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WO 2009/021440 A1 |00 0T R0 100 00 000 0 00

FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT,NL.,  Published:
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BE, BJ, CF,CG, —  with international search report
CL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
Declaration under Rule 4.17:
— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))



10

15

20

25

WO 2009/021440 PCT/CN2008/071912

Methods for Characterizing Optical Switches and Multiplexers/Demultiplexers
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Provisional Patent Application Serial
No. 60/956,311 filed August 16, 2007 by Lee et al. and entitled “Methods of Characterizing
Optical Switches and Multiplexers/Demultiplexers”, and U.S. Patent Application Serial No.
12/169,883 filed July 09, 2008 by Lee et al. and entitled “Methods for Characterizing Optical
Switches and Multiplexers/Demultiplexers”, which are incorporated herein by reference as if
reproduced in its entirety.
BACKGROUND

[0002] Wavelength division multiplexing (WDM) is one technology that is envisioned to
increase bandwidth capability and enable bidirectional communications in optical networks. In
WDM networks, multiple data signals can be transmitted simultaneously between network
elements (NEs) using a single fiber. Specifically, the individual signals may be assigned
different transmission wavelengths so that they do not interfere or collide with each other. The
path that the signal takes through the network is referred to as the lightpath. One type of WDM
network, a wavelength switched optical network (WSON), seeks to switch the optical signals
with fewer optical-electrical-optical (OEQO) conversions along the lightpath, e.g. at the
individual NEs, than existing optical networks.

[0003] One of the challenges in implementing WDM networks is the determination of the
routing and wavelength assignment (RWA) for the various signals that are being transported
through the network at any given time. To implement RWA, various NE related information
can be forwarded from a Path Computation Client (PCC), such as an NE, and received and
processed at a Path Computation Element (PCE). Such RWA information may include
restrictions information for WSON optical switching elements, such as port connection

configuration or port connectivity, port wavelength restrictions, or both. Such RWA
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information may be forwarded using standard or available network protocols.
SUMMARY

[0004] In one embodiment, the disclosure includes a network component comprising at
least one processor configured to implement a method comprising creating a port restriction
matrix comprising a plurality of port restrictions, and compressing the port restriction matrix.
[0005] In another embodiment, the disclosure includes a method comprising establishing a
port wavelength restriction data for an optical component, establishing a port connectivity data
for the optical component, and transmitting the port wavelength restriction data and the port
connectivity data to a path computation element.
[00006] In yet another embodiment, the disclosure includes an apparatus comprising a path
computation client configured to communicate data to a path computation element, wherein the
data comprises a port restriction data.
[0007] These and other features will be more clearly understood from the following
detailed description taken in conjunction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] For a more complete understanding of this disclosure, reference is now made to the
following brief description, taken in connection with the accompanying drawings and detailed
description, wherein like reference numerals represent like parts.
[0009] FIG. 1 is a schematic diagram of an embodiment of a WSON system.
[0010] FIG. 2 is a schematic diagram of an embodiment of a combined RWA architecture.
[0011] FIG. 3 is a schematic diagram of an embodiment of a separated RWA architecture.
[0012] FIG. 4 is a schematic diagram of an embodiment of a distributed wavelength
assignment architecture.
[0013] FIG. 5 is a protocol diagram of an embodiment of the communications between the

PCC and the PCE.
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[0014] FIG. 6 is a flowchart of an embodiment of a port restriction processing method.
[0015] FIG. 7 is a schematic diagram of an embodiment of a reconfigurable optical
add/drop multiplexers.

[0016] FIG. 8 is a schematic diagram of an embodiment of a general-purpose computer
system.

[0017] FIG. 9 is a schematic diagram of an embodiment of a type I optical add/drop
multiplexer.

[0018] FIG. 10 is a schematic diagram of an embodiment of a type II optical add/drop
multiplexer.

[0019] FIG. 11a1is a schematic diagram of an embodiment of a fixed WSON subsystem.
[0020] FIG. 11b is a schematic diagram of another embodiment of a fixed WSON
subsystem.

[0021] FIG. 11c is a schematic diagram of another embodiment of a fixed WSON
subsystem.

[0022] FIG. 12 is a schematic diagram of an embodiment of a type II optical add/drop
multiplexer with additional constraints.

[0023] FIG. 13 is a schematic diagram of an embodiment of a higher degree optical
add/drop multiplexer with per port add/drop.

[0024] FIG. 14 is a schematic diagram of an embodiment of a higher degree optical
add/drop multiplexer with per node add/drop.

[0025] FIG. 15a is a schematic diagram of an embodiment of a WSON subsystem with
multiple wavelength connectivity.

[0026] FIG. 15b is a schematic diagram of an embodiment of a WSON subsystem with a
single wavelength connectivity.

[0027] FIG. 15¢c is a schematic diagram of another embodiment of a WSON subsystem
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with a single wavelength connectivity.
[0028] FIG. 16 is a schematic diagram of an embodiment of a WSON switch without
wavelength converters.
[0029] FIG. 17a1s a schematic diagram of an embodiment of a bipartite subgraph.
[0030] FIG. 17b is a schematic diagram of another embodiment of a bipartite subgraph.
[0031] FIG. 18ais a schematic diagram of an embodiment of a graph representation for our
two-degree optical add/drop multiplexer.
[0032] FIG. 18b is a schematic diagram of another embodiment of a graph representation
for our two-degree optical add/drop multiplexer.
[0033] FIG. 18c¢ is a schematic diagram of another embodiment of a graph representation
for our two-degree optical add/drop multiplexer.

DETAILED DESCRIPTION
[0034] It should be understood at the outset that although an illustrative implementation of
one or more embodiments are provided below, the disclosed systems and/or methods may be
implemented using any number of techniques, whether currently known or in existence. The
disclosure should in no way be limited to the illustrative implementations, drawings, and
techniques illustrated below, including the exemplary designs and implementations illustrated
and described herein, but may be modified within the scope of the appended claims along with
their full scope of equivalents.
[0035] Disclosed herein is a system and method for representing port restrictions in
network components, such as optical switch elements, comprising a plurality of ports. The port
restrictions may comprise port connectivity, port wavelength restrictions, or both. The port
connectivity may be represented using a connectivity matrix in which the individual elements
indicate the connectivity between the ports. The wavelength restrictions may comprise the

number of wavelengths supported by the ports, the ranges of wavelengths that are supported by
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the ports, or both. The port restrictions may be embodied as at least one matrix, which may be
compressed to efficiently represent the common elements within the matrix. The port
restrictions may be forwarded to a PCE to enable RWA in a WSON.

[0036] FIG. 1 illustrates one embodiment of a WSON system 100. The system 100 may
comprise a WSON 110, a control plane controller 120, and a PCE 130. The WSON 110,
control plane controller 120, and PCE 130 may communicate with each other via optical,
electrical, or wireless means. The WSON 110 may comprise a plurality of NEs 112 coupled to
one another using optical fibers. In an embodiment, the optical fibers may also be considered
NEs 112. The optical signals may be transported through the WSON 110 over lightpaths that
may pass through some of the NEs 112. In addition, some of the NEs 112, for example those at
the ends of the WSON 110, may be configured to convert between electrical signals from
external sources and the optical signals used in the WSON 110. Although four NEs 112 are
shown in the WSON 110, the WSON 110 may comprise any number of NEs 112.

