-
functional, while other failure modes may only make the balloon unusable for certain
purposes. For instance, a balloon envelope may expericnce a small hole that may lead to a
slow loss of pressure but the balloon may still be functional for some time, or the balloon

may experience a rip in the envelope that may cause rapid balloon descent.

6029} The control system may use predicted failure modes of individual balloons to
determine what tasks may be most appropriate for a balleon o bandle within the network.
For example, if it is determined that a specific component of a balloon may be likely fo fail
soon, the balloon may be re-tasked to camry out different functions that don’t require the
component. For instance, it may be determined that a balloon that is carrving out tasks that

require the balloon to spend time at high altitudes 18 likely to experience a failure in its
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envelope. Accordingly, the balloon may be reassigned to handle less demanding tasks. As
another example, it may be determined that a balloon that is serving as a relay balloon may
likely experience a failure in its conunumication systerns with other balloons. The balloon
may be reassigned to serve as a weather balloon, which may not require the same amount of
balloon-to-balloon communication.  The control system may execute other types of

reassignments based on predicted failure modes as well,

8036 Additionally, the predicted failure modes of individual balloons may also be
used to position balloons or sub-fleets of balloons in particular locations. For instance, if it is
determined that an envelope of an individual balloon is Hlely to fail soon, the balloon may be
assigned to a sub-fleet of balloons that stays close to a particular ground-based station
Accordingly, the balloon may be recovered casily if it does faif as predicted. Furthermore, a
sub-fleet containing balloons that may be likely to fail soon may be controlled so that
mdividual failing balloons don’t cross commercial flight lancs, land on populated areas, or

land in arcas where the balloons may be difficult to recover.

[6031] In additional examples, predicted fatlure modes of individual balicons may
imchide more complex metrics. For tnstance, a predicted failure mode may include separate
times-to-failure of multiple different components or types of fallure. In further examples, a
failure of a certain component or a certain type of fatlure that is likely to occur at the carlicst
point in time may be determined. Additionally, a probability distribution of times-to-failure,
or a failure rate curve, may be determined for entire balloons or balloon components as well

or instead.

18032} In some cxamples, balloons and/or balicon components may expericnee a bigh
likelihood of failwe during an initial period shortly after the balloon is launched. After
surviving this nitial period, the likelihood of failure may drop substantially for a long period

of time until the hikelihood of fathure slowly starts to increase as the balloon gets older. An

8
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example control system may take advantage of such failure rate curves. For instance,
balloons may be assigned to a first sub-fleet duoring an initial period where the balloon
undergoes onc or more siress tests. The first sub-flect may not perform any functions vital to
the network to minimize the barm done if the balloon fails, After surviving the initial period,
the balloon may then be reassigned to a sccond sub-fleet.  Because the balloon may be
unlikely to fail at that point, the balloon may be given more important tasks within the second

sub-fleet,

[8033] Examplc mocthods therefore may allow control sysiems to assign tasks to
idividual balloons operating within a balloon network. Balloons may be divided mto sub-
flects based on predicted fatlure modes of the balloons, among other things. The sub-flects
may cach carry out different tasks that are coordinated to faciiitate functioning of the balloon

network.

L Example Balloon Networks

(6834} fn order that the balloons can provide a reliable data network n the
stratosphere, where winds may affect the locations of the various balloons in an asymmetrical
manner, the balloons in an exemplary network may be configured move latitudinally and/or
fongitudimally relative 1o one another by adjusting their respective altitudes, such that the
wind carries the respective balloons to the respectively desired locations.

18035} Further, in an exemplary balioon network, the balloons may commumnicate with
one ancther using free-space optical commumications. For instance, the balloons may be
configured for optical coromunications using ulirabright LEDs or possibly lasers for optical
signaling {although regulations for laser commmumications may restrict laser usage) In
addition, the balloons may communicate with groond-based station{s) using radio-frequency

(RF} commumications.
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8036} In some embodiments, a high-altitude-balloon network may be homogenous.
More specifically, in a homogenous high-altitude-balloon network, each balloon is configured
to comymumnicate with nearby balloons via free-space optical links. Further, some or all of the
balloons in such a network, may also be configwred communicate with ground-based
station{s) using RF commmmications. (Mote that in some embodiments, the balloons may be
homogenous in so far as cach balloon is configured for free-space optical conununication
with other balloons, but heterogencous with regard to RF communications with ground-based
stations.)

16637} In other embodiments, a high-altitude-balloon network may be heterogeneous,
and thus may ioclude two or more different types of balloons.  For example, some balloons
may be configared as super-nodes, while other balloons may be configured as sub-nodes.
{Note also that some balloons may be configured to function as both a super-node and a sub-
node.)

{6838} in such a conofiguration, the super-node balloons may be configured to
communicate with nearby super-node balloons via frec-space optical links. However, the
sub-node balloons may not be configured for free-space optical communication, and may
instcad be configured for, e.g, RF communications. Accordingly, 2 super-node may be
further configired to conumunicate with nearby sub-nodes using RF communications. The
sub-nodes may accovdingly relay communications from the super-nodes to ground-based
station{s) using RF comunumications. Configured as such, the super-nodes may collectively
fimction as backhaol for the balloon network, while the sub-nodes function to relay
communications from the super-noedes to ground-based stations,

18639} Figure 1 15 a simplificd block diagram illustrating a balloon network 100,
according to an exemplary embodiment. As shown, balicon network 100 includes balloons

102A to 102E, which are configured to communicate with one another via free-space optical

10
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hinks 104, Configured as such, balloons 102A to 102E may collectively function as a mesh
network for packet-data communications. Further, balloons 102A to 1020 may be configured
for RF communications with ground-based stations 106 via RF links 108,

8046} In an exemplary cmbodiment, balloons 102A to 102E are high-altitude
balloons, which are deployed in the stratosphere. At moderate latitudes, the stratosphere
includes altitudes between approximately 10 kilometers (kra) and 50 km alttude above the
surface. At the poles, the stratosphere starts at an altitude of approximately 8 k. In an
exerplary embodiment, high-altitude balloons may be generally configured to operate in an
altitude range within the stratosphere that has lower winds {e.g., between 5 and 20 miles peor
hour (mph)).

88411 More specifically, in a high-altitude-balloon network, balloons 102A to 102E
may generally be configured to operate at altitudes between 17 km and 22 km (although other
altitudes are possible). This altitude range may be advantageous for several reasons. In
particular, this layer of the stratosphere generally has mild wind and turbelence (e.g., winds
between 5 and 20 miles per hour (mph)).  Further, while the winds between 17 km and 22
km may vary with latitude and by season, the variations can be modeled in a reasonably
accurate manner. Additionally, altitudes above 17 km are typically above the maxiowim flight
level designated for commercial air traffic. Therefore, interference with commercial flights is
not a concern when balloons are deployed between 17 km and 22 km.

(6642} To transmit data to another balloon, a given balloon 102A to 102E nway be
configured to transmit an optical signal via an optical link 104, In an exemplary embodiment,
a given balloon 102A to 102F may use one or more high-power light-emitting diodes (LEDs)
to transmit an optical signal.  Alternatively, some or all of balloons 102A to 102E may
include laser systems for frec-space optical communications over optical links 104, Cther

types of free-space optical communication are possible.  Further, In order 1o receive an

i1
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optical signal from another balloon via an optical link 104, a given balloon 102A to 102E
may include one or more optical receivers. Additional details of balloons implementations
are discussed in greater detail below, with reference to Figure 3.

[8843] In a further aspect, balloons 102A to 102D may utilize one or more of various
different RF air-interface protocols for communication ground-based stations 106 via RF
Hinks 108, For jostance, some or all of balloons 102A to 102D may be configured to
communicate with ground-based stations 106 using protocels described in IEEE 802,11
(including any of the IEEE B02.11 revisions), various cellolar protocols such as GSM,
CDMA, UMTS, EV-DO, WiMAX, and/or LTE, and/or one or more propricty protocols
developed for ballcon-to-ground RF communication, among other possibilitics.

