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MUTUALLY COMPATIBLE PATH SEARCH

TECHNICAL FIELD
The present disclosure relates {o the field of path determinations and,

more particuiarty but not exclusively, 1o determining muiually compatible paths

in communication networks.

BACKGROUND

I many communication networks, end-to-end communication between

a source device and a destination device fraverses an end-io-end path that
has been established from the source device to the destination device. There
are various mechanisms for determining and establishing an end-to-end path
from a source device 10 a destination device, many of which may have various

disadvantages associated therewith.

SUMMARY

The preseni disclosure generally discloses a capability for determining
a set of mutually compatible paths satisfying a set of demands.

in at least some embodiments, an apparatus includes a processor and
a memory communicatively connected to the processor, wherein the
processor is configured 1o receive network information for a network including
a set of nodes and a set of links, receive demand information associated with
a set of demands to be salisfied within the network where the demands are
indicative of respective requesis for respective paths between respective pairs
of the nodes of the network, and determine, based on a traversal of a search
free constructed based on the network information and the demand
information, a set of mutually compatible paths satisfying the set of demands,
wherein the search tree includes, for at least one of the demands, a
respective subset of paths for the respective demand identified from among a
set of potential paths between the respective nodes of the demand, wherein
the respective subset of paths for the demand includes two or more mutually
disjoint paths between the respective nodes of the demand.
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in at least some embodimentis, a computer-readable slorage medium
stores instruciions which, when execuied by a processor, cause the processor
io perform a method, the method including receiving network information for a
network including a set of nodes and a set of links, receiving demand
information associated with a set of demands to be salisfied within the
network where the demands are indicative of respective requests for
respective paths between respective pairs of the noedes of the network, and
determining, based on a traversal of a search tree constructed based on the
network information and the demand information, a set of mutually compatible
paths satisfving the set of demands, wherein the search tree includes, for at
least one of the demands, a respective subset of paths for the respective
demand identified from among a set of potential paths between the respective
nodes of the demand, wherein the respective subset of paths for the demand
includes two or more mutually disjoint paths between the respective nodes of
ihe demand.

in at least some embodiments, a method includes receiving network
informadion for a network including a set of nodes and a set of links, receiving
demand information associated with a set of demands to be satisfied within
the network where the demands are indicative of respective requests for
respective paths between respective pairs of the nodes of the nelwork, and
determining, based on a traversal of a search tree constructed based on the
network information and the demand information, a set of mutually compatible
paths satisfying the set of demands, wherein the search tree includes, for at
least one of the demands, a respective subset of paths for the respective
demand identified from among a set of potential paths between the respective
nodes of the demand, wherein the respective subset of paths for the demand
includes iwo or more mutually disjoint paths between the respective nodes of
the demand.

In at least some embodiments, an apparatus includes a processor and
a memory communicatively connectad 1o the processor, wherein the
processor is configured to receive search free information associated with a

set of demands o be salisfied within a network and determine, based on the
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search tree information, a set of mulually compatible paths satisfying the set
of demands. The network includes a set of nodes and a set of links. The
demands are indicative of respective requests for paths between respective
pairs of the nodes of the network. The search tree information includes, for
each of the demands in the sei of demands, a respective set of paths
between the respective nodes of the demand, wherein, for at least one of the
dermands in the set of demands, the respective set of paths includes a subset
of mutually disjoint paths between the respective nodes of the demand that
are identified from among a set of potential paths between the respective
nodes of the demand.

it at least some embodiments, a compuier-readable storage medium
stores insiructions which, when executed by a processor, cause the processor
to perform a method, the method including receiving search tree information
associated with a set of demands 1o be satisfied within a network and
determining, based on the search tree information, a set of mutually
compatible paths satisfying the setf of demands. The network includes a set
of nodes and a set of links. The demands are indicative of respective
requests for paths between respective pairs of the nodes of the network. The
search tree information includes, for each of the demands in the set of
demands, a respective set of paths between the respective nodes of the
demand, wherein, for al least one of the demands in the set of demands, the
respective set of paths includes a subset of mutually disjoint paths between
the respective nodes of the demand that are identified from among a sel of
potential paths between the respective nodes of the demand.

I at least some embodiments, a method includes receiving search iree
information associated with a set of demands to be satisfied within a network
and determining, based on the search free information, a set of mutually
compatible paths satisiying the set of demands. The network includes a set
of nodes and a set of links. The demands are indicative of respective
requests for paths between respective pairs of the nodes of the network. The
search tree information includes, for each of the demands in the set of

demands, a respective set of paths between the respective nodes of the
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demand, wherein, for at least one of the demands in the set of demands, the
respective set of paths includes a subset of mutually disjoint paths between
the respective nodes of the demand that are identified from among a set of
potential paths between the respective nodes of the demand.

BRIEF DESCRIPTION OF THE DRAWINGS
The teachings herein can be readily understood by considering the

following detailed description in conjunction with the accompanying drawings,
in which:

FIG. 1 depicts an exemplary system including a communication
network and a path determination element configured to perform path
searches for determining mutually compaiible paths in the communication
network;

FIG. 2 depicts an exemplary system including a communication
network for illustrating a set of demands and a delinition of determining a set
of mutually compatible paths for the set of demands;

FIG. 3 depicts a flow diagram of a method for determining a set of
mutually compatible paths satistying a set of demands;

FIG. 4 depicts a flow diagram of a method for traversing a search tree,
construcied based network information and demand information, to determine
a set of mutually compatible paths satisfying the set of demands;

FIG. 5 depicts an exemplary search tree for illustrating traversal of a
search tree, constructed based network information and demand information,
io determine a set of mutually compatible paths satisfying the set of demands;

FIG. 6 depicts exemplary pseudocode for a method for determining a
set of mutually compatibie paths for a set of demands where the demands are
demand-order independent;

FIG. 7 depicls exemplary pseudocode for a method for determining a
set of mutually compatibie paths for a set of demands where the demands are
dermand-order dependent;

FIG. 8 depicts a flow diagram of a method for determining a set of
mutually compatible paths satisfying a set of demands; and
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FIG. 9 depicts a high-level block diagram of a computer suitable for use
in performing various functions described herein.

To facilitate understanding, identical reference numerals have been
used, where possibie, to designate identical elements that are common o the
figures.

DETAILED DESCRIPTION
This disclosure generally discloses a path search mechanism for

determining mutually compatible paths in a network. The path search
mechanism for determining mutually compatible paths may be configured to
determine a set of mutually compatible paths for a set of demands to be
satisfied within the network. The path search mechanism for delermining
mutually compatible paths may be configured 1o determine a set of mutually
compatible paths for a set of demands where compatibility may be based on
aedge disjointness, node disjointness, or the like, as well as various
combinations thereof. The path search mechanism for determining mutually
compatible paths may be configured to determine a set of mutually compatible
paths for a set of demands subject to an objective {e.g., minimizing a total
cost of the set of mutually compatible paths, minimizing a maximum path cost
of the set of mutually compatible paths, minimizing a difference between a
lowesi-cost path of the set of muiually compatible paths and a highest-cost
path of the set of mutually compatibie paths, or the like, as well as varicus
combinations thereof). The path search mechanism for determining mutually
compatible paths may be configured to receive network information for a
network including a set of nodes and a set of links, receive demand
information associated with a set of demands to be satisfied within the
network where the demands are indicative of respective requests for
respective paths between respective node pairs, and determing, based on a
traversal of a search tree constructed based on the network information and
the demand information, the set of mutually compatible paths satistying the
set of demands. The search tree may be constructed such that, for al least
one of the demands, the search iree includes a respeclive subset of paths
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between the terminal nodes of the respeclive demand where the respective
subset of paths between the {erminal nodes of the respective demand
includes two or more mutually disjoint paths identified from among a set of
potential paths between the respective nodes of the demand. The traversal of
5 the search tree may be performed using any suitable underlying tree traversal
process, which may include various modifications and enhancements for
improving or even optimizing determination of the set of mutually compatible
paths for the set of demands (e.g., pruning of infeasible or non-optimal
branches of the search tree, truncating traversai of the search tree based on

10 various conditions, identification of muitiple solutions and selection between
the multiple solutions to identify an optimal sclution, or the like, as well as
various combinations thereof). These and various other embodiments and
potential advantages of the path search mechanism for determining mutually
compatible paths may be further understood by way of reference to FiG. 1.

15 FIG. 1 depicts an exemplary system including a communication
network and a path determination element configured to perform path
searches for determining mutually compatible paths in the communication
network.

The system 100 includes a communication network 110 and a path

20 determination element 120.

The communication network 110 may include any communication
network which may support communications via communication paths. For
example, communication network 110 may include an oplical network, an
Internet Protocol (1P} network, a Multiprotocol Label Swiiching (MPLS)

25  network, a Software Defined Network {(SDN), a wireless communication
network, or the like, as well as various combinations thereof. For exampie,
communication paths of communication network 110 may be oplical paths in
an optical network, IP paths in an [P network, Label Switched Paths (LSPs) in
an MPLS network, wireless paths in a wireless network, or the like. The

a0 communication network 110 may be a single network {e.g., a service provider
network, a datacenter network, an enterprise network, or the like) or a

collection of networks {e.9., access and core networks of a service provider,
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multiple datacenter networks at multiple facilities of a cloud provider, multiple
local enterprise networks at multiple campuses of an enterprise, or the like).
The communication network 110 may be geographically concentrated or may
be geographically dispersed. The communicatlion network 110 may have
various other characteristics or be arranged in various other ways.