[0037] The WSON 110 may be any optical network that uses active or passive components
to transport optical signals. The WSON 110 may implement WDM to transport the optical
signals through the WSON 110, and may comprise various optical components as described in
detail below. The WSON 110 may be part of a long haul network, a metropolitan network, or a
residential access network.

[0038] The NEs 112, also referred to as nodes, may be any devices or components that
transport signals through the WSON 110. In an embodiment, the NEs 112 consist essentially
of optical processing components, such as line ports, add ports, drop ports, transmitters,
receivers, amplifiers, optical taps, and so forth, and do not contain any electrical processing
components. Alteratively, the NEs 112 may comprise a combination of optical processing
components and electrical processing components. At least some of the NEs 112 may be

configured with wavelength converters, optical-electrical (OE) converters, electrical-optical
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(EO) converters, OEO converters, or combination thereof. However, it may be advantageous
for at least some of the NEs 112 to lack such converters as such may reduce the cost and
complexity of the WSON 110. In specific embodiments, the NEs 112 may comprise optical
switches such as optical cross connects (OXCs), photonic cross connects (PXCs), type 1 or type
IT reconfigurable optical add/drop multiplexers (ROADMs), wavelength selective switches
(WSSs), fixed optical add/drop multiplexers (FOADMSs), or combination thereof.

[0039] Some NEs 112 may be used for wavelength-based switching by forwarding, adding,
or dropping any or all of the wavelengths that are used to transmit the optical signals. For
instance, the NE 112 may comprise a plurality of ingress ports, such as line side ingress ports or
add ports, a plurality of egress ports, such as line side egress ports or drop ports, or
combinations thereof. The add ports and drop ports may also be called tributary ports. The
optical signals handled by these various ports may comprise one or a plurality of optical
wavelengths. The line side ingress ports may receive the optical signals and send some or all of
the optical signals to the line side egress ports, which may in turn transmit the optical signals.
Alteratively, the line side ingress ports may redirect some or all of the optical signals to the
drop ports, which may drop the optical signals, for example, by transmitting the optical signals
outside the optical fibers. The add port may receive additional optical signals and send the
optical signals to some of the line side egress ports, which may in turn transmit the optical
signals.

[0040] In some instances, the NE 112 may comprise at least one colored port that may be
an ingress port or an egress port, which may receive or transmit, respectively, the optical signal
at a fixed optical wavelength. The NE may also comprise at least one colorless port that may
be an ingress port or an egress port, which may receive or transmit, respectively, the optical
signal at any one of an arbitrary number of wavelengths.

[0041] The number of line side ingress ports and the line side egress ports may determine
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the degree of the NE 112. For example, an NE 112 that comprises one line side ingress port
and one line side egress port may have a degree of two. An NE 112 that comprises more than
one line side ingress port or more than one line side egress port may have a degree greater than
two, such as a WSS or an OXC. Further, the OXC may have full port connectivity such that all
the ingress ports may be connected to all the egress ports of the OXC. In some instances, the
ROADMs, WSSs, and OXCs may have an equal number of ingress ports and egress ports.

Alternatively, the ROADMs, WSSs, and OXCs may have different numbers of ingress ports

and egress ports and, as such, their connectivity matrices may be asymmetrical.

[0042] Some of the optical switch based NE’s characteristics are shown in Table 1 below.

Network Node | Subsystems | Add/Drop | Add/Drop | Colorless | Wavelengths
Function Degree per Node Ports Channels per Port
Type I 2 Number: 2 UptoN UptoN No No
ROADM Size:
Ix(N+1)
Type 11 2 Number: 2 UptoN UptoN Yes No
ROADM Size:
Ix(N+1)
Wavelength 2 Number:2 | UptoM-1 | UptoN Yes Yes
Selective Size: IxM
Switch D Number: 1
(WSS) 2(D+1)
Size:
1x(D+1)
Optical D Number: 1 1 UptoN Yes Yes
Cross Size:
connect (D+1)x(D+1)
(0X0O)
Table 1. Characteristics of Optical Switches.
[0043] Each of the rows of the Table 1 corresponds to a network function that represents

one optical switch type, such as a Type I ROADM, a Type Il ROADM, a WSS, or an OXC.
Each column of the Table 1 corresponds to an optical switch characteristic, such as a node
degree, a number and size of subsystems per node, a number of add/drop ports, a number of

add/drop channels, a colorless characteristic, and a multiple wavelength per port characteristic.
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The node degree may represent the degree of the NE in terms of the number of line side ingress
and line side egress ports, as explained above. The number and size of subsystems per node
may comprise the number of subsystems, such as optical switches, that can be combined or
integrated in one NE or NE component, such as a chipset, and the size of each subsystem in
terms of the total number of add ports, drop ports, and egress ports. The number of add/drop
ports and the number of add/drop channels may comprise the total number of add ports and
drop ports and the total number of add channels and drop channels connected to the ports at the
NE, respectively. In Table 1, N may represent any integer number of add and drop ports and D
may represent any integer number of degrees greater than two. Moreover, M may represent
any integer number of add and drop ports and N may represent any integer number of add and
drop channels connected to the add and drop ports at the NE and greater than M. For example,
N may be equal to 32 or 40 channels, and M may be equal to four or eight ports.

[0044] The colorless characteristic may indicate whether the NE may support any or a
plurality of variable wavelengths or, alternatively, one or a plurality of predetermined or
specified wavelengths. As such, the NE may be colorless (labeled as Yes in Table 1) when the
NE comprise colorless ports and may not be colorless (labeled as No in Table 1) when the NE
comprise colored ports. The multiple wavelengths per port characteristic may indicate whether
the NE’s ports may support or forward a single wavelength at a time (labeled as No in Table 1)
or a plurality of wavelengths at a time (labeled as Yes in Table 1).

[0045] As shown in Table 1, the Type | ROADM may comprise one line side ingress port
and one line side egress port (degree of two), support one of a plurality of fixed wavelengths
(not colorless), and forward one wavelength at a time. The Type Il ROADM may have similar
characteristics as the Type I ROADM with the exception that the Type Il ROADM may be
colorless. On the other hand, the WSS may have a degree of two or greater (D is an integer

greater than two) and may forward a plurality of wavelengths at a time. The OXC
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characteristics may be similar to that of the WSS. However, the OXC may have a node degree
greater than but not equal to two in addition to a smaller number of subsystems with larger
sizes than that of the WSS.

[0046] Returning to FIG. 1, the NEs 112 may be coupled to each other via optical fibers,
also referred to as links. The optical fibers may be used to establish optical links and transport
the optical signals between the NEs 112. The optical fibers may comprise standard single
mode fibers (SMFs) as defined in ITU-T standard G.652, dispersion shifted SMFs as defined in
ITU-T standard G.653, cut-off shifted SMFs as defined in ITU-T standard G.654, non-zero
dispersion shifted SMFs as defined in ITU-T standard G.655, wideband non-zero dispersion
shifted SMFs as defined in ITU-T standard G.656, or combinations thereof. These fiber types
may be differentiated by their optical impairment characteristics, such as attenuation, chromatic
dispersion, polarization mode dispersion, four wave mixing, or combinations thereof. These
effects may be dependent upon wavelength, channel spacing, input power level, or
combinations thereof. The optical fibers may be used to transport WDM signals, such as
course WDM (CWDM) signals as defined in [TU-T G.694.2 or dense WDM (DWDM) signals
as defined in ITU-T G.694.1. All of the standards described herein are incorporated herein by
reference.