(6044} In a further aspect, there may scenarios where RF links 108 do not provide a
desired Hnk capacity for balloon-to-ground commumications. For instance, increased capacity
may be desitable to provide backhaul links from a ground-based gateway, and in other
scenarios as well. Accordingly, an cxemplary network may also include downlink balloons,
which provide a high-capacity air-to-ground link.

16045} For example, in balloon network 100, balloon 102E is configured as a
downlink balloon. Like other balloons in an cxemplary network, a dowalink balloon 102E
may be operable for optical communication with other balloons via optical links 104,
However, a downlink balloon 102E may also be configured for frec-space optical
communication with a ground-based station 112 via an optical link 110, Optical link 110 may
thercfore serve as a high-capacity link (as compared to an RF link 108) between the balloon
network 100 and a ground-based station 108,

18646} Note that in some toplementations, a downkink balloon 102E may additionally
be operable for RF comumunication with ground-based stations 106, In other cascs, a

downlink balloon 102E may only use an optical hink for balloon-to-ground commumications.
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Farther, while the arrangement shown in Figure | includes just one downlink balloon 102E,
an exemplary balloon network can also include multiple downlink balloons. On the other
hand, a balloon network can also be implemented without any downlink balloons.
6047} In other mmplementations, a downlink balloon may be equipped with a
specialized, high-bandwidth RF  commumication system for  baloon-to-ground
communications, instead of or in addition to a free-space optical compnwmication systera. The
high-bandwidth RF communication system may take the form of an ultra-wideband system,
which provides an RF hnk with substantially the same capacity as the optical bnks 104,
Other forms are also possible,
16048} Ground-based stations, such as ground-based stations 106 and/or 108, may
take varicus forms. Cenerally, a ground-based station may include components such as
transceivers, ransmitters, and/or receivers for communication via RF links and/or optical
hinks with a balloon network. Further, a ground-based station may use various atr-interface
protocels in order conumumicate with a balloon 102A to 1062E over an RF link 108, As such,
a ground-based station 106 may be contigured as an access points via which various devices
can connect to balloon network 100. Ground-based stations 106 may have other
configurations and/or serve other purposes without departing from the scope of the invention.
[6849] Further, some ground-based stations, such as ground-based station 108, may
be configured as gateways between balloon network 100 and one or more other networks.,
Such a ground-based siation 108 may thus serve as an nlerface between the balicon network
and the Internct, a cellular service provider’s network, and/or other types of networks.
Variations on this configuration and other configurations of a groumd-based station 108 are
also possible,

A, Mesh-Network Functionality

FERUSH As noted, balloons 102A to 102E may collectively function as a mesh network,

13
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More specifically, since balloons 102A to 102E may commumnicate with one another using
free-space optical links, the balloons may collectively fimction as a free-space optical mesh
network.

8051} In a mesh-network configuration, each balloon 102A to 102E may fonction as
a node of the mesh network, which is operable to receive data direct to it and fo route data to
other balloens. As such, data may be routed from a source balloon to a destination balloon by
detcrmining an appropriate sequence of optical links between the source balloon and the
destination balloon. These optical links may be collectively referred to as a “hightpath” for
the connection between the source and destination balloons. Further, cach of the optical inks
may be referred to as a “hop” on the lightpath.

(6852} Further, in grder to operate as a mesh network, balicons 102A to 102E may
employ various routing techniques and self-healing algorithms.  In some embodiments, a
balloon network 100 may employ adaptive or dynamic routing, where a lightpath between a
source and destination balloon is determined and set-up when the connection is needed, and
released at a later time. Further, when adaptive routing is used, the lightpath may be
determined dynandeally depending upon the current state, past state, and/or predicted state of
the balloon network.

8053} In addition, the network topology may change as the balloons 102A to 102E
move relative to one another and/or relative to the ground.  Accordingly, an exemplary
balloon network 100 may apply a mesh protocol to update the state of the network as the
topology of the network changes. For example, to address the mobility of the balloons 102A
to 102E, balloon network 160 may employ and/or adapt various techniques that are employed
in mobile ad hoc networks (MANETs). Other examples are possible as well,

68541 In some implementations, a balloon network 100 may be configured as a

transparent mesh network., More specifically, in a transparent balloon network, the balloons

14
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may tnclade components for physical switching that is entirely optical, without any electrical
mvolved in physical routing of optical signals. Thus, in a transpavent configuration with
optical switching, signals travel through a multi-hop lightpath that is entircly optical.

[B055] In other mmplementations, the balloon network 100 may implement a free-
space optical mesh network that is opaque. In an opague configuration, some or all balloons
102 A to 102E may tmplement optical-electrical-optical (OEQ) switching. For example, some
or all balloons may include optical cross-connects (OXCs) for OEQ conversion of optical
signals. Other opaque configurations are also possible.

18656} In a further aspect, balloons in an excmplary balloon network 100 may
implement wavelength division multiplexing (WDM), which may help to increase link
capacity. When WDM is implemented with transparent switching, physical Hghtpaths
through the balloon network may be subject to the “wavelength continuity constraint.” More
specifically, because the switching in a tragsparent network is entively optical, it may be
necessary to assign the same wavelength for all optical links on 8 given lightpath.

166387} An opaque configuration, on the other hand, may avoid the wavelength
contionity constraint. In particular, balloons in an opague balloon network may include the
OEQ switching systems operable for wavelength conversion.  As a result, balloons can
convert the wavelength of an optical signal at cach hop along a lightpath.

[B058] Further, various routing algorithms may be employed in an opague
configuration. For cxample, o determine a primary lighipath and/or one or more diverse
backup hightpaths for a given comnmection, exemplary balloons may apply or consider shortest-
path routing technigues such as Dijkstra's algorithm and k-shortest path, and/or edge and
node-diverse or disjoint routing such as Suurbalic’s algorithin, among others. Additionally or
altcrnatively, techniques for improving QoS may be employed when determining 3 lightpath

Other techmiques are also possible.
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B. Station-Keeping Functionality

[665%] In an exemplary embodiment, a balloon network 100 may implement station-
keeping functions 1o help provide a desired network topefogy. For example, station-keeping
may involve each balloon 102A to 102E maintaining and/or moving into a certain position
relative to one or more other balloons in the network (and possibly In a certain position
refative to the ground). As part of this process, each ballcon 102A to 102E may toplement
station-keeping functions to determine its desired positioning within the desired topology, and
if necessary, to determine how to move 1o the desired position.

6668 The desired topology may vary depending upon the particular implemerdation.
In somc cases, balloons may implement station-keeping o provide a substantially vniform
topology. In such case, a given balloon 102A to 1I2E may implement station-keeping
fumctions to position itsclf at substantially the same distance (or within a certain range of
distances) from adjacend balloons in the balloon network 100,

{8061} in other cases, a balloon network 100 may have a non-uniform topefogy. For
mstance, exemplary embodiments may invelve topologies where balloons are distributed
more or less densely in certain arcas, for various reasons. As aun example, to help meet the
higher bandwidth demands that are typical in urban arcas, balloons may be clustered more
densely over wrban areas. For similar reasons, the distribution of balloons may be denser
over land than over large bodies of water. Many other examples of non-uniform topologies
arg possible,

18062} In a fugther aspect, the topology of an exemplary balloon network may be
dynamic and adaptable. In particular, station-keeping functionality of exemplary balloons
may allow the balloons to adjust their respective posttioning in accordance with a change in
the desired topology of the network, For exanple, one or more balloons could move to new

positions to increase ov decrease the density of balloons in a given area. Further, in some
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embodiments, balloons may be in continuous or nearly continmicus motion, and station-
keeping may involve moving balloons so as to try to meet certain requirements for e.g.,
COVErage in various arcas.