The communication network 110 includes a set of nodes 112 and a sel
of links 114, The nodes 112 are interconnected via the links 114 o provide a
network topology for the communication network 110. The nodes 112 and
links 114 may include various types of nodes 112 and links 114 which may
support communications via communication paths, which may vary across
different types of communication networks. For example, in the case in which
the communicatlion network 110 is an optical network, the nodes 112 may be
optical nodes {e.g., optical swilches, aptical add/drop mullipiexers, or the like)
and the links 114 may be optical links {e.q., optical fibers or the like). For
example, in the case in which the communication network 110 is an P
network or an MPLS network, the nodes 112 may be swilches or routers and
the links 114 may include any suitable types of links which may support
communication between switches and routers. The links 114 may be physical
links or logical links. The nodes 112 and links 114 may include any other
types of nodes and links, respectively, suitable for supporting communications
within communication network 110,

The communication network 110 may include all or part of the end-to-
end communication path. The communication network 110 may be used for
various purposes or within various contexis. For example, communication
network 110 may be a core IP/MPLS network supporting communication
paths between ingress points and egress points of the core IP/MPLS network
{e.g., the path via the communication network represents only a portion of the
end-fo-end path), an edge IP/MPLS network supporting communication
between customer networks and a core 1P network, a combination of edge
and core IP/MPLS networks supporting communication belween customer
locations, an oplical fransport network supporting communication between

customer networks, or the like, as well as varicus combinations thereot.
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The path determination element 120 may be configured to delermine
{or compute) communicatlion paths for communication network 110, The path
determination element 120, for a set of demands (namely, for a set of node
pairs of nodes 112), may be configured 1o determine a set of mutually
compatible paths for the set of demands. The set of demands may include
two or more demands and, similarly, the set of muiually compatible paths for
the set of demands may include two or more paths, respectively. The mutual
compatibility of the mutually compatible paths for the set of demands may be
based on various criteria (e.g., the muiually compatible paths are mutually
link-disjcint, the mutually compatible paths are mutually node-disjoint, the
rutually compalible paths are mutually link-disjoint and node-disjoint, or the
like). The path determination element 120, for g set of demands, may be
configured to determine a sel of mutually compatible paths for the sef of
demands based on a solution-level objective for the set of mutually
compatible paths for the set of demands (e.g., at least one of minimizing a
lotal cost of the set of mutually compatible paths, minimizing a maximum path
cost of the sef of mutually compatible paths, minimizing a difference between
a lowest-cost path of the set of mutually compatible paths and a highest-cost
path of the set of mutually compatible paths, or the like, as well as various
combinations thereof). The path determination element 120, for a set of
demands, may be configured to determine a set of mutually compatible paths
for the set of demands that salisfies a set of constraints {(e.g., a constraint
based on the criteria for mutual compatibility and, optionally, one or more
additional consiraints). The path delermination element 120, for a set of
demands, may be configured to determine a set of mutually compatible paths
for the set of demands using one or more mechanisms tending to control the
overall computation effort expended in determining the set of mutually
compatible paths for the set of demands (e.g., restricting the paths considered
per demand, cost-bounding, immediate pruning of search branches {e.g.,
infeasible search branched, search branches associated with non-optimal
solutions, or the like), limiting the maximum number of solutions found, or the

like, as well as various combinations thereof). The path determination
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glement 120, for a set of demands, may be configured to determine a set of
mutually compatible paths for the set of demands based on communication
network information and demand information.
The communication network information may include various types of
5 information associated with communication network 110, The communication
network information may include information which may be used to determing
paths between nodes 112 of communication network 110 via links 114 of
communication network 110. The communication network information may
include network component information identifying the components of
10 communication network {e.g., the nodes 112 and the links 114 of the
communication network 110). The communication network information may
include node information associated with nodes 112, such as one or more of
node weight information indicative of node weights of the nodes 112, node
capability information indicative of the capabilities of the nodes 112 {e.g., port
15 speeds, processing capabilities, protocols supported, or the like),
configuration information indicative as to the manner in which the nodes 112
are configured, operational status information of the nodes 112, or the like, as
well as various combinations thereof. The communication network
information may include link information associated with links 114, The link
20 information associated with the links 114 may include technology-independent
fink information, such as link weight information indicative of link weights of
the links 114, link capability information indicative of the capabilities of the
links 114 {e.g., total bandwidth which could be supported, available bandwidth
that is current available, or the like), link pairing information which may be
25  used to determine link pairings of links 114 between common node pairs 112
{e.g., link termination point information indicating whether links 114 terminate
on the same nodes, link direclion information indicating the directions of links
114, protocol type information indicating the protocols used by links 114, or
e like}, or the like, as well as varicus combinations thereof. The link
30  information associated with the links 114 may include technology specific link
information, such as IP-specific link information for IP-based links {e.g., IP
addressing indicating whether links 114 belong o the same IP subnetwork]),
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optical-specific link information for optical links {e.g., fiber identifiers if multiple
fibers are present, oplical channel identifiers in Dense Wavelengih Division
Mulliplexing (BWDM) line systems, optical line system characteristics such as
line rate and modulation format, or the like), or the like. The communication
network information may include network topology information describing
inferconnectivity between nodes 112 of the communication network 110 via
finks 114 of the communication network 110. The communication network
information may include cost information associated with the links 114, which
may be measured in various ways {e.g., based on one or more of
geographical distance, network distance, latency, or the like, as well as
various combinations thereof). The communication network information may
include network status information associated with communication network
110 {e.g., element siatus information associated with elements of
communication network 110 (e.g., node status information for nodes 112, link
status information for links 114, link bandwidth availability information for links
114, link bandwidth consumption information for links 114), or the like), traffic-
related information of communication network 110 (e.g., one or more traffic
matrices, congestion information, or the like), or the ke, as well as various
combinations thereof. The communication network information, or portions
thereof, may be represented as a network graph. The network graph at least
identifies interconnectivity between the nodes 112 via the links 114 and may
include other portions of the communication network information (e.g., per-link
cost information, per-link bandwidth information, node information, or the like,
as well as various combinations thereof). 1t will be appreciated that a network
graph may be represented using various types of data structures {(e.g., one or
maore linked lists, one or more matrices, or the like, as well as various
combinations thereof). The communication network information may be
obtained by path determination element 120 in various ways (e.g., based on
interaction with communication network 110 using one or more discovery
mechanisms, from one or more management systems, from a database that
is maintained by or a least accessible to path determination element 120,
based on processing performed by path determination element 120, or the
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like, as well as various combinations thereof). The communication network
informaiion may include any other information which may be used for
determining communication paths within communication network 110.

The demand information includes information associated with the set of
demands for which the set of mutually compatible paths is to be determined.
The demand information includes, for each demand in the set of demands,
identification of the nodes 112 which are the endpoints of the demand {which
also may be referred o herein as the terminal nodes of the demand or, more
generally, as the nodes of the demand). The demand information also
includes a sclution objective for determining the set of mutually compatible
paths satistying the set of demands {e.g., at least one of minimizing a total
cost of the set of mutually compatible paths, minimizing a maximum path cost
of the set of mutually compaiible paths, minimizing a difference between a
lowest-cost path of the set of mutually compatible paths and a highest-cost
path of the set of mutually compatible paths, or the like, as well as various
combinations thereof). The demand information also includes one or more
consiraints associated with the set of demands. The one or more constraints
associated with the set of demands includes at least one solution-level
constraint associated with the solution for the set of demands. The at least
one solulion-level constraint associated with the solution for the set of
demands includes a consiraint upon which mutual compatibility for the set of
mutually compatible paths is based {e.g., the mutually compatible paths are
mutually link-disjoint, the mutually compatible paths are mutually node-
disjoint, the mutually compatible paihs are mutually link-disjoint and node-
disjoint, or the like). The at least one solution-level consiraint associated with
the solution for the set of demands also may include one or more additional
constraints to be satisfied by the set of mutually compatible paths for the set
of demands (e.g., minimum total cost of the paths, minimum cost variation
between the paths, or the like, as well as various combinations thereof). The
one or more constrainis associated with the set of demands may include, for
one or more of the demands of the set of demands, one or more demand-
level constraints associated with the demand (e.g., one or more path-level
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constraints to be satisfied by the path determined for that demand, one or
more node-level constraints to be satisfied by any nodes included in the path
determined for that demand, one or more link-level constraints to be satisfied
by any links included in the path determined for that demand, or the like, as
well as various combinations thereof). For example, path-level consiraints for
a communication path may include a maximum number of hops of the
communication path, a maximum cost of the communication path, or the like,
as well as various combinations thereof. For example, node-level constraints
for a communication path may include a node inclusion list {e.g., listing any
nodes 112 reguired 1o be included in the communication path), a node
exclusion list {e.q., listing any nodes 112 which cannot be included in the
communication path), a maximum cost of using a node 112, a maximum
power consumption of a node 112, or the like, as well as various combinations
thereof. For example, link-level constraints for a communication path may
include a maximum cost of alink 114 {(e.q., any links 114 exceeding this cost
cannot be included in the communication path), a minimum amount of
bandwidth which must be supported by a link 114 {e.g., any links 114 having
less bandwidih cannot be included in the communication path), or the like, as
well as various combinations thereof. For example, a demand may be
required o satisfy bandwidth or latency requirements, which can be translated
into various constraints for the demand (e.q., a limit on the number of hops, a
lirmit on distance, requirement for use of a particular transport layer (e.g.,
optical or 1P}, or the like, as well as various combinations thereof). The one or
more constraints associated with the set of demands may include any other
constraints which may be considered in determining the set of mutually
compatible paths for the set of demands. The demand information for the set
of demands may include any other demand-related information which may be
used as inpui in determining the setl of mutually compatible paths for the set of
demands. The path determination element 120 may obtain the demand
information in any suitable manner (2.g., determining demand information for
the set of demands from a demand request that reguests determination or

establishment of paths between the terminal node pairs of the demands in the
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set of demands, from a customer profile associated with a customer for which
ithe set of paths of the set of demands is {0 be determined {e.g., from a
Service Level Agreement (SLA) or other suitable information), or the like, as
well as various combinations thereof.

5 The path determination element 120 may be configured fo determine a
set of muiually compaiible paths for a set of demands based on the network
information and demand information. The path determination element 120
may be configured to determine a set of mutually compatible paths for a set of
demands by obiaining the network information, obtaining the demand

10 information, and determining the set of paths for the set of demands by
fraversing a search tree that is based on the network information and the
demand information. The search iree may include, for each of one or more of
the demands in the set of demands, an intelligently selected subset of paths
out of the full set of potential paths between the nodes of the demand (e.q.,

15 selected based one or more of mutual disjointness {e.g., mutual node
disjoininess, muiual edge disjointness, or the like), path cost, path length, or
the like, as well as various combinations thereof. The traversal of the search
free may be performed using any suitable underlying tree traversal process
{which may include various modifications and enhancements for improving or

20 even oplimizing determination of the sel of mutually compatible paths for the
set of demands). For example, the traversal process for traversing the search
free may be a version of a shortest path first (SPF) process, a version of a
constrained shortest path first (CSPF) process, or the like. These and various
other functions of the path determination element may be further undersiood

25  from a general description of the problem statement for determining a set of
mutually compatible paths for a set of demands (which is depicted and
described with respect to FIG. 2) and from a general method of determining a
set of mutually compatible paths for a set of demands {which is depicied and
described with respect to FIG. 3).

30 The path determination element 120 may be configured to determine
the set of mutually compatible paths for the set of demands for various
purposes {e.q., for purposes of establishing the set of paths in the
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communication network 110, for purposes of pre-computing backup paths
which may be established in the communication network 110 responsive fo a
failure in the communication network 110, or the like, as well as various
combinations thereof). The path determination element 120 may be
5 configured fo determine the set of mutually compatible paths for the sel of

demands in response to various trigger conditions. For example, the path
determination element 120 may determine the set of mutually compatible
paths for the set of demands responsive to a request from a customer. For
example, the path determination element 120 may determine the set of

10 mutually compatible paths for the set of demands at a particular time
responsive {0 a determination that the set of paths is to be established at the
particular time (e.g., based on a customer profile, path scheduling information,
or the like). For example, the path determination element 120 may determine
the set of mutually compatible paths for the set of demands responsive {o a

15 determination that additional communication resources are needed between
the terminal nodes of one or more of the demands. For example, the path
determination element 120 may delermine the set of mutually compatible
paths for the set of demands responsive to detection of an event(s) in
communication network 110 {e.g., based on a determination that a node(s)

20 112 has been turned-up in the communication network 110, based on a
request from a node 112 (e.g., a request for establishment of a set of L5Ps),
based on a detection of a fallure of a node 112 or alink 114, or the like, as
well as varicus combinations thereof). The path determination element 120
may be configured to determine the set of mutually compatible paths for the

25  set of demands for various other purposes or in response to various other
types of trigger conditions.