[0047] The control plane controller 120 may coordinate activities within the WSON 110.
Specifically, the control plane controller 120 may receive optical connection requests and
provide lightpath signaling to the WSON 110 via an Interior Gateway Protocol (IGP) such as
Generalized Multi-Protocol Label Switching (GMPLS), thereby coordinating the NEs 112 such
that data signals are routed through the WSON 110 with little or no contention. In addition, the
control plane controller 120 may communicate with the PCE 130 using PCE protocol (PCEP)
to provide the PCE 130 with information that may be used for the RWA, receive the RWA

from the PCE 130, and/or forward the RWA to the NEs 112. The control plane controller 120
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may be located in a component outside of the WSON 110, such as an external server, or may be
located in a component within the WSON 110, such as a NE 112.

[0048] The PCE 130 may perform all or part of the RWA for the WSON system 100.
Specifically, the PCE 130 may receive the wavelength or other information that may be used
for the RWA from the control plane controller 120, from the WSON 110, or both. The PCE
130 may process the information to obtain the RWA, for example, by computing the routes, e.g.
lightpaths, for the optical signals, specifying the optical wavelengths that are used for each
lightpath, and determining the NEs 112 along the lightpath at which the optical signal should be
converted to an electrical signal or a different wavelength. The RWA may include at least one
route for each incoming signal and at least one wavelength associated with each route. The
PCE 130 may then send all or part of the RWA information to the control plane controller 120
or directly to the NEs 112. To assist the PCE 130 in this process, the PCE 130 may comprise a
global traffic-engineering database (TED), a RWA information database, an optical
performance monitor (OPM), a physical layer constraint (PLC) information database, or
combinations thereof. The PCE 130 may be located in a component outside of the WSON 110,
such as an external server, or may be located in a component within the WSON 110, such as a
NE 112.

[0049] In some embodiments, the RWA information may be sent to the PCE 130 by a PCC.
The PCC may be any client application requesting a path computation to be performed by the
PCE 130. The PCC may also be any network component that makes such a request, such as the
control plane controller 120, or any NE 112, such as a ROADM or a FOADM.

[0050] FIG. 2 illustrates an embodiment of a combined RWA architecture 200. In the
combined RWA architecture 200, the PCC 210 communicates the RWA request and the
required information to the PCE 220, which implements both the routing assignment and the

wavelength assignment functions using a single computation entity, such as a processor. For
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example, the processor may process the RWA information using a single or multiple
algorithms to compute the lightpaths as well as to assign the optical wavelengths for each
lightpath. The amount of RWA information needed by the PCE 220 to compute the RWA may
vary depending on the algorithm used. If desired, the PCE 220 may not compute the RWA
until sufficient network links are established between the NEs or when sufficient RWA
information about the NEs and the network topology is provided. The combined RWA
architecture 200 may be preferable for network optimization, smaller WSONS, or both.

[0051] FIG. 3 illustrates an embodiment of a separated RWA architecture 300. In the
separated RWA architecture 300, the PCC 310 communicates the RWA request and the
required information to the PCE 320, which implements both the routing function and the
wavelength assignment function using separate computation entities, such as processors 322
and 324. Altematively, the separated RWA architecture 300 may comprise two separate PCEs
320 each comprising one of the processors 322 and 324. Implementing routing assignment and
wavelength assignment separately may offload some of the computational burden on the
processors 322 and 324 and reduce the processing time. In an embodiment, the PCC 310 may
be aware of the presence of only one of two processors 322, 324 (or two PCEs) and may only
communicate with that processor 322, 324 (or PCE). For example, the PCC 310 may send the
RWA information to the processor 322, which may compute the lightpath routes and forward
the routing assignment to the processor 324 where the wavelength assignments are performed.
The RWA may then be passed back to the processor 322 and then to the PCC 310. Such an
embodiment may also be reversed such that the PCC 310 communicates with the processor 324
instead of the processor 322.

[0052] In either architecture 200 or 300, the PCC 210 or 310 may receive a route from the
source to destination along with the wavelengths, e.g. GMPLS generalized labels, to be used

along portions of the path. The GMPLS signaling supports an explicit route object (ERO).
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Within an ERO, an ERO label sub-object can be used to indicate the wavelength to be used at a
particular NE. In cases where the local label map approach is used, the label sub-object entry
in the ERO may have to be translated.

[0053] FIG. 4 illustrates a distributed wavelength assignment architecture 400. In the
distributed wavelength assignment architecture 400, the PCE 410 may receive some or all of
the RWA information from the NEs 420, 430, and 440, perhaps via direct link, and implements
the routing assignment. The PCE 410 then directly or indirectly passes the routing assignment
to the individual NEs 420, 430, and 440, which assign the wavelengths at the local links
between the NEs 420, 430, and 440 based on local information. Specifically, the NE 420 may
receive local RWA information from the NEs 430 and 440 and send some or all of the RWA
information to the PCE 410. The PCE 410 may compute the lightpaths using the received
RWA information and send the list of lightpaths to the NE 420. The NE 420 may use the list of
lightpaths to identify the NE 430 as the next NE in the lightpath. The NE 420 may establish a
link to the NE 430 and use the received local RWA information that may comprise additional
constraints to assign a wavelength for transmission over the link. The NE 430 may receive the
list of lightpaths from the NE 420, use the list of lightpaths to identify the NE 440 as the next
NE in the lightpath, establish a link to the NE 440, and assign the same or a different
wavelength for transmission over the link. Thus, the signals may be routed and the
wavelengths may be assigned in a distributed manner between the remaining NEs in the
network. Assigning the wavelengths at the individual NEs may reduce the amount of RWA
information that has to be sent to the PCE 410.

[0054] FIG. 5 illustrates an embodiment of a communication method 500 between the PCC
and the PCE. In the method 500, the PCC sends a message 502 to the PCE, where the message
502 comprises at least one of the RWA information described below. The message 502 may

also contain a status indicator that indicates whether the RWA information is static or dynamic.
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In an embodiment, the status indicator may indicate how long the static or dynamic status lasts,
so that the PCE can know how long the RWA information is valid and/or when to expect an
update. Additionally or alternatively, the message 502 may contain a type indicator that
indicates whether the RWA information is associated with a node, a link, or both.

[0055] The method 500 may be implemented using any suitable protocol, such as the IGP.
The IGP may be a routing protocol used for exchanging route information among gateways,
such as host computer or routers, in an autonomous network. Internet networks can be divided
into multiple domains or multiple autonomous systems, where one domain congregates a batch
of host computers and routers that employ the same routing protocol. In such a case, the IGP
may be provided for selecting route in a domain. The IGP may be link-state routing protocol in
that each node possesses information about the complete network topology. In such a case,
each node can independently calculate the best next hop from it for every possible destination
in the network using local information of the topology. The collection of best next hops may
form the routing table for the node. In a link-state protocol, the only information that may be
passed between the nodes is information used to construct the connectivity maps. Examples of
suitable IGPs include GMPLS, open shortest path first (OSPF), and intermediate system to
intermediate system (IS-IS).