8063} In some embodiments, a balloon network 100 may employ an energy function
to determine it and/or how balloons should move to provide a desired topology. In parficular,
the state of 2 given balloon and the states of some or all nearby balicons may be mput fo an
energy function. The encrgy function may apply the current states of the given balloon and
the nearby balloons to a desired network state (¢.g., a state corresponding to the desired
topology). A vector indicating a desired movement of the given balloon may then be
determined by determining the gradient of the cnergy function. The given balloon may then
determine appropriate actions to take in order to effectuate the desired movement, For
example, a balloon may determine an altitude adjustment or adjustments such that winds will
move the balloon in the desired manner.

C. Contrsl of Balloons in 3 Balloon Network

[8064] In some embodiments, mesh networking and/or station-keeping functions may
be contrahized.  For example, Figure 2 is a block diagram illustrating a balloon-network
control system, according to an exemplary embodiment.  In particular, Figure 2 shows a
distribated control system, which includes a central control system 200 and a number of

regional control-systems 2024 to 2028B.  Such a control system may be configured to
coordinate certain functionality for balloon network 204, and as such, may be configured to
control and/or coordinate certain fonctions for balloons 206A to 2061

16665} In the illustrated embodiment, central control system 200 may be configured
to communicate with balloons 206A 1o 2061 via mumber of regional control systems 202A fo

202C.  These regional control systems Z02A to 202C may be configured to reccive

communications and/or aggregate data from balloons in the respective geographic areas that
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they cover, and to relay the comumunications and/or data to central control system 200.
Farther, regional control systems 202A to 202C may be configured to route commumications
from central control system 200 to the balioons in their respective geographic areas. For
mstance, as shown in Figore 2, regional contrel system 202A may relay communications
and/or data between balloons 2064 to 206C and central control system 200, regional control
systern 2028 may relay communications and/or data between balloons 206D to 206F and
central control system 200, and regional control systemn 202C may relay commumnications
and/or data between balloons 206G to 2061 and central control system 200,

18066} In order to facilitate communications between the central control system 200
and balloons Z06A to 2061, cortain balloons may be configured as downlink balloons, which
are operable to communicate with regional control systems 202A to 202C. Accordingly, cach
regional control system 202A to 202C may be configured 1o commumicate with the downlink
balloon or balloons in the respective geographic area it covers. For example, in the illustrated
embodiment, balloons 204A, 204D, and 204H are configured as downlink balloons. As such,
regional control systems 202A to 202C may respectively communicate with balloons 2044,
204D, and 204H via optical links 206, 208, and 210, respectively.

18067} In the illustrated configuration, where only some of balloons 206A to 2061 arc
configured as downlink balloons, the balloons 206A, 206D, and 206H that are configured as
downlink balloons may function to relay communications from central control system 200 to
other balloons in the balloon network, such as balloons 20618, 206C, 206E to 206G, and 2061
However, it should be understood that it in some implementations, it 1s possibic that all
balloons may function as downlink balloons. Further, while Figure 2 shows multiple
halloons configured as downlink balloons, it s also possible for 2 balloon network to include
only one downlink balloon.

[B068] Note that a regional control system 202A to 2028 may in fact just be particular
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type of ground-based station that is configured to communicate with downlink balloons (e.g.,
such as ground-based station 112 of Figure 1), Thus, while not shown in Figure 2, the control
system shown in Figure 2 may be implemented in conjunction with other types of ground-
hased stations {¢.g., access points, gateways, eic. ).

(8869 fn a centralized control arrangement, such as that shown in Figure 2, the
central control system 200 (and possibly regional control systems 202A to 202C as well) may
coordinate certain mesh-networking functions for balloon network 204, For cxample,
balloons 206A to 2061 may send the central control system 200 certain state information,
which the contral control system 200 may utilize to deterovine the state of balioon network
204, The statc mformation from a given balloon may include location data, optical-link
mformation (e.g., the identity of other balloons with which the balloon has established an
optical Hnk, the bandwidth of the link, wavelength usage and/or availability on a lnk, etc.),
wind data coliected by the balloon, and/or othor types of information.  Accordingly, the
central control system 200 may aggregate state information from some or all the balloons
2064 10 2061 in order to determine an overall state of the network.

[8078] The overall state of the network may then be used 1o coordinate and/or
facilitate certain mesh-networking functions such as determining lightpaths for connections.
For example, the central control system 200 may determine a current topology based on the
aggregate state information from some or all the balloons 206A 10 2061, The topology may
provide a picture of the current optical links that are available in balloon network and/or the
wavelength availability on the links. This topology may then be sent to some or all of the
balloons so that a routing technique may be employed to select appropriate Hghtpaths {and
possibly backup lightpaths) for communications through the balloon network 204,

18671} In a further aspect, the central control system 200 (and possibly regional

control systems 2024 to 202C as well) may also coordinate certain station-keeping fumctions

19



WO 2015/031165 PCT/US2014/052140

for balloon network 204, For example, the central control system 200 may input state
mformation that is received from balloons 206A to 2061 to an energy fimetion, which may
effectively compare the current topology of the network o a desired topology, and provide a
vector indicating a direction of movement (if any) for each balloon, such that the balloons can
move towards the desired topology.  Further, the central control system 200 may use
altitudinal wind data to determine respective altiiude adjustraents that may be mitiated to
achieve the movement towards the desired topology. The central control system 200 may
provide and/or sapport other station-keeping fumctions as well,

18672} As noted, Figare 2 shows a distributed-control arrangement, with regional
control systems 202A to 202C coordinating commumnications between a central control
system 200 and a balloon network 204, Such an arrangement may be useful in a balloon
network that covers a large geographic area.  In some embodiments, a distributed control
systern may cven support a global balloon network that provides coverage everywhere on
carth. Of course, a distributed-control arrangement may be uscful in other scenarios as well.
18673} Further, it should be understood that other control-system arrangements are
possible. For instance, some implemendations may involve a distributed condrol systers with
additional layers (c.g., sub-region systems within the regional conirof systems, and s¢ on).
Alternatively, control functions may be provided by a single, centralized, control system,
which commmunicates directly with one or more downlink balloons.

(8674} In 2 further aspect, control and coordination of a balloon network may be
shared between a groond-based control system and a balloon network to varying degrees,
depending upon the implementation. In fact, in some embodiments, there may be no ground-
hased control system. Ie such an crobodiment, all network control and coordination functions
may be mmplemented by the balloon network itself. For example, certain balloons may be

configured to provide the same or similar fumctions as central control system 200 and/or
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regional control systems 202A to 202C. Other examples are also possible.
18675} Furthermore, control and/or coordination of a balloon network may be de-
centralized. For example, cach balloon may relay state information to, and receive state
information from, some or all nearby balloons. Further, cach balloon may reiay state
mformation that it receives from a nearby balloon to some or all nearby balloons. When all
balloons do so, each balloon may be able to tndividually determine the state of the network,
Alternatively, certain balioons may be designated to aggregate state mnformation for a given
portion of the network,  These balloons may then coordinate with one another to determine
the overall state of the network.
18076} Further, in some aspects, control of a balloon network may be partially or
entirely localized, such that it is not dependent on the overall state of the network., For
example, individual balloons may implement station-keeping fimetions that only consider
nearby balloons. To particular, cach balloon may implement an energy function that fakes
into account its own state and the states of nearby balloons. The energy funciion may be used
to mamtain and/or move to a desired position with respect to the nearby balloons, without
necessartly considering the desired topology of the network as a whole, However, when cach
balloon implements such an energy function for station-keeping, the ballocon network as a
whole may maintain and/or move towards the desired topology.