The path determination element 120 may be implemented within, or
associated, with the communication network 110 in various ways. Inone
embodiment, for example, the path determination element 120 may be

30  implemented as a Path Computation Element {PCE) or as a portion of a PCE.
In one embodiment, for example, the path determination element 120 may be
implemented as a Provisioning System (PS) or as a portion of a PS5, Inone
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embodiment, for example, the path determination element 120 may be
implemented as an Element Management System (EMS) or as a portion of an
EMS. In one embodiment, for example, the path determination element 120
may be implemented as a Network Management System (NMS) oras a
portion of an EMS. In one embodiment, for example, the path delermination
element 120 may be implemented as a Software Defined Controller or as a
portion of a Software Defined Controlier. The path determination element 120
may be implemented, or associated with the communication network 110, in
various other ways.

it will be appreciated that, although primarily presented with respect to
a specific arrangement of communication network 110 (llustratively, specific
numbers of nodes 112 and links 114 connected in a specific arrangement),
the communication network 110 may include fewer or more nodes 112 or links
114 which may be arranged in various other ways.

FIG. 2 depicts an exemplary a communication network for llustrating a
sel of demands and a problem definition for the problem of determining a set
of mutually compatible paths for the set of demands.

As depicted in FIG. 2, communication network 200 includes nodes 212
and links 214 connecting the nodes 212. The communication network 200 of
FIG. 2 may correspond to a portion of cormmunication network 110 of FIG. 1.
The nodes 212 include (1) source nodes and destination nodes associated
with the set of demands for which communication paths are to be determined
and (2) intermediate nodes thatl are available for selection for inclusion in the
communication paths to be determined for the set of demands.

As depicted in FIG. 2, a set of kK demands is provided as input and the
goal is to find a set of k paths for the set of k demands where the set of k
paths for the set of kK demands are mutually compatible paths {which, in this
example, is based on edge disjointness) and have minimum {otal cosi. As
depicted in FIG. 2, each of the k demands d; specifies a source node siand a
destination node i, where i = 1. .K, k2 2. Asdepicted in FIG. 2, apathpis
determined for each demand di, where the path p; for a demand d; is a path
from the source node s of the demand di to the destination node & of the
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demand di. As depicted in FIG. 2, the shortest path of demand dk (indicated
with the dashed line) shares an edge with the path of demand d2 (such that
these paths are not mutually link-disjoint and, thus, cannot be used within the
set of paths pi for the set of demands di) and, as a result, a longer path is
determined for demand di where the longer path for demand dx is mutually
tink-disjoint with respect to paths p1 — prr of demands di — di.r. The problem
definition for the problem of determining the set of mutually compatible paths
o for the set of demands d is discussed further below.

As discussed above, the goal is to find a sef of k paths for the set of k
demands where the set of K paths for the set of k demands are mutually
compatible paths (which, in this example, is based on edge disjointness) and
have minimum total cost. This problem may be more formally defined as
follows. The following inputs are given: (1) a network graph G 2 (V| E)
{undirected) with node {(or veriex) set V and edge set £ representing some
aspect of the network topology (which may be represented using any suitable
type of network graph representation, such as a matrix-based representation,

a linked list based representation, or the like), (2) a mapping ¢ £~ R of
costs {or weighis) for each edge, and (3) aset D & {dh, ..., di of kdemands
between distinct terminal pairs d 2 (5, e VxV {Cartesian product), i.e.,
source-termination node pairs where Vi, je{l, .., K, si# g, si= ¥, b2 4. The
problem may be stated as follows: find a (simple) path piin G for each
demand o in D where the set P of paths {1, ..., pt are mutually edge-disjoint
{constraint) and have minimum fotal cost {objective). It is noled that edge
“cost” or "weight” is a general notion within the context of graph search
problems (and may be based on various types of metrics); for the cost
minimization problem considered here, the basic reguirement is thal edge
cost be a non-negative monotonically non-increasing function of edge
preferability such that lower-cost edges are to be preferred over higher-cost
edges. For example, suilable edge cost metrics may include distance, delay,
bandwidih, congestion, popularity, inverse residual bandwidth, approximate

fink (including interface) capacity augmentation costs, or the like, as well as
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various combinations thereof. It is further noted that, although embodiments
of the path search mechanism for determining muiually compatible paths are
primarily depicted and described herein within the context of a particular
problem definition (for purposes of clarity in describing embodiments of the
path search mechanism), various embodiments of the path search
mechanism for determining mutually compatible paths may be used, or
adapted for use, in handling variations of this particular problem definition.

For example, potential variations of this particular problem definition may
include one or more of the network graph G being a directed graph {(which
may be useful, e.g., when the cost matrix is not symmelric, i.e., the cost of
fraversing a link in one direction differs from that of traversing the link in the
reverse direction), allowing terminal nodes (o coincide (e.g., allow Si= g, li= §;
and/ar s = b for some /= j (but always forbid loopbacks: si= § V), use of
other solution-level objectives {(e.g., minimizing maximum cost, minimizing
cost variation, or the like}, use of other solution-level constraints (e.q., paths pi
for the set of demands are mutually edge-disjoint and node-disjoint,
minimizing the costliest path pi, minimizing a difference between the least
costly path pi and the most costly path pi, or the like), use of other variations of
demand-level/path-level consirainis {e.g., minimum bandwidth variations
among the demands di, maximum path cost variations among the demands d;,
or the like), use of variations of node-level constraints of demands d;, use of
variations of link-level constraints of demands di, or the like, as well as various
combinations thereof. 1t is noted that varicous embodiments of the path search
mechanism for determining mutually compatible paths may be used, or
adapted for use, in handling various other problem variations and exiensions.
An exemplary method for determining a set of mutually compatible paths for a
set of demands is depicted and described with respect to FIG. 3.

FIG. 3 depicts a flow diagram of a method for determining a set of
mutually compatible paths satisfying a set of demands. [t will be appreciaied
that, although primarily depicted and described herein as being performed
serially, at least a portion of the functions of method 300 may be performed
contemporanecusly or may be performed in a different order than as
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presented in FIG. 3.

At block 301, method 300 begins.

At block 310, network information associated with a network is
received. The network includes a set of nodes and a set of links. The
network information may include any network information suitable for use in
determining paths between pairs of nodes of the network. The network
information may include network topology information indicative of
interconnectivity between the nodes of the network via links of the network,
and may include one or more additional types of information which may be
associated with the network topology information {e.g., per-link cost
information, per-link congestion information, or the like). The network
information, or portions thereof, may be represented as a network graph
{which may be represented using network graph information that describes
the network graph). The network graph at least identifies interconnectivity
between the nodes of the network via the links of the network, and may
include other type of information (e.g., per-link cost information, per-link
bandwidth information, node information, or the like, as well as various
combinations thereof). it will be appreciated that a network graph may be
represented using various types of data structures (8.g., one or more linked
lists, one or more malrices, or the like, as well as various combinations
thereof). Similarly, the network information may be represented using various
types of data structures (e.g., one or more linked lists, one or more matrices,
or the like, as well as various combinations thereof). 1t is noted that the
network information may represent, of the entire potential network, those
portions of the network available to support paths {e.g., removing various
glements of the network (e.q., failed nodes, congested links, unsuitable links,
or the like) from being consideration during path determination).

At block 320, demand information associated with a set of demands fo
be satisfied within the network is obtained. The set of demands includes two
or more demands. The demand information includes, for each of the
demands, identification of the lerminal nodes of the respective demand. The

demand information includes the criteria upon which mutual compatibility of
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the mutually compatible paths satisfying the set of demands is based (e.g.,
edge disjointness, node disjointness, edge and node disjointness). The
demand information includes a solution-level objective for determining the
mutually compatible paths satistying the set of demands. The demand
information may include information indicative as to whether the demands are
order independent or order dependent. The demand information may include
one or more constraints associated with the set of demands {(e.g., one or
more of one or more solution-level constraints, one or more per-demand
demand-level consirainis, one or more node-level constraints, one or more
link-tevel constraints, or the like, as well as various combinations thereof. The
demand information also may include any inputs related to the mannerin
which the mutually compatible paths satisfying the sel of demands is based
are 1o be determined (e.g., a minimum number of potential solutions, a
maximum number of potential solutions, parameters related 1o pruning of
infeasible or non-optimal sclutions, or the like, as well as various
combinations thereof).

At block 330, a set of mutually compatible paths salisfying the set of
demands is determined based on a traversal of a search tree constructed or
computed based on the network information associated with the network and
the demand information associated with the set of demands.

The search tree may be pre-computed {pre-construcied) and then
fraversed, computed {constructed) as it is being traversed {e.g., computing
new branches of the search free as raversal to new branches of the search
iree is required, which may only result in construction of a portion of the entire
search tree that could be constructed based on the network information
associated with the network and the demand information associated with the
set of demands), or the like. The search tree may be constructed in various
ways. The search tree may be constructed by determining search tree input
information and constructing the search tree based on the search tree input
information. The search tree input information may include network
information associated with the network within which the set of demands is 1o

be satisfied {e.g., network topology information and, optionally, additional
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information {e.g., cost information or the like)), demand information associated
with the set of demands to be satisfied, or the like, as well as various
combinations thereof. The search free may be constructed by determining,
for each demand, a set of candidate paths for the demand and arranging the
sets of candidate paths for the demands into a tree-based arrangement to
form thereby a search tree for use in determining a set of mutually compatible
paths in the network that satisfy the set of demands in the network. The
candidate paths for a given demand, as discussed heresin, may include all
potential paths for the demand, a subset of the potential paths for the
demand, or the like. The search tree may be constructed using a top-down
approach, in a direction from a root of the search tree toward the leaves of the
search tree, such that construction of a current hierarchical level of the search
tree is completed before the next hierarchical level of the search tree is
constructed. For exampie, for iwo demands each having two candidate paths
associated therewith, the first demand may be selected, a root vertex may be
created to represent the first demand, two edges {(representing the two paths
of the first demand) may be created from the root vertex of the first demand to
two vertices created to represent the second demand, and two edges may be
created from each of the two vertices of the second demand to provide four
total search tree paths {representing the four possible combinations of the
pairs of candidate paths associaled with the iwo demands) within the search
tree. The search tree may be constructed using a top-down approach, in a
direction from a root of the search tree toward the leaves of the search tree,
such that construction of the potential sclution paths of the search tree is
prioritized over construction of the hierarchical levels. For example, for two
demands each having two candidate paths associated therewith, the first
demand may be selected, a root vertex may be created o represent the first
demand, a first edge (representing a first of the two paths of the first demand}
may be created from the root vertex of the first demand to a first vertex
created to represent the second demand, two edges may be created from the
first vertex created to represent the second demand to represent the two
candidate paths of the second demand (representing two of the four possible
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combinations of the pairs of candidate paths associated with the fwo
demands}, a second edge (representing a second of the two paths of the first
demand) may be created from the root vertex of the first demand to a second
vertex created to represent the second demand, and two edges may be
created from the second vertex created to represent the second demand to
represent the two candidate paths of the second demand (representing the
other two of the four possible combinations of the pairs of candidate paths
associated with the two demands). The search free may be constructed in
various other ways. The consiructed search tree may be represenied or
described using search tree output information, which may be provided in
various formats or using various types of dala structures.