[0056] As mentioned above, the message 502 may comprise RWA information such as at
least one port restriction. The port restrictions may indicate limitations regarding the
connectivity of the NE’s ports, the wavelengths supported by the NE’s ports, or both.
Specifically, the port restrictions may comprise a port connectivity information or data, a port
wavelength restriction information or data, or both. Moreover, the port wavelength restriction
information or data may comprise a number of wavelengths, a range of wavelengths, or both.
In some embodiments, the port connectivity data or port wavelength restriction data

corresponding to a plurality of ports may be forwarded for each port individually from the PCC
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to the PCE. Altematively, the port connectivity or port wavelength restrictions for a plurality
of ports may be combined together and then forwarded to the PCE.

[0057] In an embodiment, the port restrictions may be represented by a port restriction
matrix. The port restriction matrix may comprise a plurality of rows and a plurality of columns.
For instance, the port restriction matrix may be a wavelength restriction matrix comprising a
plurality of rows and a plurality of columns corresponding to the number of wavelengths and
the range of wavelengths. In another instance, the port restriction matrix may be a connectivity
matrix comprising a plurality of rows and a plurality of columns corresponding to the
individual ports of the NE.

[0058] The port wavelength restrictions may comprise the number of wavelengths, the
range of wavelengths, or both. The number of wavelengths may indicate how many different
wavelengths a port can simultaneously support or accept. For example, a port may be colored
or colorless. The range of wavelengths may indicate the extent or the limitation on the
wavelength range that the port can accept. In some embodiments, the wavelength restrictions
may comprise a number of wavelengths or a range of wavelengths from a larger predefined or
pre-established set of wavelengths or ranges of wavelengths that can be assigned to the port. In
other embodiments, the port wavelength restrictions may comprise a complete set of
wavelengths or ranges of wavelengths that may be assigned to the port.

[0059] For example, the number and range of wavelengths may represent multiple
wavelengths selected from a full range of wavelengths, which may indicate that the port can
accept a plurality of wavelengths simultaneously and is colorless in that it has no limitations on
which wavelengths it can accept. Alternatively, the number and range of wavelengths may
represent a single wavelength selected from a full range of wavelengths, which may indicate
that the port can accept only one wavelength at a time, but is colorless in that it has no

limitations on which wavelength it can accept. Further in the alternative, the number and range
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of wavelengths may represent a single fixed wavelength, which may indicate that the port can
accept only one wavelength at a time and is colorful in that it is limited to a single wavelength.
Moreover, the number and range of wavelengths may represent multiple wavelengths selected
from a reduced range of wavelengths, which may indicate that the port can accept a plurality of
wavelengths simultaneously and is limited in the wavelengths it can accept. Specifically, the
port may be limited to a plurality of individual, discrete wavelengths or may be limited to a
reduced range of wavelengths.

[0060] It will be appreciated that the port wavelength restrictions may be the same for all
the ports at the NE or may vary from port to port. The port wavelengths restrictions may be
static in that the number or range of wavelengths that a port can accept does not typically
change once the port is configured. Alternatively, the port wavelength restrictions may be
dynamic in that the number or range of wavelengths that a port can accept may be changed
when the port is reconfigured.

[0061] In an embodiment, the port wavelength restrictions may be represented by the
wavelength restriction matrix. The wavelength restriction matrix may comprise a plurality of
rows and a plurality of columns corresponding to the number of wavelengths and the range of
wavelengths, respectively, supported the port. Alternatively, the matrix columns and rows may
be associated with the number of wavelengths and the range of wavelengths, respectively. For
instance, the rows may represent the individual wavelengths a port can simultaneously accept,
and the columns may represent the limitation on the wavelength range, such as, each column
may be associated with a full wavelength range, a limited wavelength range, or a single
wavelength range. Alternatively, the columns may represent the individual wavelengths
supported by the port and the rows may represent the limitation on the wavelength range. The
intersection of a row and column may constitute a cell element that indicates a port’s

wavelength and a wavelength range extent.
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[0062] For example, for a colorless port that can accept a plurality of wavelengths
simultaneously, the elements at the intersections of the matrix rows associated with the multiple
wavelengths and the matrix column associated with the full wavelength range may be set to one
while the remaining matrix elements may be set to zero. In another example, for a colorless
port that can accept only one wavelength at a time, only the element at the intersection of the
matrix row associated with that wavelength and the matrix column associated with the full
wavelength range may be set to one. In another example, for a colorful port that can accept
only one wavelength at a time, only the element at the intersection of the matrix row associated
with that wavelength and the matrix column associated with the single wavelength range may
be set to one. In another example, for a port that can accept a plurality of wavelengths
simultaneously from a reduced range of wavelengths, the elements at the intersections of the
matrix rows associated with the multiple wavelengths and the matrix column associated with
the limited wavelength range may be set to one while the remaining matrix elements may be set
to zero.

[0063] In the case of establishing the wavelength restriction matrix for one specific
wavelength range, such as a full wavelength range, a limited wavelength range, or a single
wavelength range, the matrix may be reduced to a column or a row matrix. Hence, the row or
column matrix associated with the wavelength range may indicate the multiple wavelengths
that the port can accept at that wavelength range. Similarly, when the port wavelength
restriction data comprises the number of wavelengths but not the range of wavelengths, a row
or column matrix may be established indicating the multiple wavelengths supported by the port.
[0064] In other embodiments, where the port wavelength restriction data may comprise the
range of wavelengths without the number of wavelengths, a row or column matrix may be
established, where each row or column may be associated with a wavelength range, such as a

full wavelength range, a limited wavelength range, or a single wavelength range. In other
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embodiments the row or column matrices representing the number of wavelengths or the range
of wavelengths may be combined for a plurality of ports into a single wavelength restriction
matrix, where each row or column may correspond to an individual port.

[0065] The port connectivity may indicate the data links, lightpaths, optical connections, or
other links that may be established between the ports of the NE. The port connectivity may
reflect the connections without regard for port wavelength restrictions. The port connectivity
may also reflect connections between the ports in a single direction, in two opposite directions,
for example downstream and upstream, or regardless of a path flow direction. The port
connectivity may be fixed or static when the connectivity between the NE’s ports is fixed, such
as the case of an optical switch or a FOADM. Alternatively, the port connectivity may be
changeable or dynamic when the connectivity between the NE’s ports is reconfigurable, such as
the case of a reconfigurable NE or a ROADM.

[0066] In an embodiment, the port connectivity may be represented by the connectivity
matrix. The connectivity matrix may comprise a plurality of rows and a plurality of columns
corresponding to the individual ports of the NE. Specifically, the rows may represent the
ingress ports, such as line side ingress ports and add ports, and the columns may represent the
egress ports, such as line side egress ports and drop ports. Alternatively, the columns may
represent the ingress ports and the rows may represent the egress ports. As such, the
intersection of each row and column of the connectivity matrix may constitute a cell element
that indicates the connectivity between the corresponding ingress port and egress port.

[0067] In the case of representing the connectivity information for a single port of the NE,
the connectivity matrix may be reduced to a column or a row matrix. The row or column
matrix associated with the port may comprise the total connectivity information of the port with
respect to the remaining ports of the NE. In some embodiments, the connectivity matrix

associated with a single port or a plurality of ports may correspond to a single wavelength or a
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single range of wavelengths supported by the port or ports of the NE. As such, a number of
connectivity matrices may be used to represent the connectivity information associated with the
number or range of wavelengths. Further, the connectivity matrix may correspond to a single
path flow direction, such that one connectivity matrix may be used to represent the ports’
connectivity information for unidirectional path flows, while two connectivity matrices may be
used in the case of bidirectional path flows.