B, Hlustrative Balloon Cenfigurations
{8077} Various types of balloon systems may be incorporated in an exerpiary balloon
network.  As noted above, an exemplary embodiment may utilize high-altitude balloons,
which typically operate in an altitude range between 17 km and 22 km. Figure 3 15 a
simplified block diagram ilustrating a high-altitude balloon 300, according to an exemplary
embodiment. As shown, the balloon 300 includes an envelope 302, a skirt 304, a payload 306,

and a cut-down system 308 that is attached between the balloon 302 and payload 304.
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(6678} The envelope 302 and skirt 304 may take varicus forms, which may be
currently well-known or yet o be developed. For instance, the envelope 302 and/or skirt 304
may be made of a highly-flexible latex material or may be made of a rubber material such as
chloroprene. Other materials are also possible. Further, the shape and size of the envelope
302 and skart 304 may vary depending upon the particular implementation.  Additionally, the
envelope 302 may be filled with various different types of gases, such as hehum and/or
hydrogen. Other types of gases are possible as well.

16679 The paylead 306 of balloon 300 may mchude a processor 312 and on-board
data storage, such as memory 314, The memory 314 may take the form of or inchude a non-
transitory compuier-readable medivm.  The noun-transitory computer-readable medium may
have instructions stored thereon, which can be accessed and executed by the processor 312 in
order to carry out the balloon fimetions described herein.

[GORE] The payload 306 of balloon 300 may also wclade varicus other types of
equipment and systems to provide a number of different functions. For example, payload 306
may include optical compumication system 316, which may transmit optical signals via an
ultra-bright LED system 320, and which may roceive optical signals via an optical-
cotmumication receiver 322 (e.g., a photo-diode receiver system). Further, payload 3(36 may
mclade an RF communication systemn 318, which may transmit and/or receive RF
commuucations via an antenna system 324, The payload 306 may also include a power
supply 326 to supply power to the varicus components of balloon 300

{6081} Further, payload 306 may toclude various types of other systems and sensors
328, For example, payioad 306 may inchude one or more video and/or still cameras, a GPS
system, various motion sensors {e.g., accelerometers, gyroscopes, and/or compasses), and/or
various sensors for capturing environmental data.  Further, some or all of the components

within pavicad 306 may be implemented in a radiosonde, which may be operable to measure,
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., pressure, altitude, geographical position (latitude and longitade), temperature, relative

o
A

oo

humidity, and/or wind speed and/or direction, among other fnformation.

18082} As noted, balloon 306 includes an ultra-bright LED systern 320 for free-space
optical conumunication with other balloons. As such, optical commumication system 316 may
be configured to transmit a free-space optical signal by modulating the ultra-bright LED
systern 320. The optical communication system 316 may be implemented with mechanical
systems and/or with hardware, firmware, and/or sofiware. Generally, the manner in which an
optical communication system is implemented may vary, depending upon the particular
application.

18831 In g further aspect, balloon 300 may be configured for altitude conirol. For
nstance, balloon 300 may include a variable buoyancy system, which is configured to change
the altitude of the balloon 300 by adjusting the volume and/or density of the gas mn the
balloon 300, A variable buoyancy system may take various forms, and may gonerally be any
systern that can change the volume and/or density of gas in envelope 302,

[8084] In an exemplary embodiment, a variable buooyancy systemm may include a
bladder 310 that is located inside of envelope 302, The buoyancy of the balloon 300 may
therefore be adjusted by changing the density and/or volume of the gas in bladder 310, To
change the density in bladder 316, balloon 300 may be configured with systems and/or
mechanisms for heating and/or cooling the gas in bladder 310, Further, to change the volume,
balloon 300 may inclode pumps or other features for adding gas to and/or removing gas from
bladder 310, Additionally or alternatively, to change the vohune of bladder 310, balloon 300
may nclude release valves or other features that are controllable to allow air to escape from
bladder 310.

18085} Further, the balloon 300 may include 8 pavigation system {not shown). The

navigation system may implement station-keeping functions o maintain position within
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and/or move to a position in accordance with a desired topology. In particular, the pavigation
system may use altitudinal wind data to determine altitudinal adjustments that result n the
wind carrying the balloon in a desired direction and/or to a desired location. The altitude-
control system may then make adjustiments to the density of the balloon chamber in order to
effectuate the determined altitudinal adjustments and cause the balloon to move laterally to
the desired direction and/or to the desired location.

(8086} Alternatively, the altitudinal adjustments may be computed by a ground-based
control system and comymunicated to the high-altitude balloon.  As another alternative, the
altitudival adjustments may be computed by a ground-based or satellite-based control system
and compmunicated to the high-altitude balloon. Fuorthermore, in some embodiments, specific
balloons in a heterogeneous balloon network may be configured to compute altitudinal
adjustments for other balloons and transmit the adjustment commands to those other balloons.
[BOR7] As shown, the balloon 300 also includes a cut-down system: 304, The cut-
down system 308 may be activated (o separate the payload 306 from the rest of balloon 300.
This functionality may be atilized anytime the payload needs to be accessed on the ground,
such as when it is time to remove balloon 300 from a balloon network, when maintenance is
duc on systems within payload 306, and/or when power supply 326 needs to be recharged or
replaced.

[B088] In an alterpative arrangement, a balloon may not include a cut-down system.
In such an arrangement, the navigation sysicm may be operable to navigate the balloon o a
landing location, in the event the balloon needs to be removed from the network and/or
accessed on the groumd. Further, it 1s possible that a balloon may be self-sustaining, such that
it theoretically does not need to be accessed on the ground.

18889} Mote that movement and locations of balloons, such as balloon 300, can vary

since winds 1n the stratosphere may affect the locations of the balloons m a differential
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manner. A balloon in an example network may be configured to change its horizontal
position by adjusting is vertical position (1.¢., altitude}. For example, by adjusting its ahtitude,
a balloon may be able to find winds that will carry the balloon horizontally {c.g., latitudinally
and/or longitudinally} to a desired horizontal location. Wind speed and/or direction may vary
with altitude, and since current wind velocities as well as weather forecasts are available, in
principle, a balloon may be dirccted te a location by identifying an altitude at which a wind
direction takes 3 balloon to along a desired trajectory. However, a balloon without other
forms of propulsion may be constrained to follow the wind and there may not be a single
altitude with winds taking the balloon along the desired trajectory. Tn addition, to control a
fleet of balloons, movement of the balloons should occur from one location above the surface
of the Earth to another in a predictable manner.

. Example Heterogenecous Netweork
[6094] In some embodiments, a high-altitude-balioon network may tuclude super-
node balloons, which commmunicate with onc another via optical links, as well as sub-node
balloons, which comnumicate with super-node balloons via RF hnks. Generally, the optical
finks between super-node balloons bave more bandwidth than the RF links between super-
node and sub-node balloons. As such, the super-node balloons may function as the backbone
of the balloon network, while the sub-nodes may provide sub-networks providing access to
the balloon network and/or connecting the balloon network to other networks.
{8091} Figure 4 is a simplificd block diagram illusirating a balloon network that
imcludes super-nodes and sub-nodes, according to an excemplary embeodiment,  More
specifically, Figure 4 illustrates a portion of a balloon network 400 that fncludes super-node
balloons 410A to 410C (which may also be referred to as “super-nodes™) and sub-node
balloons 420 {which may also be referred to as “sub-nodes”™).