The search tree includes, for each demand, a respective set of
candidate paths between the terminal nodes of the respective demand which
are being considered for selection to satisfy the respective demand. The
search tree is arranged such that the demands are represented by vertices
within the search tree and potential paths salisfying the demands are
represented by edges within the search tree. For example, where a first
demand d1 is being considered first (and three potential paths demandi_pi,
demandi_p2, and demandl_p3 are being considered for selection for the first
demand d1) and a second demand d2 is being considered second {and two
potential paths demand?2_pi and demand_p2 are being considered for
selection for the first demand d1), the search tree may be constructed as
follows: {a) the root vertex of the search iree identifies demand di, (b) the root
vertex of the search tree has three branches exiending therefrom which
correspond to the three polential paths demandt_p1, demandt_p2, and
demandi_p3 that are being considered for selection to satisfy the first
demand d1, and (c¢) each of the three branches extending from the root vertex
ends at a respective vertex that identifies demand d2 and has two branches
extending therefrom which correspond to the two potential paths demand2_pt
and demand2_p2 that are being considered for selection to satisfy the first
demand di. The search tree may be constructed such that it is demand-order
independent or demand-order dependent.
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The search tree, as discussed above, includes, for each demand, a
respective set of potential paths between the terminal nodes of the regpeciive
demand which are being considered for selection to satisfy the respective
demand. The set of potential paths between the terminal nodes of a given
demand, which are being considered for selection o satisfy the given
demand, may include all potential paths between the terminal nodes of a
given demand or may be a subset of potential paths between the terminal
nodes of a given demand in order to reduce the number of potential paths that
need 1o be considered in determining the set of mutually compatible paths
satisfying the set of demands. In at least some embodiments, for at least one
of the demands, the subset of potential paths between the terminal nodes of
the respeclive demand may be intelligently selected. In atl least some
embodiments, for at least one of the demands, the subset of potential paths
between the terminal nodes of the respective demand may include a set of
mutually disjoint paths between the terminal nodes of the respective demand.
The set of mutually disjoint paths for the demand may include all mutually
disjoint paths between the terminal nodes of the demand or a subset of all of
the mutually disjoint paths between the terminal nodes of the demand. The
subset of mutually disjoint paths between the terminal nodes of the demand
may be the first X mutually disjoint paths identified for the demand (e.g., X2
2, but less than the total number of all of the mutually disjoint paths for the
demand}, mutuailly disjoint paths for the demand that are selected based on
selection criteria (2.q., leasi-cost, shortesl, or the like, as well as various
combinations thereof), or the like, as well as various combinations thereof.
The set of mutually disjoint paths for the demand may be determined using
any process or aigerithm suitable for determining a set of mutually disjoint
paths between a pair of nodes in a network {(e.g., the Suurballe-Tarjan
algorithm, the Bhandari algorithm, or the like). The subset of potential paths
between the terminal nodes of the respective demand may be pricritized with
respect to each cther to provide a priority ordering of the potential paths (e.g.,
based on at least one of path length, path cost, or the like) and may be
evaluated during traversal of the search tree based on the priority ordering of
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the potential paihs.
The traversal of the search tree may be performed using any suitable
underlying tree traversal process or algorithm.
The traversal of the search tree o determine the set of mutually
5 compatible paths satisfying the set of demands may be performed in various
ways. For example, the search tree may be traversed until the first set of
mutually compatible paths satisfying the set of demands is identified and then
traversal of the search tree may be lerminaied and the first set of mutually
compatible paths satisfying the self of demands that was identified may be
10 used as the solution for the set of demands.  For example, the search tree
may be traversed until X sets of mutually compatible paths satisfying the set
of demands have been identified (or traversal of the search tree is complete
and less than X sets of mutually compatible paths satisfying the set of
demands have been identified) and the X {(or less than X) identified sets of
15 mutually compatible paths may then be analyzed to select one of the X {or
less than X) identified sets of mutually compatible paths as the solution for the
set of demands {e.g., selecting the identified set of mutually compatible paths
having the lowest cost, selecting the set of mutually compatible paths having
a minimum difference between the least costly path and the most costly path,
20 or the like). For example, the search tree may be traversed until all sels of
mutually compatible paths satisfying the set of demands have been identified
and the identified sets of mutually compatibie paths may then be analyzed to
select one of the identified sels of mutually compatible paths as the solution
for the set of demands {e.g., selecting the identified set of mutually compatible
25  paths having the lowest cost, selecting the set of mutually compatible paths
having a minimum difference between the least costly path and the most
costly path, or the like).
The traversal of the search tree to determine the set of mutually
compatible paths satisfying the set of demands may be performedin a
30  manner for pruning branches of the search tree, during the traversal of the
search tree, under various conditions. The pruning of branches of the search

iree generally accelerates the traversal of the search tree by eliminating



WO 2017/136186 PCT/US2017/014726

10

15

20

25

30

24

infeasible or non-optimal branches from the search tree. For example, where
the set of demands has a solution-level constraint associated therewith (e.9.,
maximum total cost of the set of mutually compatible paths, minimum
difference between costs of the mutually compatible paths, or the like), the
solution-level constraint may be tracked during traversal of the search tree
such that if, at any point, the currently identified set of mutually compatible
paths does not satisty the solution-level constraint then traversal of the current
branch of the search tree may be stopped (thereby pruning the remainder of
the current branch from the search tree}, the currently identified set of
mutually compatible paths may be discarded, and the traversal of the search
free may continue {at a next feasible branch of the search tree} to try fo
identify the next set of mutually compatible paths satislying the set of
demands. For example, where a set of mutually compatible paths satisfying
the set of demands has been identified, but traversal of the search tree
continues o try to identify a better set of mutually compatible paths satistying
the set of demands (e.9., belter in terms of some solution-level constraint
such as maximum total cost of the set of mutually compatible paths, minimum
difference between costs of the mutually compatible paths, or the like), the
solution-level constraint may be tracked during the continuing traversal of the
search tree such that if, at any point, the currently identified set of mutually
compatible paihs for the next traversal of the search tree does not meet or
outperform the identified set of mutually compatible paths satisfying the set of
demands, traversal of the current branch of the search tree may be stopped
{(thereby pruning the remainder of the current branch from the search tree),
the currently identified set of mutually compatible paths may be discarded
{since, even if completed, the currently identified set of mutually compatible
paths cannot provide a betier solution), and the traversal of the search iree
may coniinue {at a next feasible branch of the search tree) o try to identify the
next set of mutually compatible paths satisfying the set of demands. 1t will be
appreciated that the search tree may be pruned responsive 1o various other
conditions.

The traversal of the search tree 1o determine the sei of mufually
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compatible paths satisfying the set of demands may be performed in a
manner for runcating the traversal of the search tree under various
conditions. The truncation of the traversal of the search tree stops the
fraversal of the search tree, which may conserve resources where further
traversal of the search free is nol expected 1o be useful. For example, where
the set of demands has a solution-level constraint associaled therewith (e.g.,
maximum total cost of the set of mutually compatible paths, minimum
difference between cosis of the mutually compatible paths, or the like}, the
solution-level constraint may be tracked during traversal of the search tree
such that if, at any point, the currently identified set of mutually compatible
paths does not satisty the solution-level constraint then traversal of the search
tree may be truncated based on a determinaiion that there are no additional
branches of the search tree that can resull in identification of a set of mutually
compatible paths satisfying the set of demands. For example, where a set of
mutually compatible paths satlistying the set of demands has been identified,
but traversal of the search tree continues to try to identify a better set of
mutually compatible paths satisfying the set of demands (e.g., betler in terms
of some solution-level constraint such as maximum total cost of the set of
mutually compatible paths, minimum difference between costs of the mutually
compatible paths, or the like), the solution-level constraint may be iracked
during the continuing traversal of the search tree such that if, at any point, the
currently identified set of mutually compatible paths for the next traversal of
the search tree does not meet or outperform the identified set of mutually
compatible paths satisfying the sef of demands and a maximum limit on the
number of atltempts to identify a set of mutually compatible paths for the set of
demands has been reached, fraversal of the current branch of the search tree
may be truncated. it will be appreciated that the traversal of the search free
may be truncated responsive to various other conditions.

The traversal of the search tree 1o determine the set of mutually
compatible paths satisfying the set of demands may be further undersiood by
way of reference to the exemplary search tree traversal method of FIG. 4 and
the exempilary search tree of FIG. 5, which illustraie at least some of the
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features discussed above within the context of method 300 of FIG. 3.

At block 399, method 300 ends.

FIG. 4 depicts a flow diagram of a method for traversing a search tree,
constructed based network information and demand information, to determine
a set of mutually compatible paths satisfying the set of demands. Htwill be
appreciated that method 400 of FIG. 4 may be used io provide block 330 of
method 300 of FIG. 3. It will be appreciated that, although primarily depicted
and described herein as being performed serially, at least a portion of the
functions of method 400 may be performed contemporaneously or may be
performed in a different order than as presented in FIG. 4.

At block 401, method 400 begins.

At block 405, search iree information associaled with the search tree is
obtained. The search tree information may include search tree description
information describing the search tree (e.g., where the search tree is pre-
computed prior to traversal of the search tree) or information which may be
used to compute the search tree (e.g., network information, demand
information, or the like, as well as various combinations thereof).

At block 410, the set of mutually compatible paths is initialized. The set
of mutually compatible paths is initialized 1o be empty (since, at this point, no
paths have been selected as a solution for the set of demands). hwill be
appreciated that, although omitied for purposes of clarity, one or more other
inputs or associated variables may be initialized before traversal of the search
iree begins.

Al block 415, a {next or previous) demand is selecled. In a first pass
through block 415 of method 400, a first demand at the root of the search tree
is selected. In subsequent passes through biock 415 of method 400, the
demand that is selecied next may be a next demand selected based on a
forward traversal within the search tree (i.e., closer {0 the leaf nodes of the
search tree) or a previous demand selected based on a reverse traversal
{backiracking} within the search ree {i.e., closer 1o the root node of the search
iree). The order in which the demands are selecied may be pre-determined
where the demands are order-dependent or determined on-the-fiy where the
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demands are order-independent {e.q., selected randomly, intelligently, or the
fike).