[0068] FIG. 6 illustrates one embodiment of a port restriction processing method 600. The
port restriction processing method 600 may be implemented at the PCC in one of the RWA
architectures 200, 300, or 400, described above. At block 610, the method 600 may represent
the port restrictions for an NE, such as a ROADM. The port restrictions may comprise the port
connectivity, the port wavelength restrictions, or both. The port wavelength restrictions may
include a number of wavelengths, a range of wavelengths, or both. Each of the port restrictions
may be embodied in a single matrix or multiple port restrictions may be combined in a single
matrix.

[0069] At block 620, the method 600 may compress the port restrictions. For instance, the
port restriction matrix may be compressed by grouping similar elements of each row or column.
In an embodiment, the elements of each row (or column) equal to one may be represented by a
group comprising the numbers of the elements’ columns (or rows). Further, the rows
corresponding to a common group of columns may be grouped. In some embodiments, the
rows with the common group of columns may be represented by a group comprising the
numbers or the range of the rows.

[0070] At block 630, the method 600 may forward the compressed port restrictions to a
network entity, such as the PCE. If compressed, the port restrictions may be uncompressed and
processed, for example in computing routing, wavelength assignment, or both. In other

embodiments, the method 600 may be implemented without compressing the port restrictions at
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block 620. As such, the port connectivity may be represented using the connectivity matrix and
the elements of the connectivity matrix may be forwarded along any established wavelength
restrictions.

[0071] The representation of the port restrictions in a matrix and the compression of the
port restrictions can be explained further using the port connectivity of a ROADM as an
example. FIG. 7 illustrates one embodiment of a ROADM 700 that may constitute, reside in,
or be coupled to one of the NEs in a WSON. The ROADM 700 may comprise a line side
ingress port 702, four drop ports 704, 706, 708, and 710 coupled to the line side ingress port
702, a line side egress port 712 coupled to the line side ingress port 702, and four add ports 714,
716, 718, and 720 coupled to the line side egress port 712. The ROADM 700 may receive the
optical signals from the line side ingress port 712 or any of the add ports 714, 716, 718, and
720, and transmit the optical signals on the line side egress port 712 or any of the drop ports
704, 706, 708, and 710. As such, the port connectivity for the ROADM 700 may be
represented using a symmetrical connectivity matrix comprising five rows corresponding to the
five ingress ports and five columns corresponding to the five egress ports, where each element
of the matrix indicates the connectivity between ports. For example, a one could be used to
indicate connectivity, while a zero could indicate a lack of connectivity. Such a matrix for the

ROADM shown in FIG. 6 would be:

—_— = = e e
o O o o —
o O o o —
oSO O o o =
SO O o o =

Alternatively, the ROADM 700 may be represented using the transpose matrix of the
connectivity matrix above, where the five rows of the transpose matrix correspond to the five

egress ports and the five columns correspond to the five ingress ports. However, since the
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connectivity matrix is symmetrical, the transpose matrix is equal to the connectivity matrix and
the two representations are identical.

[0072] Further, the port connectivity may be compressed by grouping some of the elements
of the connectivity matrix. For instance, in the case of the ROADM 700, the port connectivity
may be compressed by grouping the elements of each row (or column) corresponding to an
ingress (or egress) port into a single group. Specifically, the group may comprise the column
(or row) numbers corresponding to each element equal to one of the row (or column). Hence,
the port connectivity representation may be compressed using a plurality of groups equal to the
number of rows (or columns) instead of the connectivity matrix representation. For a
connectivity matrix with four, five, eight, 32, or 40 ingress and egress ports, for example, the
number of elements in the groups may be substantially smaller than the number of elements in
the connectivity matrix.

[0073] For example, the first row of the connectivity matrix above may correspond to the
line side ingress port of the ROADM shown in FIG. 6 and comprise five ones, which may
indicate connectivity between the line side ingress port and each one of the five egress ports of
the ROADM. Hence, the port connectivity for the line side ingress port may be compressed by
a group representation comprising the column numbers or the positions of the elements equal to
one in the first row, such as {1,2,3,4,5}. The column numbers in the group also correspond to
the individual egress ports connected to the line side ingress port. The elements of the
remaining rows, corresponding to the remaining ingress ports, may be similarly compressed to
obtain four more groups of column numbers. Since each row of the remaining rows comprises
one element equal to one and located at the first column position, each corresponding group
may comprise the same column number, i.e. {1}. Thus, the number of elements obtained in the
five compressed groups is equal to nine, which is substantially smaller than the 25 elements or

cells of the connectivity matrix. The compressed groups of column numbers are:
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1,2,3,4,5

259y o
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[0074] Further, the port restrictions may be compressed by grouping the rows (or columns)
that share a common group of column (or row) numbers. Specifically, the group of rows (or
columns) may comprise the row (or column) numbers of each row (or column) that share a
common group of columns (or rows). Hence, the port connectivity representation may be
further compressed using a plurality of group pairs, each group pair comprising one group of
row numbers indicating the individual ingress (or egress) ports and another group of column
numbers indicating the egress (or ingress) ports connected to the ingress (or egress) ports.
[0075] For example, the five compressed group of column numbers for the ROADM of
FIG. 6 shown above, may be further compressed into two group pairs. Since only the line side
ingress port is connected to each of the five egress ports, the first group pair is represented such
as {(1), (1,2,3,4,5)}. On the other hand, since each of the remaining four ingress add ports are
connected to the line side egress port, the second group pair is represented such as {(2,3,4,5),
(D}

[0076] Additionally, the port restriction may be further compressed by substituting the
numbers of rows and columns in the group pairs with the ranges of rows and columns. For
instance, in each group pair, one of the groups may comprise the first and last row number
indicating the range of ingress ports, while the other group may comprise the first and last
column number indicating the range of egress ports connected to the range of ingress ports. For
example, the two compressed group pairs that represent the port connectivity of the ROADM
of FIG. 6 may be further compressed by substituting the row and column numbers with the row

and column ranges such as {(1), (1-5)} for the first group pair and {(2-5), (1)} for the second
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group pair. The number of elements in the compressed group pairs may be substantially
smaller than the number of elements in the connectivity matrix as the number of ports increases.
[0077] Although the compression schemes or algorithms shown above are implemented for
port connectivity data, the same schemes may be implemented for compressing any port
restriction data. For instance, the port restrictions may be represented by a port restriction
matrix. Accordingly, the port restrictions may be compressed by grouping the elements or the
matrix rows (or columns) and further grouping the elements of the matrix columns (or rows).
Alternatively, the port restrictions may comprise port wavelength restrictions, which may be
represented using a wavelength restriction matrix. The port wavelength restrictions may
similarly be compressed by grouping the elements or the matrix rows (or columns) and further
grouping the elements of the matrix columns (or rows).