6892} Each super-node balloon 410A to 410C may include a frec-space optical
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communication system that is operable for packet-data commumication with other super-node
balloons. As such, super-nodes may communicate with one another over optical hinks. For
example, in the Ulustrated embodiment, super-node 410A and super-node 4018 may
commuumcate with one another over optical Hnk 402, and super-node 410A and super-node
401C may commmunicate with one another over optical link 404,

[6893] Fach of the sub-node balloons 420 may include a radio-frequency (RF)
communication system that is operable for packet-data communication over one or more RF
air interfaces.  Accordingly, each saper-nede balloon 410A 1o 410C may mclade an RF
comyuunication systern that is operable to route packet data to one or more nearby sub-node
balloons 420. When a sub-node 420 receives packet data from a super-node 410, the sub-
node 420 may use its RF commumnication system to route the packet data to a ground-based
station 430 via an RY air interface.

[6094] As voted above, the super-nodes 4104 1o 410C may be configured for both
longer-range  optical communication with other super-nodes and  shorter-range RF
communications with nearby sub-nodes 420, For example, super-nodes 410A to 410C may
use using high-power or ultra-bright LEDs to transmit optical signals over optical links 402,
404, which may cxtend for as much as 100 miles, or possibly more. Configured as such, the
super-nodes 410A to 410C may be capable of optical communications at speeds of 10 to
50 GB/sec.

(68953 A larger number of balloons may then be configured as sub-nodces, which may
communicate with ground-based Internet nodes at speeds on the order of approximately 10
MB/see. Contfigured as such, the sub-nodes 420 may be configired to connect the super-
nodes 410 1o other networks and/or to client devices.

16096} Mote that the data speeds and link distances described in the above example

and elsewhere heremn are provided for illustrative purposes and should not be considered
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Hmiting; other data speeds and link distances are possible.

18697) In some embodiments, the super-nodes 410A to 410C may function as a core
network, while the sub-nodes 420 function as one or more access networks to the core
network,  In such an embodiment, some or all of the sub-nodes 420 may alse function as
gateways to the balloon network 400, Additionally or alternatively, some or all of groond-

S5 F

based stations 430 may function as gateways to balloon network 400

FE  Example Methods

[G098] Figure 5 is a block disgram of a method, according to an cxample
embodiment. The method 500 may be carried out by a control system: of a balloon network.
For example, some or all of method 500 may be carried out by a central control system and/or
regional systems such as the ones described above with respect to Figure 2. The control
systomds) may communicate with the balloons within the balioon wnetwork., In further
examples, all or some of method 500 may be carried out by one or more computing systems
located on the mdividual balloons. In some examples, the parts of the method 500 may be
combined, separated into additional parts, and/or carded out in a different order than shown.

Other configurations are also possible.

16699 More specifically, the method 560 may involve determining that a first balloon
i a balloon network has a predicted failure mode that corresponds to a first set of tasks, as
shown by block 302, The balloon network may have a first sub-fleet of balloouns assigned the
first set of tasks and a second sub-fleet of balloons assigned a second set of tasks. The
method SO0 may further involve subsequently determining that the first balloon has a
predicted fatlure mode that corresponds to the sccond set of tasks, as shown by block 304,
The method S00 may further tnvoive reassigning the first balloon from the first sub-flect of

balloons to the second sub-fleet of balloons, as shown by block 506,
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[EEERRHLY A balloon network may have a first sub-fleet of balloons assigned a first set of
tasks and a second sub-fleet of balloons assigned a second set of tasks. A sub-fleet of
balioons may be a group of balloons operating according to a certain set of consiraints within
the balloon network. The constraints may be used to position individual balloons within a
sub-fleet and/or assign tasks to individual balloons. Certain constraints may be applied to
owltiple sub-fleets (or every sub-flect) while other coustraints may be used only for one
specific sub-fleet. Additionally, in some examples, differcnt sub-tleets may contain balloons

of different types, which may have different shapes, sizes, equipment, efe.

(86141} Furthermore, ecach sub-fleet may be assigned a particular set of tasks that
facilitate functioning of the network as & whele. For instance, a sub-fleet of balloons may be
assigned to provide local service to a ground-based station. The balloons in the sub-fleet may
communicate with one or more ground-based stations using RE commumnications. In some
examples, the balloons i the sub-fleet may be positioned around a single station.  In other
examples, the balloons may be controlled to move between stations and provide service 1o
muftiple stations. The balloons may also send and receive information to and/or from
balloons from other sub-fleets, and then use their RF commumication systems to route the
data to and/or from ground-based stations.

#6182} In another example, a sub-flect of balloons may be assigned to serve as relay
halloons between balloons from other sub-fleets. For instance, the balloons may be assigned
to relay information to and from other balloons using free-space optical communication
systerns,  Balloons within the sub-ficet may be positioned so that large gaps within the
network may be avoided. Accordingly, the sub-fleet may facilitate communication between
distant groups of balloons by serving as relay nodes within the network,

66163} In a further example, a sub-fleet of balloons may be assigned to execute long-
distance flight paths. A network of balloons may benefit from having certain balloons that
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can travel long distances to provide service to particelar locations. For instance, an event
drawing a large crowd may require additional balloons to provide the needed amount of
coverage. Balloons from a sub-fleet of balloons assigned to cover fong distances can be sent

to the location to provide the needed services.

80184} In ancther example, a sub-fleet of balloons may be assigned to collect data for
weather forccasting. Balloons can be positioned where weather data is needed {e.g., for
planning flight paths of other balloons). Sensors on the balloons may be used to collect data
about current weather conditions. The balloons may then trapsmit the data to the rest of the
network, for instance by sending the data to relay balloons or to balloons that can transmit the

data to ground-based stations.

166165] Figure A shows two sub-flects of balloons, according to an cxample
embodiment, Balloons 602, 604, 606 may be part of a first sub-fleet, sub-flest A, which may
be assigned a first set of tasks. Balloons 608, 610, 612 may be part of a second sub-flect,
sub-fleet B, which may be assigned a second set of tasks. Hach sub-tleet may be assigned or

more of the tasks described above, as well as other types of tasks not explicitly described

above.

(86146} Method SO0 may involve determining that a first balloon in a balloon network
has a predicted failure mode that corresponds to the first set of tasks that is assigned to the
first sub-fleect, as shown by block 502, A predicted failure mode may indicate how and when
a balloon is expected to fall. A predicted failore mode may correspond with a set of tasks if a
halloon may be able to perform some or all of the tasks even if the predicted mode of failure
occurs, In other cxamples, a predicted failure mode may correspond with a set of tasks ifthe
set of tasks contains the most appropriate task or tasks for the balloon to perform within the

network after factoring in the balloon’s predicted mode of fathwe.
) -
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186147} For instance, a balloon may have a predicted failore mode indicating that the
balloon’s RF communication systems used fo communicate with ground-based stations may
be likely to fail. This predicted failure mode may correspond with a set of tasks assigned (o a
particular sub-fleet of balloons—for instance, a sub-fleet that serves as relay nodes between
other balivons. The free-space optical communication systems of a balloon that are used to
comummnicate with other balleons may vot be affected by a failure of the balloon’s RF
communication systems, Accordingly, a balloon with this predicied failure mode may be
able to perform tasks assigned to the sub-fleet of relay balloons even if the balloon fails as

expected.

16168] In some examples, a predicted failure mode may include an expected fathure of
a particular balicon component. For instance, it may be determined that the balloon may be
likely to experience a failure in an envelope, a communication system, a propelling system, a
power system, 8 sensor system and/or another mechanical or electrical system.  Additionally,
a predicted failure mode may include a time-to-fatlure of an individual component and/or of

the entire balloon.

(86149} In other examples, a predicted fatlure mode may nelude a specific type of
fathwre of a given component.  For fnstance, some types of failores may be instantly
catastrophic, such as when a balloon covelope bursts.  Other types of fallures may be slow-
acting, taking days or months or years fo progress to complete failure. For instance, a balicon
may cxperience a small leak, but may still be able to operate within the network for a

significant period of time.