At block 420, a subset of paths is identified for the selected demand.
The subset of paths for the selected demand may have been predetermined
{e.g., prior {0 execution of method 400} or may be determined on-the-fly (e.q.,
at block 420, in conjunction with execution of method 400). The subset of
paths for the selected demand may be determined on-the-fly by determining a
current set of mutually compatible paths identified during the traversal of the
search tree, removing, from consideration for use in determining the set of
potential paths between the respective nodes of the respective demand, any
links associated with the current set of mutually compatible paths to provide a
set of links remaining for consideration, determine the set of potential paths
between the respective nodes of the respective demand based on the set of
finks remaining for consideration, and select the subset of paths for the
respective demand from the set of potential paths between the respective
nodes of the respective demand. The subset of paths for the selecled
demand may be determined on-the-fly by consiructing a residual graph by
removing from the network graph all links from paths in the current set of
mutually compatible paths and then determining the subset of paths for the
selected demand from the residual graph (e.g., by determining candidate
paths for the selected demand based on the residual graph and selecting the
subset of paths for the selected demand from among the candidate paths).
The subset of paths for the selected demand includes one or more paths
between the terminal nodes of the demand. The subset of paths for the
selected demand may be determined in various ways, which may depend on
the criteria upon which determination of the subset of paths is based (e.g.,
mutual disjointness, path length, path cost, or the like, as well as various
combinations thereof). For example, the subset of paths for the selected
demand may include two or more shortest, mutually disjoint paths between
the terminal nodes of the selected demand. The determination of the subset
of paths for the selecied demand also may include evaluations of the potential
paths of the demand (e.g., potential paths available for selection as the subset
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of paths for the selecled demand) based on any per-demand constraints
specified for the selected demand {(e.q., evaluating the potential paths with
respect to one or more of one or more path-level constraints for the selected
demand, one or more node-level constraints for the selected demand, one or
5  more link-tevel consiraints for the selected demand, or the like, as well as
various combinations thereof), although it will be appreciated that af least a
portion of such evaluations may be performed at other points within method
400 {e.9., al block 430 when a selected path from the subset of paths is
evaluated for mutual compatibility with paths included in the set of mutually

10 compatible paths for the set of demands, s0 as to exclude the selected path
from the set of mutually compatible paths for the set of demands basedon a
determination that the selected path does not satisfy the constrainis specified
for the selected demand). 1t will be appreciated that, although primarily
depicted and described with respect to an embodiment in which the entire

15 subset of paths for the selected demand is identified belore evaluation of any
of the paths of the selected demand, in at least some embodiments the paths
in the subset of paths of the selected demand may be identified one-by-cne
on-the-fly as they are needed for evaluation during traversal of the search
free.

20 At block 425, a (next) path of the subset of paths for the selected
demand is selected. In a first pass through block 425 of method 400, the first
path of the subset of paths is selected. In each subsequent pass through
block 425, the next path of the subset of paths is selected. The order in which
the subset of paths of the demand are selected for evaluation may depend on

25  varigus criteria {e.g., path length beginning with the shortest path, path cost
being selected beginning with the least-cost path, or the like). The order in
which the subset of paths of the demand are selecied for evaluation may be
determined at block 420 or in each pass through block 425,

At block 430, the selected path of the subset of paths for the selected

30 demand is evaluated to determine the feasibility of the selected path of the
subset of paths for the selected demand. The determination of feasibility of
the selected path at least includes an evaluation of the selected path with
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respect to any paths that are included in the set of mutually compatible paths
o determine mutual compatibility of the selected path of and any paths that
are included in the set of mutually compatible paths. The determination of
feasibility of the selected path also may include any other evaluations of the
selected path based on any other constraints specified for the selected
demand (e.g., evaluating the path with respect to one or more of one or more
path-level constraints for the selected demand, one or more node-level
constraints for the selected demand, one or more link-level constraints for the
selected demand, or the like, as well as various combinations thereof),
although it will be appreciated that at least a portion of such other evaluations
may be performed at other points within method 400 {(e.q., at block 420 when
the subset of paths is identified, so as to exclude from the identified subset of
paths for the selected demand any paths that do not satisfy the constraints
specified for the selected demand).

Al block 435, a determination is made as 10 whether the selected path
for the selected demand is feasible. The delerminalion as to whether the
selected path for the selected demand is feasible is based on the evaluation
of the selected path that is performed at block 430. The selected path for the
selected demand may be determined 1o be feasible based on a determination
that the selected path is mutually compatible with the any paths that are
included in the setl of mutually compatible paths. The selected path for the
selected demand may be determined o be feasible based on a determination
that the selecied path is mulually compatible with the any paths that are
included in the set of mutually compatible paths and, when any additional
consiraints associated with the selected demand are evaluated, that the
additional constraints associated with the selected demand are satisfied. f
the selected path for the selected demand is determined to be feasible,
method 400 proceeds to block 440. if the selected path for the selected
demand is determined not to be feasible, method 400 proceeds to block 445.

At block 440, the selected path for the selected demand is added 1o the
set of mutually compatible paths. The selected path for the selected demand
is added 1o the setl of mutually compatible paths based on a determination at
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block 435 that the selected path of the selected demand is feasible. From
block 440, method 400 proceeds to block 450.
At block 445, a determination is made as ¢ whether all of the paths in
the subset of paths of the selected demand have been selected. This
5 determination is based on a determination at block 435 that the selecied path
of the selected demand is infeasible (o determine whether there are any
paths in the subset of paths of the selected demand left to evaluate for
feasibility). If all of the paths in the subset of paths of the selecled demand
have not been selecied (and, thus, all paths in the subset of paths of the
10 selected demand have been not evaluated for feasibility and there is at least
one additional path of the selected demand that is available for evaluation),
method 400 returns to block 425 (at which point a next path is the subset of
paths of the selected demand is selected for evaluation for feasibility). If ail of
the paths in the subset of paths of the selected demand have been selected
15 {and, thus, all paths in the subset of paths of the selected demand have been
evaluated for feasibility and there are no additional paths of the selected
demand that are available for evaluation), method 400 proceeds 1o block 450.
At block 450, a determination is made as to whether traversal of the
search tree is complete. The traversal of the search tree may be complete,
20  because all of the demands in the set of demands have been evaluated and &
feasible solution has been identified for the set of demands such that the set
of mutually compatible paths includes, for each demand in the set of
demands, a respective path for the demand. Alternatively, the traversal of the
search tree may be complele, because a feasible solution has not been
25  identified and there are no additional branches available in the search tree {or
no additional branches of the search tree that could result in a feasible
solution for the set of demands). If traversal of the search tree is not
complete, method 400 returns 1o block 415, at which point a subsequent
demand is selected. The subseguent demand may be a next demand in the
30 search tree {e.g., in a forward direction from the root node of the search tree
ioward the leaf nodes of the search iree) when the determination at block 435
is that one of the paths in the subset of paths of the selected demand is
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feasible (i.e., when method 400 proceeds 1o block 450 via block 440). The
subseqguent demand may be a previous demand in the search tree {e.g.,
backiracking in a reverse direction from the leaf nodes of the search tree
toward the root node of the search tree) when the determination at block 435
is that none of the paths in the subset of paths of the selected demand is
feasible (i.e., when method 400 proceeds to block 450 via block 445). His
noted that, where the subsequent demand is a previous demand such that
backiracking is performed, one or more mutually compatible paths will be
removed from the current set of mutually compatible paths (depending on the
level of backtracking required before proceeding down the next branch of the
search tree). H traversal of the search tree is complete, method 400 proceeds
io block 455,

At block 455, a result of the traversal of the search free is output. The
result may be a positive result identifving a feasibie solution that has been
identified for the set of demands such that the set of mutually compatible
paths includes, for each demand in the sel of demands, a respective path for
the demand. The oulputting of the positive result may include storing the
feasible solution, initiating display of the feasible solution, sending a message
including the feasible sclution, initiating establishment of paths for the
demands based on the feasible solution, or the like, as well as various
combinations thereof. The positive result for the Teasible solution may include
information describing the feasible sclution. The result may be a negative
result indicating that a feasible solution has not been identified for the set of
demands. The negative result indicating that a feasible solution has not been
identified for the set of demands may include various types of information
associated with the negative result. The oufputting of the negative result may
include sioring the indication of the negative result (and information
associated with the negative result), initiating display of the indication of the
negative result (and information associated with the negative result), sending
a message including the indication of the negative result (and information
associated with the negative result), or the like, as well as various

combinations thereof.
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Al block 499, method 400 ends.

it will be appreciated that method 400 of FIG. 4 is merely one example
of a method for traversing a search tree for determining a set of mutually
compatible paths for a set of demands. | will be appreciated that method 400
of FIG. 4 may be modified in various ways to provide various other functions
{e.g., pruning of infeasible or non-optimal branches of the search tree,
runcating traversal of the search tree based on various conditions,
identification of multiple solutions and selection between the multiple solutions
io identify an optimal solution, or the like, as well as various combinations
thereof) which may be used to improve or optimize traversal of a search tree
in order to determine a set of mutually compatible paths for a set of demands.
For example, although method 400 includes an embodiment in which all of the
paths in the subset of paths of the selected demand are not considered after
one of the paths in the subset of paths of the selected demand is determined
o be feasible (lustratively, the transition from block 435 {o block 440}, in at
least some embodiments method 400 may be adapted to evaluate all of the
paths in the subset of paths of the selected demand {even after one of the
paths in the subset of paths of the selected demand is determined to be
feasible) as it is possible that use of one of these other paths may provide a
befter solution. The use of such other funclions is depicted and described
with respect to FiGs. 1 - 3.

FIG. 5 depicts an exemplary search tree for illusirating traversal of a
search tree, constructed based network information and demand information,
io determine a set of mutually compatible paths satisfying the set of demands.

As depicted in FIG. 5, the search tree 500 is constructed for a set of
three demands denoted as demands di, d2 and d3. The search tree 500 is
construcied based on a demand order of {d1, d3, d2}. The subset of paths for
demand di has three paths associaled therewiith (di_path1, d1_path2, and
dl_path3), the subset of paths for demand d2 has two paths associated
therewith (d2_patht and d2_path?2), and the subset of paths for demand d3
has two paths associated therewith (d3_path1 and d3_path2). The search
iree 500 has three hierarchical levels associagted with the three demands as
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follows {(where demand order dictates the hierarchical levels): a root vertex at
the first hierarchical level corresponds to demand di, three vertices at the
second hierarchical level correspond to demand d3, and six vertices at the
third hierarchical level correspond to demand d2. The search tree 500
includes edges between the verlices as follows: (1) from the root veriex of
demand di at the first hierarchical level, three edges connecting the root
vertex of demand di {o the three vertices of demand d3 at the second
hierarchical level where the three edges correspond to the three paths in the
subset of paths for demand di, (2} from each of the three vertices of demand
d3 ai the second hierarchical level, two edges connecting the respective
vertex of demand d3 o two vertices of demand d2 at the third hierarchical
level where the two edges correspond to the two paths in the subset of paths
for demand d3, and (3) from each of the six vertices of demand d2 at the third
hierarchical level, two edges connecting the respective vertex of demand d2
to two solution leaf vertices where the two edges correspond to the two paths
ir the subset of paths for demand d2. Accordingly, given that all combinations
of the paths in the subset of paths of the three demands (namely, 3x2x 2 =
12} are represented as peotential solutions for the search tree 500, the search
free 500 includes 12 solution leaf vertices.

