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(7) ABSTRACT

A multi-grained network includes edge modules that switch
high-variance multi-rate data traffic, and independent core
modules that switch paths having different granularities. The
core may include core modules that switch fixed-size data
blocks, core modules that switch channels or bands of
channels, core modules that switch entire links, and core
modules that cross-connect channels or links. To simplify
the control functions, the core modules operate indepen-
dently from each other. Direct link, band or channel con-
nections may be established for selected ingress-egress edge
module pairs, if traffic volumes warrant. The use of graded
granularity in the core simplifies the control function and
reduces network cost.
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MULTI-GRAINED NETWORK

RELATED APPLICATIONS

[0001] This application is a continuation application
which claims priority under 35 U.S.C. §1.120 to previously
filed application Ser. No. 09/671,140 filed Sep. 28, 2000.

TECHNICAL FIELD

[0002] This invention relates generally to the field of data
network design and control. In particular, it relates to the
design of a network that provides paths of different granu-
larities between edge modules, and to routing control in the
network.

BACKGROUND OF THE INVENTION

[0003] Data networks are generally constructed using a
number of edge switches, also referred to as “edge mod-
ules”, that are connected to local data sources and data sinks.
The edge modules are interconnected by a network core that
switches traffic between edge modules, as required. The
network core may be a distributed core that includes a
plurality of geographically distributed core modules. The
network core may also be an agile core that is reconfigured
to satisty fluctuating traffic demands.

[0004] Links interconnecting the edge modules and the
core modules support communications paths for transferring
data between edge modules. Each of the communications
paths has a predetermined granularity defined as an integer
multiple of a capacity unit. A capacity unit is the minimum
capacity, in bits per second, that may be assigned to a traffic
stream. Traditionally, the granularity of links interconnect-
ing edge modules with core modules is uniform. Several
examples of architectures for modern data networks with
links of uniform granularity are described in Applicant’s
copending United States patent applications referenced
below.

[0005] In Applicant’s copending U.S. patent application
Ser. No. 09/286,431, filed on Apr. 6, 1999, and entitled
SELF-CONFIGURING DISTRIBUTED SWITCH, a net-
work architecture is described in which high-capacity elec-
tronic edge modules are interconnected by an agile channel-
switching optical core. A global controller selects paths
through the channel switched core and reconfigures the
paths in response to dynamic changes in data traffic loads.
Reconfiguration timing between the edge modules and the
channel switch core modules is performed to keep recon-
figuration guard time minimized.

[0006] In Applicant’s copending U.S. patent application
Ser. No. 09/475,139, filed on Dec. 30, 1999, and entitled
AGILE OPTICAL-CORE DISTRIBUTED PACKET
SWITCH, an architecture for an optical-core network in
which a core module controller selects paths through an
associated core module and reconfigures the paths in
response to dynamic changes in data traffic loads is
described. Switching latency in the core modules is masked
so that the source edge modules need not disrupt data
transmission during core reconfigurations. A slight surplus
capacity is provided in the core modules to facilitate core
reconfigurations. The reconfiguration functions of the edge
modules and the core modules are coordinated to keep
reconfiguration guard time minimized. This yields a high
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capacity, load-adaptive, self-configuring switch that can be
widely distributed to serve a large geographical area.

[0007] In Applicant’s copending U.S. patent application
Ser. No. 09/550,489, filed Apr. 17, 2000, and entitled HIGH
CAPACITY WDM-TDM PACKET SWITCH, a network
architecture is described in which electronic edge modules
are interconnected by space switches that are operated in a
time division multiplexed (TDM) mode. The use of TDM
permits a channel (typically a wavelength in a WDM trans-
port medium) to be split into several sub-channels. This
increases the number of edge modules that can be directly
reached without a requirement for tandem switching. The
network comprises a distributed channel switching core, the
core modules being respectively connected by a plurality of
channels to a plurality of high-capacity packet switch edge
modules. Each core module operates independently to
schedule paths between edge modules, and reconfigures the
paths in response to dynamic changes in data traffic loads
reported by the edge modules. Reconfiguration timing
between the packet switch edge modules and the channel
switch core modules is performed to keep reconfiguration
guard time minimized.