(80116 Many other examples of different types of fatlures of balicon componenis
exist as well. In some oxamples, certain balloon systems, such as 3 balioon’s sensor systems,
may only partially fail. For instance, a balloon may lose certain weather sensors (such as

thermometers or barometers) while retaining other weather sensors (such as moisture sensors
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or wind gauges). In such an example, a predicted failure mode may include partial failares.
In other examples, a predicted failare mode may be a type of failure that is Tikely to occur at

the carlicst point in time from a group of multiple different types of failure.

#6111} In further cxamples, partial failures may mclide intermittent failores or
balloons with reduced capability. For instance, a balloon experiencing a partial faikoe may
generate less solar power, have less power stovage available in batteries, have less vertical
range available, need more power for mancuvers, have lower comynunications bitrates, or
take longer to establish optical commumications links. Some example systems may
differentiate between fully-capable balloons, slightly fmpaired balloons, highly impaired
halloons, and so on. Tn additional examples, a fatlure mode may indicate a failure relative fo
some threshold level  For instance, a failure mode may incorporate balloons failing to

generate X watts of solar power for one or more chosen values of X,

0112} Method SO0 may further involve subsequently determining that the first
balloon has a predicted failure mode that corresponds to a sccond set of tasks that 15 assigned
to the second sub-ficet, as shown by block 504, For instance, a balloon may develop a new
predicted failure mode after functioning in a certain role for a period of time. Systems or
components of the balloon that have been used heavily may become more likely to fail over
time. Predictions about likely failure modes can be made based on data received by active
sensors located on a balloon and/or based on failures of similar balloons or balloons that
carried out similar tasks, among other factors. Based on the new predicted faihwe mode, a

new set of tasks may be more appropriate for the balloon to perform.

68113} Figure 6B shows a predicted failore mode, according to an cxample
cmbodiment. As an example, balloon 606 of sub-ficet A may develop a predicted failure
mode indicating that the balloow’s free-space optical compmmication systems used for

communication with other balloons may be likely to fail soon. Balloons in sub-fleet A may
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be assigned to serve as relay nodes between other balloons, Accordingly, balloons in sub-
fleet A may rely heavily on their free-space optical communication systems to comnumicate
with other balloons. The predicted failure mode of balloon 606 may now correspond with a
set of tasks that doesn’t require heavy use of the free-space optical communication systems.
For mstance, balloon 606 may be more appropriately placed in sub-fleet B, which may be
assigned to collect data for weather forecasting.  Even if some of balloon 606°s
communication systems fail, the balloon may still have fonctioning sensors that can collect
the needed weather data.  Accordingly, the tasks assigned to sub-fleet B may now be more

appropriate for balloon 606 to fulfil within the network,

186114} Method 500 may further involve reassigning the first balloon from the first
sub-fleet of balloons o the second sub-fleet of balloons, as shown by block 506, Afier
determining that a particular balloon may be better suited to perform tasks assigned to a
different sub-fleet, the balloon may be reassigned to maximize its utility within the network,
The decision fo reassign a balloon may come from a condrol systern, which may be a central
conirol system or a localized control system as described above, and in either case, could be
implemented n one or more ground-based stations, one or more balloons, or a combination

of one or more ground-based stations and one or more balloons.

186115} Figure 6C shows the reassignment of a balloon, according to an example
embodiment. After determining that the predicted failure mode of balloon 606 corresponds
better with the set of tasks assigned to sub-flect B, the balloon 606 may be reassigned from
sub-fleet A to sub-fleet B, Figure 61D shows the sub-fleets following the reassigoment of
balloon 606. The balloon 606 may now carry out the tasks assigoed to sub-fleet B, which

may provide more utility to the network given the balloon’s predicted fatlure mode.

(86116} In some examples, a control system may periodically move balloons between

multiple sub-tleets of balloons based on predicted failure modes of individual balloons and/or
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based on other factors. The control systemr may balance the distribution of balloons across
different sub-fleets over time to facilitate functioning of the entive network and to maximize
the utility of individual balloons. For imstance, the control system may periodically
determine that a certain sub-flect does not have encugh balloons o carry out 1is tasks. For
example, the sub-fleet may have lost some balloons due to failore and/or the demand for the
tasks assigoned to the sub-fleet may have increased. The control system may then reassign

additional balloons (o the sub-fleet.

86147} in additional examples, a priority level associated with cach set of tasks may
be determiined. For instance, some tasks may be more vital to the fimctioning of the overall
network than other fasks. The control system may take into account the priority level
associsted with tasks carried out by different sub-fleets when assigning balloons.  For
example, the control system may first ensure that seb-fleets carrying out higher priority tasks
have enough balloons with sufficient capabilities first. Once the higher prionity tasks are
covered, the control system may then assign balloons fo sub-flects carrying out lower priority
tasks to the extent that the network bas enough balloons to fulfill the lower priority tasks as

well.

{86118} Figure 7A illusirates three sub-fleets of balloons within a balloon network,
according to an cxample embodiment. A first sub-fleet, sub-fleet A, may contain balloons
702, 704, and 706. Sub-flect A may be assigned tasks that tend to cause wear and tear o
halloon envelopes, such as spending sigoificant time at high altitudes. A second sub-flect,
sub-fleet B, may contain balloons 708, 710, and 712. Sub-flect B may be assigned tasks that
rely heavily on the balloowns” frec-space optical communication systems, such as serving as
relay nodes between other balloons within the network, A third sub-fleet, sub-flect C, may
contain balloons 714, 716, and 718. Sub-fleet C may be assigned tasks that tend to make
extensive use of the balloons” propelling systems, such as carrying out long-distance flight
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paths.

(86119} A control system may periodically determine predicted fathwe modes of
mndividual balloons within one or more of the sub-fleets of balloons. Figure 7B shows
predicted fatlure modes of individoal balloons, according to an example embodiment.
Balloon 706, a balloon from sub-fleet A, may have a predicted failowe mode indicating that
the envelope of balloon 706 may be likely to fail soon. For instance, strain sensors located on
the balloon may detect significant deformity in the material of the balloon envelope. As
another example, the prediction may be based on past failures of similar balloons. For
mstance, it may be determined that balloon envelopes may be hkely to fail after spending a
certain amount of time at high altitudes.  Predictions could be based on a combination of

factors as well.

136126} Additionally, as shown in Figure 7B, balloon 7190, a ballocon from sob-flegt B,
may have a predicted failore mode indicating that balloon 710°s frec-space optical
communication systems may be Hkely to fail soon. For instance, balloon 710 may have made
extensive use of s balloon-to-balloon communication systems while serving as a relay node
within sub-fleet B. Based on the history of the balloon’s activities and/or diagnostic systems
located on the balloon, it may be determined that a failure of the balloon’s communication

systems may be inuminent.

186121} Furthermore, as shown in Figure 78, balloon 714, a balloon from sub-flect C,
may have a predicted failure mode indicating that balloon 71475 propelling systems may be
likely to experience a failure. Balloon 714 may have relied heavily on its propelling systems
while carrying out numerous long-distance flight paths as part of sub-tleet C. Cousequently,
a prediction may be made that if balloon 714 continues to oxecute long-distance flight paths,

the balloon’s propelling systems may be likely to fail in the near futare.
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186122} After determining predicted fathire modes of one or more balloons, a control
system may reassign balloons between sub-fleets. Figure 7C shows the reassignment of three

balloons, according to an cxample embodiment. Balloon 706 from sub-fleet A may have a
predicted failure mode indicating that the balloon’s envelope may be hkely to fail. It may be
determined that balloon 706 is better suited 1o tasks that don’t cause heavy siress to balloon
envelopes.  Consequently, balloon 706 may be reassigned to sub-fleet B, which may be
assigned to serve as relay nodes within the balloon network. By scrving as a relay node,
balloon 7067s envelope may be prescrved, possibly extending the useful functioning of

batloon 706 within the network.