[0078] In another embodiment, the NE may be an asymmetrical optical component such as
an asymmetrical ROADM, WSS, or OXC comprising a different number of ingress and egress
ports. The port restrictions for the asymmetrical component may be represented using an
asymmetrical matrix. For instance, the port restrictions may comprise port connectivity. The
port connectivity may be represented by a connectivity matrix that comprises a number of rows
corresponding to the number of ingress (or egress) ports and a different number of columns
corresponding to the number of egress (or ingress) ports.

[0079] For example, in the case of an OXC with M ingress ports and N egress ports, where
M and N are two different integers, the port connectivity may be represented using a
connectivity matrix with M x N elements. The port connectivity may be compressed as shown
above. Further, the OXC may have a full connectivity among the ingress and egress ports,
which may be compressed using a single group pair. For instance, the first group may indicate
the first and last ingress (or egress) ports, e.g. 1 and M, and the second group may indicate the

first and last egress (or ingress) ports, e.g. 1 and N, and hence the compressed group pair

2
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representation may be {(1-M), (1-N)}. As such, the number of elements in the connectivity
matrix M x N is substantially reduced.

[0080] It should be noted that the port restrictions data or information is compressed prior
to forwarding the port restrictions to the PCE. However, when received by the PCE, the
compressed port restrictions may be uncompressed to obtain the port restriction data prior to
processing. To uncompress the port restrictions, the compression scheme or algorithm applied,
may be stored at the PCE or forwarded along with the port restrictions.

[0081] The network components described above may be implemented on any general-
purpose network component, such as a computer or network component with sufficient
processing power, memory resources, and network throughput capability to handle the
necessary workload placed upon it. FIG. 8 illustrates a typical, general-purpose network
component 800 suitable for implementing one or more embodiments of the components
disclosed herein. The network component 800 includes a processor 802 (which may be
referred to as a central processor unit or CPU) that is in communication with memory devices
including secondary storage 804, read only memory (ROM) 806, random access memory
(RAM) 808, input/output (/O) devices 810, and network connectivity devices 812. The
processor may be implemented as one or more CPU chips, or may be part of one or more
application specific integrated circuits (ASICs).

[0082] The secondary storage 804 is typically comprised of one or more disk drives or tape
drives and is used for non-volatile storage of data and as an over-flow data storage device if
RAM 808 is not large enough to hold all working data. Secondary storage 804 may be used to
store programs that are loaded into RAM 808 when such programs are selected for execution.
The ROM 806 is used to store instructions and perhaps data that are read during program
execution. ROM 806 is a non-volatile memory device that typically has a small memory

capacity relative to the larger memory capacity of secondary storage. The RAM 808 is used to
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store volatile data and perhaps to store instructions. Access to both ROM 806 and RAM 808 is
typically faster than to secondary storage 804.
[0083] While several embodiments have been provided in the present disclosure, it should
be understood that the disclosed systems and methods might be embodied in many other
specific forms without departing from the spirit or scope of the present disclosure. The present
examples are to be considered as illustrative and not restrictive, and the intention is not to be
limited to the details given herein. For example, the various elements or components may be
combined or integrated in another system or certain features may be omitted, or not
implemented.
[0084] In addition, techniques, systems, subsystems, and methods described and illustrated
in the various embodiments as discrete or separate may be combined or integrated with other
systems, modules, techniques, or methods without departing from the scope of the present
disclosure. Other items shown or discussed as coupled or directly coupled or communicating
with each other may be indirectly coupled or communicating through some interface, device, or
intermediate component whether electrically, mechanically, or otherwise. Other examples of
changes, substitutions, and alterations are ascertainable by one skilled in the art and could be
made without departing from the spirit and scope disclosed herein.

EXAMPLES
[0085] Link state routing models for packet switched networks feature non-blocking
switching nodes and links with relatively simple attributes such as a metric used in shortest path
route computations. The only state information kept concerning the link is its operational status,
e.g., whether it is up or down. Features were then introduced into link state routing protocols to
support the extended Quality of Service (QoS) features of Asynchronous Transfer Mode (ATM)
and Multi-Protocol Label Switching (MPLS). These included link capacity constraints and

current utilization state (bandwidth currently used and available). Though the link models
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increased in sophistication, the models for the switching nodes remained that of a simple
idealized non-blocking switch fabric. The non-blocking assumption modeled the performance
expected from a switch by a carrier. This approach carried over to the GMPLS control of
Time-Division Multiplexing (TDM) networks such as Synchronous optical networking
(SONET)/Synchronous Digital Hierarchy (SDH). In this case, many large TDM switches were
implemented via re-arrangeably non-blocking fabrics but such techniques were hidden from the
user of the switch via hitless rearrangement techniques. Hence, once again the switching model
is extremely simple that requires no “node” state be remembered for path computation.

[0086] In WSONSs, the path computation involves both route selection and wavelength
assignment. In the case of limited or no wavelength converters, more detailed link state
knowledge is needed to enable wavelength assignment. At a minimum, the available and used
wavelength information is needed at each link. On top of this, some of the most popular and
cost effective switching elements for use in WSONSs, e.g., ROADMs, are highly asymmetrical
switching devices.

[0087] One approach to generating a model for blocking or highly asymmetrical switching
devices is to reveal the inner workings of the switch or multiplexer. Indeed, most if not all
switching structures in common use today are assembled from a collection of non-blocking
fabrics and capacity constrained links. In this disclosure, a method is presented for representing
a broader class of switching devices.

[0088] The most basic aspect of an asymmetrical switching device is that not every ingress

port can talk to every egress port. Let C= {cl.j} denote the potential connectivity matrix which
indicates whether a wavelength on ingress port /; can be connected to egress port £, €., ¢; =0
or 1. Let W,={w,} be the wavelength usage state for egress port E,

2

0 if /4, isnotinuse

wherew , = . o
! {1 if 4, isin use
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[0089] Supposing switching a wavelength 4, on ingress port /, out of egress port £, is
required. The first restriction of WSON networking is that wavelength 4, cannot already be in
use on egress port £, ie, w, =0 is required. The inclusion of additional egress port

wavelength constraints can allow for the modeling of a number of practical WSON switching
devices, such as a number of different types of ROADMs and their generalizations. The
following per port constraints types will be demonstrated:

1. Wavelength set constraint: 4, is required to be an element of a set A of
permitted output wavelengths for egress port £, . This set can be different for each port.

2. Cardinality restriction: the number of active wavelengths on an egress port is

restricted. In equation form, Zw « SM , for egress port £, .
k

[0090] In the following, the preceding formalism is used to model Type I and Il ROADMs,
WSS, a waveband based ROADM, and a higher degree ROADM (i.e., a system that has both
OXC and ROADM features).

[0091] A type IROADM is defined as possessing a line side ingress port, a line side egress
port, and a multitude of colored drop ports. Note that this is actually “half” a ROADM since
this structure is usually repeated in the opposite direction to for a “bi-directional” system.
Multiple technologies can be used to realize such systems in particular wavelength blockers
(WB) and small switch array (SSA) technologies. A diagram of one possible implementation
of such a system based on a SSA is given in FIG. 9.

[0092] An implementation dependent method of modeling this ROAM would consist of
two nodes for each of the demultiplexers with wavelength constraints on each demultiplexer
output link, one node for the output multiplexer, N 2x2 switching nodes for each element of the
SSA, and one node to represent the input splitter. Instead, this ROADM can be represented in

general by the (N +1)X (&N +1) connectivity matrix
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_ .
. 01

C=/0 0 .. 01 (1.1)
00 .. 0 1]

where the line side ingress port is labeled port /;, the add ports are labeled 7,,7;,....1,,
respectively, the drop egress ports are labeled £, F,,..., I, respectively, and the line side
egress port is labeled £, .