[0008] In Applicant’s copending U.S. patent application
Ser. No. 09/624,079, filed Jul. 24, 2000, and entitled
MULTI-DIMENSIONAL LATTICE NETWORK, a multi-
dimensional lattice network that scales to capacities of the
order of a Yotta b/s (10** bits per second) includes a plurality
of sub-nets of edge module switches interconnected by an
agile switching core. A sub-net may be constructed as an
agile optical-core network as described in patent applica-
tions referenced above, or as an agile electronic-based core,
as described in U.S. patent application Ser. No. 09/550,489
referenced above.

[0009] Each of the above-described network architectures
was designed around network links that support paths of a
uniform granularity. It is well known that the elasticity and
granularity of a path can have a considerable impact on a
network’s efficiency and control complexity. It is also well
known that coarse paths (paths in which the capacity unit is
very large, e.g., 10 Gb/s) reduce the number of control
variables and thus simplify network control functions. How-
ever, if traffic volume does not warrant coarse path granu-
larity, the use of coarse paths may dramatically reduce
network efficiency. On the other hand, paths having a fine
granularity (paths in which the capacity unit is relatively
small, e.g., 100 Kb/s) tend to increase network efficiency
since more direct paths can be established from each edge
module to other edge modules in the network. This reduces
the mean number of hops between edge modules. However,
control complexity is increased, especially if the core mod-
ules are agile core modules, as described in Applicant’s
copending patent applications referenced above.

[0010] Tt is generally believed that the diversity of data
traffic in modern data networks is increasing. Transfer rate
requirements in networks with diverse traffic loads may vary
from a few Kb/s to a few Gb/s, or even up to a Tb/s. In
addition, data traffic patterns typically show that the bulk of
data traffic originating from any edge switch is often directed
to only a few other edge switches, the balance of the data
traffic being widely distributed to a very large number of
other edge switches. While existing networks can be con-
figured to service such distributions of data traffic, they are
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not adapted to provide such service efficiently. Conse-
quently, there is a need for a “multi-grained” network that is
capable of economically handling extremes in transfer rate
and distribution of traffic without unmanageable control
complexity.

SUMMARY OF THE INVENTION

[0011] Tt is therefore an object of the invention to provide
an architecture for a data network that promotes high
network efficiency and control simplicity by providing par-
allel routes of different granularity and elasticity.

[0012] Tt is a further object of the invention to provide a
multi-grained network in which core modules support paths
of different granularity and switches those paths at different
rates.

[0013] The invention therefore provides a multi-grained
data network, comprising a plurality of edge modules
respectively connected to data sources and data sinks, and a
plurality of different types of core modules, each core
module being adapted to enable paths between the plurality
of edge modules, a granularity of each path being specific to
the type of core module that enabled the path. A plurality of
data links interconnects the edge modules and the core
modules.

[0014] In accordance with an embodiment of the inven-
tion, the different types of core modules respectively com-
prise a plurality of core modules of the same type. In
accordance with a further embodiment of the invention, the
core modules are geographically distributed. Preferably, the
core modules operate independently without communication
with each other.

[0015] In accordance with one embodiment of the inven-
tion, one of the types of core modules is an optical cross-
connector adapted to enable provisioned paths between edge
modules, each path having a granularity of an entire optical
fiber. In accordance with another embodiment of the inven-
tion, one of the types of core modules is an optical cross-
connector adapted to enable provisioned paths between edge
modules, each path having a granularity of at least one
channel of a wavelength division multiplexed (WDM) opti-
cal fiber.