86123} Additionally, balloon 710 from sub-flest B may have a predicted failure mode
indicating that one or more of the balloon’s communications systems may be likely to fail. If
balloon 710 continues to serve as a relay node within sub-fleet B, it may be determined that a
failure of the balloon’s communication systems may be likely. Balloon 710 may be more
appropriately  placed in a sub-fleet that doesn’t rely as extensively on a balloon’s
communication systems. Therefore, balloon 710 may be reassigned to sub-ficet C, which

may be assigned to carry out long-distance thight paths.

186124} Furthermore, balloon 714 from sub-fleet € may have a predicted failure mode
indicating that one or more of the balloon’s propelling systeras may be likely to fail. Balloon
714 may no longer be ablc to carry out long-distance flight paths within sub-fleet C.
Consequently, balloon 714 may be reassigned to sub-fleet A, which may be assigned tasks

that are less demanding on 2 balloon’s propelling systems.

[G68125] Figure 71 shows the three sub-fleets of balloons following the reassignmends
of Figure 7C, according to an cxample cmbodiment. As shown, balloon 706 has been
reassigned from sub-fleet A to sub-flect B, balloon 710 has been reassigned from sub-fleet B

to sub-fleet C, and balloon 714 has been reassigned from sub-fleet C to sub-fleet AL
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Accordingly, the network may be able to maximize the utility of cach balloon and in some
cases, extend the fimctioning life of individual balloons by leveraging predictions about
balloon fatlures. Additionally, in some cxamples, some or all of the balloons may go through

life stages and may be assigned different tasks in each life stage.

80126} In other examples, balloons may be reassigned to sub-fleets that operate in
different regions based on predicted fathwe modes. For instance, balloons that can no longer
gencrate solar power as rapidly or efficiently may be assigned to sub-fleets that allow the
balloons to work in regions with more sunlight. In another example, if a balloon’s thermal
regudation system is impaired, the balloon may be assigned to work in warmer regions and/or
the balloon may be assigned lower-power tasks, leaving more power for heating.  In et
another example, a balloon with a partially failing battery that can no longer store as much
power may be assigned to daytime work with only low-power work at night (i.e., avoiding

high speed communication or altitude control mancuvers at might).

681271 In some examples, sub-fleets may be assigned to carry out different length
flight paths based on predicted failure modes. Figure 8 shows flight paths of two difterent
sub-flects of balloons, according to an example cmbodiment. A first sub-fleet of balloons
may contain balloons 802, 804, and 806.  The dotted Hnes represent the flight paths of the
balloons. As shown, the first sub-fleet may stay within a certain section of one or more
countries. A second sub-flect may contain balloons 808, 810, 812, As shown by the dotted
lines, the second sub-flect may be assigned to carry out longer flight paths, sach as paths
aCross an ocean between continents.  As balloons develop predicted failure modes over time,
they may be reassigned to sub-fleets that carry out less demanding flight paths, For mstance,
balloons may be moved from the sccond sub-fleet of balloons to the first sub-fleet balloons

gver time.
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[86128] In additional examples, systems and methods may be used to facilitate balloon
recovery when predicted fatlure modes indicate hikely faihwes of entire balloons. For
instance, it may be determined that an individual balloon is fikely o cxperience an imminent
total fathure, such as a rip in the balloon envelope. Accordingly, the balloon may be moved {o
a sub-flight that may be assigned to an area where the balloon can easily be recovered. For
example, the balloon may be rerouted to avoid bodies of water or countries where balloon
recovery may be difficult. Further, the balloon may be repositioned to avoid landing on
populated locations or to avoid crossing commercial flight lanes. The balloon may also be
moved 1o a location close 1o a ground-based station so that data can be guickly offioaded

from the fatling balloon, and so on.

[66129] In additional examples, a predicted failore mode of a balloon may include a
probability distribution of failures, or a failure rate curve. Figure 9 shows a failure vate curve
D02, according to an example embodiment.  As shown, a particular balloon component or the
entire balloon may be likely to fail very carly during a fust period 904 of a balloon’s Hfetime.
However, if the component or balloon survives the initial period 904, the probabifity of
fathure may drop to a low level during a second pertod 906 of the balloow’s hfetime. The
probability of failure may then begin to rise during a third period 908 wwch later in the
balloon’s lifetime as the balioon gets older. Accordingly, a predicted faibwe mode may
mclade probabilities of failures at different times, or other metrics.  Furthermore, a failure
rate curve 902 may be determined for individual balloon components, entire balloons, or

particular types of failures, for cxample.

(803138 In further examples, a control system may use 3 failure rate curve like the one
in Figore 9 to assign particular balloons to sub-fleets. For instance, if a balloon is likely to
have a high rate of failure early in its lifetime, the balloon may first be placed in a sub-flec
that is assigned tasks that are not vital to the functioning of the network as a whele, If the
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balloon survives the initial period where the risk of failure is high, the balloon may then be
reassigned to a sub-fleet that carries out more important fonctions.  In some examples,
balloons may first be assigned to a sub-fleet that exposes the balloons o one or more stress
tests. The stress tests may be designed to uncover flaws in a balloon’s construction that may
lead to carly balloon failure. If the balloon survives the siress tests, the balloon may then be
reassigoned to a different sub-flect 1o carry out tasks within the network., A contrel system
may leverage failure rate curves of individual balloons and/or balloon components in other

ways as well,

(66331} In further examples, predictions about balloons failures and reassignment
decisions may be improved over time as more information about past balloons becomes
available. In some examples, a computing systom may apply a machine-learning process to
mmprove associations between certain predicted fathire modes and corresponding tasks within
the network.  In addition to the general techniques discussed herein, the computing device
may apply any of a sumber of well-known machine learning processes such as an artificial
neural network (ANN}, SVM {Support Vector Machines), Genpetic Algorithms, Bayesian
mnference, Bayes Nets, a Reinforcement Learning method, regression analysis, or a Decision
Tree, for nstance. After performing such a machine-learning process, a computing system
may then be able to conclude that certain correlations between predicted failure modes and
assigned tasks are imaccurate or could be more accurate, and then update the predictions

and/or assignments accordingly.

80132} It should be understood that the simaplificd examples given here arc not meant
to be Hmiting. In practice, control systems may use the disclosed systems and methods to
predict 3 wide variety of types of possible fathures, and assign balloons to a number of

different tasks accordingly. Additionally, the systems and methods described herein may be
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used to assign tasks to balloons based on predicted balloon fathwes in a variety of different

types of network of balloons.

iV,  Conclusion

[#0133] Further, the sbove detailed description describes various features and
functions of the disclosed systems, devices, and methods with reference to the accompanying
figures. In the figures, similar symbols typically identify similar components, unless context
dictates otherwise. The example embodiments described herein and in the figures arc not
meant to be limiting. Other cmbodiments can be utilized, and other chaoges can be made,
without departing from the spirit or scope of the subject matter presented herein. It will be
readily understood that the aspects of the proserd disclosure, as generally described herein,
and illustrated in the figures, can be arranged, substituted, combined, separated, and designed

i 8 wide variety of different configurations, all of which are explicitly contemplated herein.

301344 With respect to any or all of the ladder diagrams, scenarios, and flow charts in
the figures and as discussed herein, each block and/or communication may represent a
processing of information and/or 2 transmission of information i accordance with example
embodiments.  Alicrnative embodiments are inchided within the scope of these example
embodiments. In these alternative embodiments, for example, fimetions described as blocks,
fransmissions, conmnunications, requests, responses, and/or messages may be executed out of
order from that shown or discussed, incloding substantially concurrent or in reverse order,
depending on the functionality involved. Further, more or fewer bocks and/or functions may
be used with any of the ladder diagrams, scenarios, and flow charts discussed herein, and
these ladder diagrams, scenarios, and tflow charts may be combined with one another, in part

or in whole.