As depicted in FIG. 5, the traversal of the search tree 500 is indicated
by a dashed line showing the order in which the paths of the demands are
evaluated. The twelve potential solutions for the set of demands are marked
as feasible (5) or infeasible (I} based on traversal of the search tree 500. The
raversal begins at the root vertex corresponding to demand di. The first path
di_pathi in the subset of paths of demand d1 is selected for evaluation. The
first path di_path1 in the subset of paths of demand d1 is evaluated and
determined to be feasible, so the search tree is traversed along the edge
corresponding to the first path di_pathi in the subset of paths of demand di
to arrive at the first vertex corresponding to demand d3 at the second
hierarchical level. The first path d3_path1 in the subset of paths of demand
d3 is evaluated and determined to be feasible, so the search tree is traversed
along the edge corresponding to the first path d3_patht in the subset of paths
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of demand d3 to arrive at the first vertex corresponding to demand d2 at the
third hierarchical level. The first path d2_path1 in the subset of paths of
demand d2 is evaluated and determined not to be feasible, so the search tree
is traversed by backtracking along the edge corresponding to the first path
5 d2_pathi in the subset of paths of demand d2 to arrive back at the first vertex

corresponding to demand d2 at the third hierarchical level. The second path
d2_path2 in the subset of paths of demand d2 is evaluated and determined
not to be feasible, so the search tree is traversed by backiracking along the
edge corresponding to the second path d2_path?2 in the subsel of paths of

10 demand d2 and the also aiong the edge corresponding to the first path
d3_pathi in the subset of paths of demand d3 to arrive at the first vertex
corresponding to demand d3 ai the second hierarchical level. The second
path d3_path2 in the subset of paths of demand d3 is evaluated and
determined not to be feasible, so the search tree is traversed by backiracking

15 along the edge corresponding o the second path d3 path?2 in the subset of
paths of demand d3 and also along the edge corresponding to the first path
di_pathi in the subset of paths of demand d1 io arrive at the root vertex
corresponding to demand d1 at the first hierarchical level. The second path
di_path2 in the subset of paths of demand d1 is then selected for evaluation.

20  The second path d1_path2 in the subset of paths of demand dt is evaluated
and determined to be feasible, so the search iree is traversed along the edge
corresponding to the second path d1_path2 in the subset of paths of demand
di to arrive at the second verlex corresponding to demand d3 at the second
hierarchical level. The first path d3_path1 in the subset of paths of demand

25  d3is evaluated and determined to be feasible, so the search tree is traversed
along the edge corresponding to the first path d3_patht in the subset of paths
of demand d3 to arrive at the first veriex corresponding to demand d2 af the
third hierarchical level. The first path d2_path1 in the subset of paths of
demand d2 is evaluated and determined o be feasible. As a result, based on

30 a determination that paths d1_path2 for demand d1, d3_path1 for demand d3,
and d2_path1 for demand d2 are mutually compatible, this set of mutually
compatible paths is identified as a soclution for the set of demands. 1t will be
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apprecialed that the traversal of the search tree may end at this point or may
continue {e.g., to try o identify a betier sclution for the set of demands).

ft will be appreciated that the search tree 500 of FIG. 5 and the
fraversal of the search tree 500 of FIG. § are merely one example of the
manner in which search trees may be constructed and traversed. 1t will be
appreciated that construction and traversal of search tree 500 of FIG. 5 may
be performed in various other ways using various other functions {(e.g.,
pruning, truncation, or the like, as well as various combinations thereof) which
may be used to improve or optimize construction and traversal of a search
free in order to determine a set of mutually compatible paths for a set of
demands. The use of such other functions is depicted and described with
respect to FiGs. 1 - 4.

As discussed herein, the path search mechanism for determining
mutually compatible paths for a set of demands may be adapted in various
ways using various modifications, enhancements, or the like. The various
embodiments of the path search mechanism may be further understood by
considering exemplary pseudocode for processes configured {0 determine
mutually compatible paths for a set of demands. FIG. 6 depicts exemplary
pseudocode for a method for determining a set of mutually compatible paths
for a set of demands where the demands are demand-order independent. As
depicted in FIG. 6, pseudocode 600 is configured to determine a set of
mutually compatible paths for a set of demands where the demands are
demand-order independent {e.g., such as when all paths for all demands are
pre-computed on the same network graph). As indicated in pseudocode 600,
given that the demands are demand-order independent, pseudocode 600 sels
the network graph such that demand reordering is not used in identifying the
set of mutually compatible paths for the set of demands. FIG. 7 depicts
exempiary pseudocode for a method for determining a set of mutually
compatible paths for a set of demands where the demands are demand-order
dependent. As depicted in FIG. 7, pseudocode 700 is configured to
determine a set of mutually compatible paths for a set of demands where the
demands are demand-order dependent. As indicated in pseudocode 700,
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given that the demands are demand-order dependent, pseudocode 700
modifies the network graph such that demand reordering is used in identifying
the set of mutually compatible paths for the set of demands. it will be
appreciated that pseudocode 800 of FiG. 6 and pseudocode 700 of FIG. 7
may be adapted o support various maodifications, enhancements, and so forth
as discussed herein.

FIG. 8 depicts a flow diagram of a method for determining a set of
mutually compaiible paths satistying a set of demands. It will be apprecialed
that, although primarily depicted and described herein as being performed
serially, at least a portion of the functions of method 800 may be performed
contemporanscusly or in a different order than as presented in FIG. 8.

At block 801, method 800 begins.

At block 810, search tree information for a search tree is received.

The search tree information may include search tree construction
information {which also may be referred to as search free input information)
configured for use in construcling the search tree {e.g., where the search tree
may be constructed on-the-fly, which may only reguire construction of a
portion of the overall search tree before a solution is identified), search tree
description information {which also may be referred {0 as search tree output
information) that describes the search tree (e.g., where the search tree has
already been constructed), or the like, as well as various combinations
thereof. The search tree information is associated with a set of demands to
be salisfied within a network. The search tree information includes demand
information associated with the demands in the sel of demands. The search
ree information includes, for each demand in the set of demands, a set of
candidate paths available for selection as the path to be used fo satisfy the
respective demand (subject 1o mutually compatibility with paths selected for
the other demands in the set of demands). The set of candidate paths, fora
given demand, may include all or a subset of potential paths between the
terminal nodes of the demand. The set of candidate paths, for at least one of
the demands, may include an intelligently identified or selected subset of
paths identified or selected from the set of poiential paths beiween the
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terminal nodes of the demand. The intelligently identified or selected subset
of paths identified or selected from the set of potential paths between the
terminal nodes of the demand, for at least one of the demands, may include a
set of mutually disjoint paths between the terminal nodes of the demand. The
set of muiually disjoint paths between the terminal nodes of the demand may
include all of the mutually disjoint paths between nodes of the demand or may
include a subset of all of the mutually disjoint paths between the terminal
nodes of the demand. The subset of mutually disjoint paths between the
ferminal nodes of the demand may be the first X mutually disjoint paths
identified for the demand (e.g., X 2 2, but iess than the total number of ali of
the mutually disjoint paths for the demand), mutually disioint paths for the
demand that are selecled based on selection crileria (e.g., leasi-cost,
shortest, or the like, as well as various combinations thereof), or the like, as
well as various combinations thereof. The search tree, when constructed,
includes a set of vertices representing the demands and a set of edges
representing candidate paths for the demands.

At block 820, a set of mutually compatible paths salisfying the set of
demands is determined based on the search tree information. The set of
mutually compatible paths satistying the set of demands may be determined
based on the search tree information by traversing all or part of the search
ree (e.g., where the search iree information describes the search tree),
constructing all or part of the search tree and fraversing all or part of the
constructed search free, consiructing and traversing all or part of the search
iree in combination, or the like, as well as various combinations thereof.

At block 888, method 800 ends.

As discussed herein, the path search mechanism for determining
mutually compatible paths for a set of demands may be adapted in various
ways using various modifications, enhancements, or the like. While many
such modifications and enhancements have been discussed hereinabove, it
will be appreciated that various other modifications and enhancements may
be supported. Various embodiments may be configured to quickly find an
end-to-end path between each pair of a given set of distinct terminal node
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pairs where the resulling set of paths are mutually edge digjoint. Various
embodiments may be configured to determine mutually diverse routes to or
from the same node to other nodes or finding two diverse routes for each
demand for two or more demands. Various embodiments may be configured
to search for an oplimal set of paths, such as a mutually disjoint path sef that
also minimizes a total cost metric where cost can be generally defined (e.q.,
distance, latency, popularity, inverse residual bandwidth, or the like). Various
embodiments may be configured to search for an optimal set of paths for
other cases of interest (e.g., node-disjointness, finding more than two mutually
diverse routes for each demand in a set of demands, or the like). Various
embodiments may be configured 1o search network topologies for compatible
features such as mutually diverse paths. Various embodiments may be
configured to provide a meta-heuristic where the meta-heuristic is in the form
of an adaptive depth-first search on a tree composed of all paths between the
given terminal nodes in the network graph and seeks o find a path subset,
composed of one or more paths for each terminal pair, satisfying selecied
criteria {e.qg., mutuaily edge-disjoint paths with least total cost, node-disjoint
paths, multiple disjoint paths between each terminal node pair in a given set,
node- or edge-disjoint paths with least cost variation, or the like, as well a3
various combinations thereof). Various embodiments of such a meta-heuristic
may include selecting an initial demand, generaling a subset of all paths
between the terminal nodes of the initial demand {(where the path subset that
is generated may depend on problem criteria, such as multual edge
disjointness and total cost minimization), selecting each path in the subset in
urn and using a recursive process o test for feasibility (e.g., selecling an
unselected demand, generating a path subset for the selected demand,
selecting a path from the selecied demand, testing the selected path for
feasibility {e.¢., mutual disjointness) with all currently selected paths, allowing
recursion to continue if all paths, selecting and evaluating an alternative path
if not all paths are feasible, returning to the previous demand and trying a new
path from the subset of previous demand if not paths remain in the path
subset of the current demand, and so forth), continuing the search and festing
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until either a feasible combination of paths is found (in which case the
mutually compalible path set and its cost metric may be saved as a candidate
solution and the search may continue as long as an input limit on the
maximum number of solutions has not been reached) or all paths are tested
and no feasible combination is found (in which case the next step may
depend on whether or noi the path subsets of the demands are generated in a
dermand-order independent manner {e.g., if the original network graph is used
for each demand path subset generation, then the search cutcome is
independent of demand consideration order, because path edge-disjointness
{intersection) is algebraically a commutative operation, and the search is
terminated with no solution found) or in a demand-order dependent fashion
manner (in which case a new search is repeated with the search tree rooted
at a demand distinct from those of prior search irees as long as such
demands remain)), and where, at any stage of the search, if any new feasible
path combination does not have a running cost melric that meets or
outperforms that of the best candidate solution, that new path combination
can be discarded and the search can continue (which may also include testing
cost metrics during the search against the known best solution cost metric in
order to reduce the computational effort). Various embodiments may be
configured to control overall computation effort using one or more of limiting
the maximum number of solutions found, immediate pruning of infeasibie
search branches, cost bounding, and restricting the size, guality, and manner
of the paths generated for each demand. Various embodiments may be
configured to aggressively search for muiually edge-disjoint paths having
least total cost. Various embodiments may be configured 1o generate
demand path subsets based on a residual graph of unused edges 1o provide a
demand-order dependent search where it is noted that: {1) while this may
result in added computational effort in the search for good solutions, the
computational effort can be limited based on a key insight into the quality of
path subset generation for an individual demand (the insight being o create a
sel of least-cost paths that are themselves mutually disjoint, where the
rationale is that if paths of two or more demands are non-disjoint, then
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alternative paths for each demand that are disjoint among themselves can
avoid the confiicts of the original set of paths) and {2} choosing ieast-cost
mutually disjoint paths for each demand is also compatible with the overall
cost metric and increases the propensity for finding a mutually disjoint path
set for all demands that has least iotal cost. Various embodiments, given that
many problem instances tend fo fall into two main categories including a first
category tending to have several feasible solutions and a second category
tending to have infeasible solutions and shallow searches of the search iree,
may be contigured to improve path searches {in addition to using the
aforementioned guality of path subset generation for boosting computation
efficiency) by controlling the first category by limiting the number of candidate
solutions and controlling the second category by limiting the demand path
subset cardinality below its upper bound (max [{mutually disjoint paths in Gfor
demand dr = {8, )}| < min {deg(ss}, deg{tn)}). Various embodiments may be
configurad to address various extensions to the basic problem of finding a
least-cost mutually edge-disjoint path set for a given set of distinct demands
{e.g., an exiension in which some of the terminal nodes coincide (such as
same-source/muliple-terminations {(or vice-versa) or demand chains), an
extension in which the demands include multiple identical demands (s;, ) =
(s, #} for tinding multiple diverse paths between the same node pairs (which
may be based on a requirement that the resulting paths will be diverse not
only for the same terminal node pairs but also from paths of all other terminal
node pairs or may not require diversity with paths betwsen other nodes
{since, typically, a requirement that the resulting paths will be diverse not only
for the same lerminal node pairs but also from paths of all other terminal node
pairs may result in infeasibility due 1o the siringent diversily reguiremenis)), an
extension in which the network links are asymmetric (different costs for
oppositely directed traffic on the links) since it internally employs a directional
weight mairix representation of the network graph, an extension in which the
problem is to find node-disjoint paths rather than edge-disjoint paths, an
extension in which there are bandwidth variations among the demands, an