[0093] The (trivial) port wavelength constraints for the drop ports £, are:

A={2} (2
and

dw, <1 (1.3)

p
[0094] Equation (1.2) tells us that the set of permissible wavelengths for this port consists
of just one member (the definition of a colored port) and equation (1.3) is a redundant, in this
case, cardinality constraint that tells us this is a single channel port.

[0095] A type I ROADM is defined as possessing a line side ingress port, a line side
egress port, and a multitude of colorless drop ports. However, these drop ports are restricted to
carrying only a single channel. One possible implementation of a type Il ROADM is shown in
FIG. 10.

[0096] The potential connectivity matrix is given by equation (1.1). The port wavelength

constraints for the drop ports £, are:

A={A A Ayt (1)

and
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dw, <1 (1.3)

k
[0097] In addition to reconfigurable devices, many fixed routing devices can appear in a
WSON. These include splitters, combiners, and FOADMs. Although these are not under the
control of the control plane, their presence can affect or dictate the choice of paths used to reach

a destination. This fixed connectivity can be modeled with a fixed connectivity matrix

F={f,}along with a set of fixed port wavelength constraints. For example, the splitter,

combiner, and fixed demultiplexer of FIG. 11a, FIG. 11b, and FIG. 11c, respectively, can be

specified by the following fixed connectivity matrices:

F =[1 1 I,F,=/1|,andF.=[1 1 - 1]. (16

—_—

[0098] To tell the difference between a splitter and a demultiplexer, it is first noted that the
splitter does not have any port wavelength constraints while the demultiplexer will have a set of
egress port wavelength constraints equivalent to equation (1.2).

[0099] Most fixed WSON subsystems would not participate in the control plane and their
presence would be inferred, e.g., from constraints on a receiving end system. However, some
reconfigurable subsystems are better modeled as a combination of reconfigurable and fixed
subsystems. To model such systems requires additional information and procedures. In
particular, both a fixed and switched connectivity matrix can be required along with their
respective port connectivity constraints.

[0100] For example, a variant of a type Il ROADM built from switching technology rather than
a wave blocker that has additional constraints is shown in FIG. 12. Here, a switching array of
dimension M is assumed, where M < N and N is the number of WDM channels on the line.

Hence, only the capability to switch a subset of the wavelengths is possible. The connectivity
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matrix will have the same structure as equation (1.1), but will now have
dimensions (M +1)x (M +1) .

[0101] The port wavelength constraints for the drop ports F are:

A ={ Ay as Ao A} (1.7)

5 and

dw, <1 (1.8)

k

[0102] To be explicit in modeling the pass through behavior of wavelengths 4,,..., 4, _,, ;. the

fixed structure of FIG. 12 can be modeled with

=1 i=1,j=M+1
F:{f” / (1.9)

Jf; =0 otherwise

10 Along with the following fixed port constraint for &, ., :

A ={Aduidna} (1L10)

[0103] The wavelength selective cross connects and higher degree ROADMSs can be built from

WSS elements. There are two different approaches to higher degree ROADMSs. One based on

per port add/drop, as represented in FIG. 13, and the other based on a per node add/drop, as
15  represented in FIG. 14. The connectivity matrix for the ROADM of FIG. 13 is:

1 1.0 0 0 1 1 1

(1.11)

o o o o o O
o o o o o O
o o o o o O
o o O o o o o
o o O o o o o
o o O o o o o

J—
o O O

The connectivity matrix for the ROADM of FIG. 14 is:
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(1.12)

o o o o o O
o o o o o O
o o o o o O
o o o o o O
o o o o o O
o o o o o O

[0104] For the ROADM of FIG. 12, a single connectivity matrix C along with port constraints
was not sufficient to specify the behavior of the system. In this case, the fixed connectivity
matrix F and additional fixed port wavelength constraints are needed to supplement this
information. In general case, two ways may be used to model more complicated cases. The
system can modeled as a collection of wavelength dependent connectivity matrices or with a set
of internal nodes along with internal link constraints.

[0105] In FIG. 15a, a WSON system is shown with two ingress and two egress ports. It is

represented internally by four switching nodes and four wavelength constrained links. The

internal link from port /,to port %, only supports a single channel of wavelength 4 and the

link from port 7,to port £ only supports a single channel of wavelength 4,. Our simplified

model would come out with the following connection matrix:

C—ll 1.13
{1 J (1.13)

[0106] Now the problem arises since both egress ports support the wavelength set {4, 4,} and
hence there is no way to tell from this description that A, from /, cannot be switched to port £, .

Hence, the system of FIG. 15a cannot utilize our simplified representation. An equivalent
representation in terms of wavelength dependent connection matrices can be derived from FIG.
15b and FIG. 15¢c where the wavelength dependent connectivity of the system is shown, which

would lead to the wavelength dependent connectivity matrices:
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C—ll dC—10 (1.14)
%—Olan == 1| .

[0107] Hence, previous method for representing WDM (WSON) switches is extended to allow
multiple switched connectivity matrices along with their corresponding port/wavelength
constraints. In general, an arbitrary WSON switch can be modeled without wavelength
converters as shown in FIG. 16 where each “fixed block” and “switch block™ is represented by
its own connectivity matrix and its own set of port/wavelength constraints.

[0108] Given a connectivity matrix C and constraints, a model for use in a network graph can
be constructed by, first of all, an algorithm for solving the RW A problem that will know how to
deal with link constraints, since these are always present in one form or another. Our interest
here is what to substitute into the overall WSON network graph for the switching subsystem
based on the C matrix.

[0109] The simplest approach to create a subgraph representing the connectivity of C is via a
generic bipartite subgraph as shown in FIG. 17a. A bipartite graph is a graph whose set of
nodes has been partitioned into two disjoint sets.

[0110] Here, an internal node is added for each ingress and egress port and an internal link for

eachc, =1. Hence, the two sets of nodes of our bipartite graph correspond to the internal

ingress and egress nodes respectively. In FIG. 17b, this generic realization approach is shown
applied to the C matrix of equation (1.1). In this particular graph representation, where
2(N +1) internal nodes and 2N +1 intemal links are added for a simple two degree and N-
channel unidirectional ROADM, computation resources can be significantly wasted since path
computation algorithms scale in terms of the number of nodes and links. In addition, most of
the added nodes and links can be superfluous or redundant.

[0111] The connectivity matrix for ROADMs with a large number of add/drop as compared to

line side ports will be sparse and hence standard sparse matrix techniques could be applied for
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efficient transmission. In the case of higher degree ROADMSs, such as those shown above, this
would be less than optimal. First, some of the connectivity matrices were not that sparse, and
second, finding an efficient graph representation for use in path computation remains a problem.
[0112] One intuitively appealing approach to encoding the connectivity matrix is to break the
switch down into the fewest largest non-blocking sub-switches possible. This corresponds to
the problem of finding the minimum number of complete bipartite subgraphs that cover the
corresponding bipartite graph of FIG. 17a. This is in general a computationally difficult
problem, which only has guaranteed fast solution for restrictive graph classes. However, one
can take advantage of knowledge of the WSON switches functionality or start with an efficient
algorithm to list maximal bipartite subgraphs.