[86135] A block that represents a processing of mformation may correspond to

cirewitry that can be configured to perform the specific logical functions of a herein-described

36



WO 2015/031165 PCT/US2014/052140

method or techmique. Alternatively or additionally, a block that represents a processing of
information may correspond 10 a module, a segment, or a portion of program code (including
related data). The program code may mclude one or more instructions executable by a
processor for implementing specific logical functions or actions in the method or technique.
The program code and/or related data may be stored on any type of computer readable

medium such as a storage device inclading a disk or hard drive or other storage medium.

[80136] The computer readable medivm may also include non-transitory computer
readable media such as computer-readable media that stores data for short periods of time
like register memory, processor cache, and random access memory (RAM). The computer
readable media may also jnclude non-transitory computer readable media that stores prograr
code and/or data for longer periods of time, such as secondary o1 persistent long term storage,
like read only memory (ROM), optical or magnetic disks, compact-disc read only memory
{CD-ROM), for example. The computer readable media may also be any other volatile or
non-volatile storage systems. A computer readable mediom may be considered a computer

readable storage medium, for example, or a tangibie storage device.

(66137} Moreover, a biock that represents one or more information transmissions may
correspond to information transmissions between software and/or hardware modules in the
same physical device. However, other information transmissions may be between software
modules and/or hardware modules in different physical devices.

(#6138} While various aspects and embodiments have been disclosed hercin, other
aspects and erohbodiments will be apparent to those skilled in the art. The various aspects and
cembodiments disclosed herein are for purposes of illustration and are not intended to be
Hmiting, with the true scope and spirit being indicated by the following claims. Functionally
equivalent methods and apparatuses within the scope of the disclosure, in addition to those
enumerated herein, will be apparent to those skilied mn the art from the foregoing descriptions.
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Such modifications and variations are intended to fall within the scope of the appended

claims.

41



WO 2015/031165 PCT/US2014/052140

CLAIMS

What is claimed 1

I. A system comprising:
a first sub-fleet of balloons, wherein the first sub-fleet of balloons is assigned a first
sct of one or more tasks within a balloon network;
a second sub-fleet of balloons, wherein the second sub-fleet of balloons is assigned a
second set of one or more tasks within the balfoon network; and
a control system configured to:
determine that a first balloon in the first sub-flect of balloons initially has a
predicted failore mode that corresponds to the first set of tasks;
subsequently determine that the first balloon has a predicted failure mode that
corresponds to the second set of tasks; and
reassign the first balloon from the first sub-flect of balloons to the second sub-

fieet of balloons.

2. The system of claim 1, wherein the first seb-fleet of balloons operates
according to a first set of constraints; and
wherein the second sub-flect of balloons operates according to a sccond set of

constraints.

3. The system of claim 1, wherein a predicted fathure mode of a balloon

comprises a probability distribution of the balloon’s expected failure over time.
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4. The system of claim 1, wherein the first balloon is reassigned from the first
sub-flect of ballocons to the sccond sub-fleet of balloons after an fmtial time period during

which the first balloon is exposed to one or more stress tests.

S The system of claim 1, wherein one of the sub-fleets of balloons s assigned to

communicate with one or more ground-based stations.

6. The system of claim 1, wherein one of the sub-flects of balloons is assigned to

serve as relay balloons between other balloons within the network,

=1

The system of claim 1, wherein one of the sub-fleets of balloons is assigned to

assist in weather forecasting.

g. The system of claim 1, wherein one of the sub-flects of balloons is assigned to

ravel along long-distance flight paths.

9. The system of claim 1, wherein at least one predicted failure mode cormprises

a partial failure of a balloon system.

10, The system of claim 1, wherein at cast one predicied failure mode comprises

a failure i a balloon material.

11, The gsystem of claim 1, wherein at least one predicted failure mode comprises

a fatlure in a communication system of a balloon.
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12, The system of claim 1, wherein at least one predicted failure mode comprises

a fatlure in a power system of a balloon.

13, A computer-implemented method comprising:

determining that a first balloon in a balloon network has a predicted faihure mode that
corresponds to a first set of tasks, wherein the balloon network comprises at lcast a first sub-
fleet of balloons and a second sub-flect of balloons, wherein the first sub-flect is assigned a
first set of one or more tasks and the sccond sub-fleet 1s assigned a second set of one or more
tasks;

subsequently determining that the fivst balloon has a predicted fatlure mode that
corrgsponds to the second sot of tasks; and

reassigning the first balloon from the first sub-fleet of balloons to the second sub-fleet

of balloons.

14. The method of claim 13, further comprising determining a first set of
constraints and socond set of constraints, wherein the first sub-flect of balloons operates
according to the first sot of constraints; and

wherein the second sub-fleet of balloons operates according to the second set of

constramts.

15, The method of claim 13, wherein a predicted faihwe mode of a balloon

comprises a probability distribation of the balloon’s expected failure over time.
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16. The method of claim 13, wherein the first balloon 1s reassigned from the first
sub-flect of ballocons to the sccond sub-fleet of balloons after an fmtial time period during

which the first balloon is exposed to one or more stress tests.

7. The method of claim 13, wherein one of the sub-fleets of balloons is assigned

to comamumicate with one or more ground-based stations.

i8. The method of claim 13, wherein one of the sub-fleets of balloons is assigned

to serve as relay balloons between other balloons within the network.

19. A system comprising:

a plurality of sub-fleets of balloons, wherein each sub-fleet of balloons is assigned a
corresponding set of one or more tasks within a balloon network and wherein each balloon in
one of the sub-fleets of balloons nitially has g predicied failure mode that corresponds to the
set of tasks assigned to the sub-fleet of balloons; and

a control systom configured to:

periodically determine that a particular balloon in a first sub-fleet of balloons
has a predicted failure mode that corresponds to a set of tasks assigned to a second
sub-fleet of balloons; and

reassign the particular balloon from the first sub-flect of balloons to the second

sub-fleet of balloons.

20, The system of claim 19, wherein the control system 1s further configured 1o
periodically determine that a certain sub-fleet of balloons has an inadequate number

of balloons; and
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reassign one or more balloons to the certain sub-fleet of balloons.

21 The system of claim 19, wherein a particular sct of tasks has a corresponding
priority level; and

wherein at least one balloon is reassigned based on one or more of the priovity levels.

22, The system of claim 19, wherein cach sub-fleet of balloons is operating within

the balloon network according to a particular set of constraints.

23. The system of claim 19, whercin at least one balloon is reassigned after an

mitial time period during which the at least one balloon is exposed to one or more stress tests.

24, A comaputer readable storage medium having stored thercin instructions, that
when exccuted by a computing device, cause the computing device to perform functions
comprising:

determining that a first balloon in a balloon network has a predicted failure mode that
corresponds to a first set of tasks, wherein the balloon network comprises at least a first sub-
fleet of balloons and a second sub-flect of balloons, wherein the first sub-flegt is assigned a
first set of one or more tasks and the second sub-fleet is assigned a second set of one or more
tasks:

subsequently determining that the first balloon has a predicted fathire mode that
corresponds to the second set of tasks; and

reassigning the first baloon from the first sub-flect of balloons to the second sub-flect

of balloons.
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25. The computer readable storage medinm of clatm 24, wherein a predicted
fathure mode of a balloon comprises a probability distribution of the balloon’s expected

failure over time.

26, The computer readable storage mediom of claim 24, wherein the first balloon
is reassigned from the first sub-fleet of balloons to the sccond sub-fleet of balloons after an

initial time period during which the first balloon is exposed 0 one or more stress {ests.
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