extension direcled to an alternative oplimization objective {e.g., minimizing the
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maximum cost path, minimizing the path cost variation, or the like). Various
embodiments may be configured to provide improved computational efficiency
{.0., path ordering {e.q. least-cost or least-conflicted first), demand ordering
restriction, infeasible demand set pattern recognition, whether the
computational tradeoff favors including pruning with total cost bounding, or the
like, as well as various combinations thereof. Various embodiments may be
configured to provide algorithmic responsiveness tradeofts in terms of speed
versus guality that would be necessary or desirable in an online, on-demand
network programming paradigm (e.g., algorithms that find good solutions
quickly but perhaps not always “perfectly” or optimally). Various other
extensions, modifications, enhancements, and so forth are contemplated.

it will be appreciated that, although primarily presented herein with
respect to use of the mutually compatible path search mechanism within the
context of determining mutually compatible paths for a set of demands,
various embodiments of the mutually compatible path search mechanism may
be used or adapted to determine feasibility of mutually compatible paths for a
set of demands.

it will be appreciated that, although primarily presented herein with
respect 1o use of the mutually compatible path search mechanism within the
context of communication networks for determining communication paths, the
mutually compatible path search mechanism also may be used within various
other contexts for determining mutually compatible paths. For example, the
mutually compaiible path search mechanism also may be used for
determining travel paths within a road network, for determining relationships
or connections between individuals in a social network, or the like.
Accordingly, various terms used herein that are specific to communication
nefworks may be read more generally so as {0 cover other contexts within
which the muiually compatible path search mechanism may be applied.

FIG. 8 depicts a high-level block diagram of a computer suitable for use
inn performing various funclions described herein.

The computer 900 includes a processor 802 (e.q., a ceniral processing
unit (CPU), a processor having a set of processor cores, a processor core of a
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processor, or the like) and a memory 904 (e.g., a random access memaory
(RAM), a read only memory (ROMj}, or the like}). The processor 202 and the
memory 904 are communicatively connected.

The computer 800 also may include a cooperating element 805, The

5 cooperaling element 905 may be a hardware device. The cooperaling

element 8905 may be a process that can be ipaded into the memory 904 and
executed by the processor 902 to implement functions as discussed herein (in
which case, for example, the cooperating element 905 (including associaled
data structures) can be siored on a computer-readable storage medium, such

10 as a storage device or other storage element {e.g., a magnetic drive, an
optical drive, or the like}}.

The computer 900 also may include one or more input/output devices
906. The inpul/output devices 906 may include one or more of a user input
device {(e.g., a keyboard, a kKeypad, a mouse, a microphone, a camera, ot the

15 like), a user cutput device {e.g., a display, a speaker, or the ike), one or more
network communication devices or elements (e.q., an input pori, an ouipul
port, a receiver, a transmitter, a iransceiver, or the like), one or more storage
devices {e.9., a tape drive, a floppy drive, a hard disk drive, a compact disk
drive, or the like), or the like, as well as various combinations thereof.

20 it will be appreciated that computer 900 of FIG. 9 may represent a
general architecture and functionality suitable for implementing functional
elements described herein, portions of functicnal elements described herein,
or the like, as well as various combinations thereof. For example, computer
900 may provide a general architecture and functionality that is suitable for

25 implementing a node 112, the path determination element 120, a node 212, or
any other device or element depicted herein.

it will be appreciated that the functions presented herein may be
implemented in software {e.g., via implementation of sofiware on one or more
processors, for execuling on a general purpose computer {e.q., via execution

30 by one or more processors) 8o as o implement a special purpose computer,
and the like) and/or may be implemented in hardware (e.g., using a general
purpose computer, one or more application specific integrated circuits (ASIC),
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and/or any other hardware equivalents). [t is noled that the computing
resources used to provide functions presented herein may be ceniralized or
distributed (e.g., logically centralized but physically distributed).
ft will be appreciated that at least some of the steps discussed herein
as software methods may be implemented within hardware, for example, as
circuitry that performs various method steps, as circuitry that cooperates with
the processor 1o perform various method steps, or the like, as well as various
combinations thereof. Portions of the functions/elements described herein
may be implemenied as a computer program product sioring compuier
instructions which, when processed by a computer, adapt the operation of the
computer such that methods steps and/or technigues described herein are
invoked or otherwise provided. Instructions for invoking various methods may
be stored in fixed or removable media {e.g., non-transitory computer-readable
media), fransmitied via a data stream in a broadcast or other signal bearing
medium, stored within a memory of a computing device operating according
lo the instructions, or the like, as well as various combinations thereof.
it will be appreciated that the term "or” as used herein refers o a non-
exclusive “or” unless otherwise indicated (e.q., use of “or else” or “or in the
alternative”).
Aspects of various embodiments are specified in the claims. Aspects
of various embodiments also are specified in the following numbered clauses:
1. An apparatus, comprising:
a processor and a memory communicalively connecied to the
processor, the processor configured {o:
receive network information for a network including a set of
nodes and a set of links;
receive demand information associated with a set of demands 1o
be satisfied within the network, wherein the demands are indicative of
requests for paths between respective pairs of the nodes of the
network; and
determine, based on a traversal of a search iree constructed

based on the network information and the demand information, a set of
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mutually compatible paths salisfying the set of demands, wherein the

search free comprises, for at least one of the demands, a respective

subset of paths for the respective demand identified from among a set
of potential paths between the respective nodes of the demand,
wherein the respective subset of paths for the respective demand
comprises two or more muiually disjoint paths between the respeciive
nodes of the demand.

2. The apparatus of clause 1, wherein a mutual compatibility of the
mutually compaldible paths satistying the set of demands is based on at least
one of link-disjointness or node-disjoininess.

3. The apparatus of clause 1, wherein the demand information
comprises a solution-level objective for the set of mutually compatible paths
satisfying the set of demands.

4. The apparatus of clause 3, wherein the solution-level objective
comprises at least one of minimizing a total cost of the set of mutually
compatible paths, minimizing a maximum path cost of the set of mutually
compatible paths, or minimizing a difference between a lowest-cost path of
the set of mutually compatible paths and a highest-cost path of the set of
rutually compatible paths.

5. The apparatus of clause 1, wherein the demand information
comprises a solution-level consiraint 10 be satisfied for the set of mutually
compatible paths satisfying the set of demands.

6. The apparatus of clause 5, wherein the solution-level constraint
comprises at least one of a maximum total cost of the set of mutually
compatible paths or a maximum path cost for the set of mutually compatible
paths.

7. The apparatus of clause 1, wherein the demand information
comprises, for at least one of the demands, one or more constraints
associated with the respective demand.

8. The apparatus of clause 7, wherein the one or more constraints
associated with the respective demand comprises al least one of a path-level
constraint for the demand, a node-level constraint for the demand, or a link-
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level constraint for the demand.

9. The apparatus of clause 1, wherein the search tree comprises a
set of vertices and a set of edges between the vertices, wherein the vertices
represent the demands and the edges represent potential paths of the
demands.

10.  The apparatus of clause 1, wherein the respective subset of
paths for the respective demand are at least one of node-disjoint or link-
disjoint.

11.  The apparatus of clause 1, wherein the processor is configured
o determine the respective subset of paths for the respective demand based
on a Suurbaile-Tarjan algorithm or a Bhandari algorithm.

12.  The apparatus of clause 1, wherein the processor is configured
to:

determine the respective subset of paths for the respective demand
prior to beginning the traversal of the search tree.

13.  The apparatus of clause 1, wherein the processor is configured
to:

determine the respective subset of paths for the respective demand
during the traversal of the search tree.