[0113] For instance, let I represent the set of all ingress ports, and E the set of all egress ports.

Denote by I, cIa specific subset of the ingress ports, and E, c Ea specific subset of the

egress ports. As such, the matrix C can be represented via a complete bipartite cover, i.e., a

collection of pairs of subsets of I and E with the requirement:
{(L.E))li,e 1, e,e B, =c, =1} (1.15)
and

UL =L |JE,=E (1.16)

J

[0114] Such a bipartite cover always exists. For example, let I, ={] ]} and the sets

E, = {ek e, = l} , which is just a row compressed form for the matrix C and leads to the graph

representation of FIG. 17a. Making the sets I, and E; “maximal” can reveal more of the

structure of the switch for use in the graph representation and save space when passing this
information via a control plane. Although this is generally a hard problem, current WSON

switching elements implemented and proposed exhibit a great deal of relatively straight
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forward structure in their connectivity (but not necessarily their internal design) making the job
of finding maximal sets I, and E, relatively straight forward as illustrated in the following

examples.
[0115] In a first example, the two degree ROADM of FIG. 10 can be represented by the
following two pairs: ({/,},{F, E,,.... Ey,}) and ({15, 1,,.... 1y, . {Ey,}) - In a second

example, the per port add/drop higher degree ROADM of FIG. 13 can be represented by the

following ingress/egress set pairs: ({/1,5h},{F1,F2}), ({I}.{EeEq7Es}), ({1}, {EsEaEs}),

({I3,14,15} ,{ F2}), and ({16,07,13},{F1}). In a third example, the per node add/drop higher degree

ROADM of FIG. 14 can be represented by the pairs: ({/,,1,},{£,L,,....I5})
and ({1;,1,,...., I} ,{EL ES ).
[0116] Given a compact representation, (I,,E;), for the connectivity matrix C, a compact

graph representation can be generated for use in path computation as follows:

1. Let each (I,,E ) define a non-blocking internal switching node.

2. Ifingress port 7, € [;and 7, ¢ I forall p # j, then this ingress port can be

directly attached to this switching block.

3. If egress port ¢, € E and ¢, ¢ E forall p # j, then this egress port can be

directly attached to this switching block.

4. If ingress port 7, € I, for more than one value of /, then a node with i, as ingress
and with egress links is inserted to all other blocks such thati, € T,.

5. If egress port e, € E, for more than one value of /, then a node with e, as egress
and with ingress links is inserted from all other blocks such thate, € E , .

6. Merging: internal nodes with only one egress or ingress link can be merged with

their adjacent node.
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[0117] In a fourth example, given the compact encoding from the first example above, two

switching blocks are created, as shown in FIG. 18a. The portF,,,, is a common egress port to
both blocks, add a node with £, as egress, and connect both these blocks to this node, as

shown in FIG. 18b. Finally, nodes are merged where possible, as shown in FIG. 18c.

[0118] The conversion from this compact encoding to a minimal graph representation is a
feature of our WSON switching system model and differs in a key way from that previously
used in GMPLS routing. In GMPLS routing, information is associated with individual links in
a switching subsystem, which would be possible for a row compressed encoding of the
connectivity matrix. However, if such a mechanism was used, then the graph representation
problem has to be solved again. Hence, for WSON switching systems, it would be better to
introduce the compact encoding of the connectivity matrix as a new node wide attribute.

[0119] The extended WSON switch model shown above consists of possibly multiple fixed
connectivity matrices and switched connectivity matrices along with associated port
wavelength constraints. Both the connectivity matrices and the port wavelength constraints can
be compactly represented. Furthermore, the compact representation given for the connectivity
matrices leads to a minimal graph representation for use in path computation. As such, this

model and its encodings are recommended for use in emerging WSON control plane standards.
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CLAIMS
What is claimed is:
1. A network component comprising at least one processor configured to implement a
method comprising:
creating a port restriction matrix comprising a plurality of port restrictions; and

compressing the port restriction matrix.

2. The network component of claim 1, wherein the port restrictions comprise port

connectivity, port wavelength restrictions, or both.

3. The network component of claim 1, wherein compressing the port restriction matrix

comprises grouping similar elements of each row or columns.

4, The network component of claim 3, wherein the port restriction matrix comprises a
plurality of ones and a plurality of zeros, and wherein the grouping comprises indicating the

location of only the ones or only the zeros.

5. The network component of claim 1, wherein compressing the port restriction matrix
comprises a first grouping of similar elements of each row, then a second grouping of columns,

or a first grouping of similar elements of each column, then a second grouping of columns.

6. The network component of claim 5, wherein the port restriction matrix comprises a

plurality of ones and a plurality of zeros, and wherein the first grouping comprises indicating

the location of only the ones or only the zeros.

35



10

15

20

25

WO 2009/021440 PCT/CN2008/071912

7. The network component of claim 6, wherein the second grouping comprises indicating

a list of common columns for each row, a list of common rows for each column, or both.

8. The network component of claim 6, wherein the second grouping comprises indicating

a range of common columns for each row, a list of common rows for each column, or both.

9. A method comprising:
establishing a port wavelength restriction data for an optical component;
establishing a port connectivity data for the optical component; and
transmitting the port wavelength restriction data and the port connectivity data to a path

computation element.

10. The method of claim 9, wherein the optical component is asymmetrical.

11. The method of claim 9 further comprising compressing the port wavelength restriction

data, the port connectivity data, or both.

12.  The method of claim 11, wherein the port wavelength restriction data, the port
connectivity data, or both comprises a plurality of ones and a plurality of zeros, and wherein the
compressed port wavelength restriction data, the port connectivity data, or both does not

comprise any zeros.

13. The method of claim 9, wherein the port wavelength restriction data comprises a

number of wavelengths, a range of wavelengths, or both.
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14. The method of claim 9, wherein the port connectivity data consists of a connectivity
matrix.
15. The method of claim 9, wherein the port wavelength restriction data consists of at least

one wavelength restriction matrix.

16. An apparatus comprising:
a path computation client configured to communicate data to a path computation
element,

wherein the data comprises a port restriction data.

17. The apparatus of claim 16, wherein the port restriction data comprises a compressed

connectivity matrix.

18.  The apparatus of claim 17, wherein the compressed connectivity matrix indicates

connectivity between ports.

19. The apparatus of claim 16, wherein the port restriction data comprises a compressed

wavelength restriction matrix.

20. The apparatus of claim 19, wherein the compressed wavelength restriction matrix

indicates a number of wavelengths, a range of wavelengths, or both.

21.  The apparatus of claim 16, wherein the port restriction data comprises a first

connectivity matrix that represents a fixed portion of a network element and a second
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connectivity matrix that represents a switched portion of the network element, wherein the first
connectivity matrix is associated with a first wavelength constraint, and wherein the second

connectivity matrix is associated with a second wavelength constraint.

22.  The apparatus of claim 16, wherein the port restriction data comprises at least one fixed
connectivity matrix, at least one switched connectivity matrix, or both, and wherein the fixed
connectivity matrix, the switched connectivity matrix, or both are associated with at least one

wavelength constraint.

23. The apparatus of claim 16, wherein the port restriction data is used to define a plurality

of internal non-blocking switching nodes.
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