14, The apparatus of clause 13, wherein, to determine the
respective subset of paths for the respective demand during the traversal of
the search tree, the processor is configured to:

determine a current set of mulually compatible paths identified during
the traversal of the search tree;

remove, from consideration for use in determining the set of potential
paths between the respective nodes of the respective demand, any links
associated with the current set of mutually compatible paths to provide a sel
of links remaining for consideration;

determine the set of potential paths between the respective nodes of
the respective demand based on the set of links remaining for consideration;
and

select the subset of paths for the respective demand from the set of
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potential paths between the respective nodes of the respective demand.
15.  The apparatus of clause 1, wherein the processor is configured
fo:
determine a priority order of the respective subset of paths for the
5 respective demand; and
evaluate the respective subset of paths for the respective demand,
during the traversal of the search tree, based on the priority order of the
respective subset of paths for the respective demand.
16.  The apparatus of clause 1, wherein the processor is configured
10 to:
prune a branch of the search tree, during the traversal of the search
free, based on a determination that a cost of a candidate set of mutually
compatible paths associated with the branch of the search tree exceeds a
cost of a previously-identified set of mutually compatible paths satisfying the
15 set of demands.
17.  The apparatus of clause 1, wherein the processor is configured
to:
tfruncate the traversal of the search tree based on the determination of
the set of mutually compatible paths satistying the set of demands.
20 18.  The apparatus of clause 1, wherein the processor is configured
to:
continue the traversal of the search tree based on the determination of
the set of mutually compatible paths satisfying the set of demands.
19.  The apparatus of clause 18, wherein the processor is configured
25 o
determine, based on the continuing traversal of the search tree, a
second set of mutually compatible paths salisfying the set of demands; and
select, as a solution for the set of demands, the setl of mutually
compatible paths satisfying the set of demands or the second set of mutually
30 compatible paths salisfying the set of demands.
20.  The apparatus of clause 1, wherein the traversal of the search

iree is demand-order independent.
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21.  The apparatus of clause 1, wherein the traversal of the search
iree is demand-order dependent, wherein the search tree is organized based
on a first ordering of the demands, wherein the processor is configured to:

determine, based on a traversal of a second search tree organized

5 based on a second ordering of the demands, a second set of muiually
compatible paths satisfying the set of demands; and

select, as a solution for the set of demands, the set of mutually
compatible paths satisfying the setf of demands or the second set of mutually
compatible paths satisfying the set of demands.

10 22. A non-transitory computer-readable storage medium storing
instructions which, when executed by a computer, cause the computer 10
perform a method, the method comprising:

receiving network information for a neiwork including a set of nodes
and a set of links;

15 receiving demand information associated with a set of demands to be
satisfied within the network, wherein the demands are indicative of requesis
for paths between respective pairs of the nodes of the network; and

determining, based on a traversal of a search tree constructed based
on the network information and the demand information, a set of mutually

20 compatible paths satisfying the set of demands, wherein the search tree
comprises, for at least one of the demands, a respective subset of paths for
he respective demand identified from among a set of potential paths between
ihe respective nodes of the demand, wherein the respective subset of paihs
for the respeciive demand comprises two or more muiually disjoint paths

25  between the respective nodes of the demand.

23. A method, comprising:

receiving, by a processor, network information for a network including a
set of nodes and a set of links;

receiving, by the processor, demand information associated with a set

30 of demands to be satisfied within the network, wherein the demands are
indicative of requests for paths between respective pairs of the nodes of the

network:; and
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determining, by the processor based on a raversal of a search tree
constructed based on the network information and the demand information, a
set of mutually compatible paths salisfying the set of demands, wherein the
search tree comprises, for at least one of the demands, a respective subset of
paths for the respective demand identified from among a set of potential paths
between the respective nodes of the demand, wherein the respective subset
of paths for the respective demand comprises two or more mutually disjoint
paths between the respective nodes of the demand.

24. An apparatus, comprising:

a processor and a memory communicatively connected to the
processor, the processor configured to:

receive search tree information associated with a set of

demands {0 be satisfied within a network, the network comprising a set

of nodes and a set of links, the demands indicative of respective

requests for paths between respective pairs of the nodes of the

network, the search tree information comprising, for each of the

demands in the set of demands, a respeciive set of paths beiween the

respective nodes of the demand, wherein, for at least one of the

demands in the set of demands, the respective set of paths comprises

a subset of mutually disjoint paths between the respeciive nodes of the

demand that are identified from among a set of potential paths between

the respective nodes of the demand; and

determine, based on the search tree information, a set of

mutually compatible paths satisfying the set of demands.

it will be appreciated that, although various embodiments which
incorporate the teachings presented herein have been shown and described
ir detail herein, those skilled in the art can readily devise many other varied
embodiments that stll incorporate these {eachings.
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What is claimed is:

1. An apparatus, comprising:
a processor and a memory communicatively connected o the
processor, the processor configured to:
receive network information for a network including a set of
nodes and a set of links;
receive demand information associated with a sel of demands fo
be satisfied within the network, wherein the demands are indicative of
reguests for paths between respective pairs of the nodes of the
network; and
determine, based on a traversal of a search tree consiructed
based on the network information and the demand information, a set of
mutually compatible paths satistying the set of demands, wherein the
search free comprises, for at least one of the demands, a respective
subset of paths for the respective demand identified from among a set
of potential paths between the respective nodes of the demand,
wherein the respective subset of paths for the respective demand
comprises two or more mutually disjoint paths between the respective

nodes of the demand.

2. The apparatus of claim 1, wherein a mutual compatibility of the
mutually compalible paths satistying the set of demands is based on at least

one of link-disjointness or node-disjoininess.

3. The apparatus of claim 1, wherein the demand information comprises a
solution-level objective for the set of mulually compatible paths satisfying the
set of demands.

4. The apparatus of claim 1, wherein the search tree comprises a set of
vertices and a set of edges between the vertices, wherein the vertices

represent the demands and the edges represent potential paths of the
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demands.

5. The apparatus of claim 1, wherein the respective subset of paths for
the respeclive demand are at least one of node-disjoint or link-disjoint.

8. The apparatus of claim 1, wherein the processor is configured to:
determine the respective subset of paths for the respective demand
during the traversal of the search tree, wherein, to determine the respective
subset of paths for the respective demand during the fraversal of the search
10 iree, the processor is configured to:
determine a current set of mutually compatible paths identified
during the traversal of the search tree;
remaove, from consideration for use in determining the set of
potential paths between the respective nodes of the respective
15 demand, any links associated with the current set of mutually
compatible paths to provide a set of links remaining for consideration;
determine the set of potential paths between the respective
nodes of the respective demand based on the set of links remaining for
consideration; and
20 select the subset of paths for the respective demand from the
set of potential paths between the respective nodes of the respective
demand.

~J

The apparatus of claim 1, wherein the processor is configured to:
25 determine a priority order of the respective subset of paths for the
respective demand; and
evaluate the respective subset of paths for the respective demand,
during the traversal of the search tree, based on the priorily order of the
respective subset of paths for the respective demand.
30
8. A non-transitory computer-readable storage medium storing

instructions which, when executed by a compuier, cause the computer 1o
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perform a method, the method comprising:

receiving network information for a network including a set of nodes
and a set of links;

receiving demand information associated with a set of demands to be
satisfied within the network, wherein the demands are indicalive of requests
for paths between respective pairs of the nodes of the network; and

determining, based on a traversal of a search tree constructed based
on the network information and the demand information, a set of mutually
compatible paths satisfying the set of demands, wherein the search iree
comprises, for at least one of the demands, a respective subset of paths for
the respective demand identified from among a set of polential paths between
the respective nodes of the demand, wherein the respective subset of paths
for the respective demand comprises two or more mutually disjoint paths
between the respective nodes of the demand.

9. A method, comprising:

receiving, by a processor, network information for a network including a
set of nodes and a set of links;

receiving, by the processor, demand information associated with a set
of demands o be satisfied within the nelwork, wherein the demands are
indicative of requests for paths between respective pairs of the nodes of the
network; and

determining, by the processor based on a raversal of a search tree
constructed based on the network information and the demand information, a
set of mutually compatible paths salisfying the set of demands, wherein the
search tree comprises, for at ieast one of the demands, a respective subset of
paths for the respective demand identified from among a set of potential paths
between the respective nodes of the demand, wherein the respective subset
of paths for the respective demand comprises two or more mutually disjoint
paths between the respective nodes of the demand.
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An apparatus, comprising:

a processor and a memory communicatively connected to the

processor, the processor configured to:

receive search tree information associated with a set of
demands to be satisfied within a network, the network comprising a set
of nodes and a set of links, the demands indicative of respective
requests for paths between respective pairs of the nodes of the
network, the search tree information comprising, for each of the
demands in the set of demands, a respeciive set of paths beiween the
respective nodes of the demand, wherein, for at least one of the
demands in the set of demands, the respective set of paths comprises
a subset of mutually disjoint paths between the respeciive nodes of the
demand that are identified from among a set of potential paths between
the respective nodes of the demand; and

determine, based on the search tree information, a set of
mutually compatible paths satisfying the set of demands.
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Let:
« G2V, £}, u {undirected) graph with verlex set ¥ and edge set £

« :E-RY, o mopping of costs for each edge
« D2ldy, ... dih o set of k demands between verex pairs d; 2 {s;, §;) € VOV, (5;21;)

)

Dy, by, ... = VOV, set of k demands belween verlex pairs; dy,® (s, 8,), (8,28,)
« %, 2 set of (all} simple 8,1y, paths in & for demand d,.€D

// Demand-order independent: original graph ¢ used fo create all path sefs %,

Man (62 7. E), D)
> Inifiglize: ne1, 616, D, L@, cost{Z) e o // T2 current soln, L £ best soln

» pathSetFound = SEARCH(n, Gy, i, Z}
- T#@:Tis an oplimal solution. Else: 4 feasible solution. STOP

SEARCH {n, 6y, IL Z}:
« pathSetFound « false

-l <ol
SELECT n demand d, from D // disjointness is commutative
CREATE path subset B, in Gy // origingl graph used when n=1

For each path p, e &
If not FEASIBLE(p,,, [T} or cost (T} > cost (T}: repeat. // cut or bound

MeTiv fppf
bptq e by // Gp41=6, no demand reordering

pathSetFound = SEARCH(n+1,Gpqq, 11, Z)
If pathSetFound= true: relurn pathSetFound. // pathSetFound never true

Te-ll~ {p,l and then repsat,

return pathSeiFound
o lf > D I cost (T) < cos) (E): L« 1L return pathSetFound
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Let:

« G2V, £}, u {undirected) graph with verlex set ¥ and edge set £

« :E-RY, o mopping of costs for each edge

« D2idy, ...d, o set of k demands between verlex pairs d; 2 (s;, £;) € VOV, (5,28
Dy, by, .. = VOV, set of k demands belween verlex pairs; dy,® (s, 8,), (8,28,)
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Pass current D
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M n<iol:
For each demand d, in I,
Dyt « By~ id} // remove selected demand
CREATE path subset £, in Gy, for d, // original graph used when n=1

For sach path pj, e 8,
If not FEASIBLE p,,, TT) or cost (T} > cost{Z): repeat.  // cut or bound
HeTTw ipg}
Gn+1 < MODIFY graph Gy, based on [l [/ Gpay=6p: dmd order
pathSeiFound = SLARCH(n+1, bppt, Dyt 1L 1)
if pathSetFound= irue: return pathSeiFound. f / noathSetFound never frue
// Could add fest here {e.g., max solutions) to set pathSetFound = true
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Dy« Dy v idy} ond then repeat.

return pathSetFound
M > Bl i cosHI) < cos{I): T« IL. return pathSetFound.
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