[0016] In accordance with a further embodiment of the
invention, one of the types of core modules is an optical
switch adapted to switch paths between edge modules, each
path having a granularity of a wavelength division multi-
plexed (WDM) optical fiber. In accordance with yet another
embodiment of the invention, one of the types of core
modules is an optical switch adapted to switch paths
between edge modules, each path having a granularity of at
least one channel of a wavelength division multiplexed
(WDM) optical fiber.

[0017] In accordance with another embodiment of the
invention, one of the types of core modules is a space switch
adapted to switch paths between edge modules, each path
having a granularity of a data block of a predetermined size.
The space switch is preferably a time division multiplexed/
wavelength division multiplexed (TDM/WDM) switch. The
space switch may be, for example, an electronic, rotator-type
switch.

[0018] In accordance with one embodiment of the inven-
tion, the edge modules are electronic switches. Preferably,
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the edge modules are rotator-type electronic switches. In
accordance with an embodiment of the invention, ingress
edge modules having ingress ports for receiving data from
the data sources include input buffers. Certain of the output
ports of ingress edge modules may be connected to a
wavelength division multiplexed/time division multiplexed
(WDM/TDM) core module type. If so, the output ports
connected to the WDM/TDM core module type are respec-
tively equipped with time slot interchange circuits, to enable
the ingress edge module to use allocated time slots more
effectively.

[0019] The invention further provides a method of allo-
cating data traffic associated with a connection request to
data transfer facilities in a multi-grained network. The
method comprises steps of examining the data traffic con-
nection request to identify an egress edge module in the
multi-grained network and a traffic load associated with the
connection request. A list of forwarding ports associated
with the egress edge module is examined using a forwarding
table and a vacancy table. The forwarding ports are exam-
ined in a predetermined order. A first forwarding port having
capacity available to accommodate the request is selected.

[0020] In accordance with one embodiment of the inven-
tion, the predetermined order is a descending order with
respect to a granularity of a data transport facility associated
with each forwarding port. Preferably, selection of a first
forwarding port having capacity available to accommodate
the request involves determining whether the required traffic
load of the connection exceeds a first threshold. If the
required traffic load exceeds the first threshold, the connec-
tion is allocated to a first forwarding port having capacity
available to accommodate the connection. If the required
traffic load is less than the first threshold, the available
capacity of the respective forwarding ports is examined to
determine whether a committed capacity of a forwarding
port exceeds a second threshold. If the committed capacity
of the forwarding port is less than the second threshold, the
connection is allocated to the forwarding port, provided that
the available capacity of the forwarding port is greater than
the required traffic load. Otherwise, the connection request
is rejected. In accordance with an embodiment of the inven-
tion, the first threshold is 100 megabits per second. The
second threshold is, for example, 80 percent for forwarding
ports associated with provisioned optical fiber transfer facili-
ties; 85 percent for forwarding ports associated with
switched optical fiber facilities; 90 percent for forwarding
ports associated with provisioned optical channel facilities;
95 percent for forwarding ports associated with switched
optical channel facilities; and, 100 percent for forwarding
ports associated with switched data block facilities. Com-
mitted capacity of a selected forwarding port is updated
when a connection request is accepted. The committee
capacity is also updated each time a connection is released.

[0021] The invention therefore provides a flexible network
architecture that enables the design of a network tailored to
the needs of different traffic flows in a cost-effective way.
The multi-grained network may be expanded to serve a very
wide geographical area, while efficiently accommodating
local concentrations of data traffic, without undue cost or
control complexity.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Further features and advantages of the present
invention will become apparent from the following detailed
description, taken in combination with the appended draw-
ings, in which:

[0023] FIG. 1 is a conceptual diagram of a multi-grained
data network in accordance with the invention;

[0024] FIG. 2 is a schematic diagram illustrating an
exemplary connection architecture for the multi-grained
data network 100 shown in FIG. 1,

[0025] FIG. 3 is a schematic diagram of an ingress edge
module configured for use in a multi-grained data network
in accordance with the invention;

[0026] FIG. 4 is a schematic diagram of an egress edge
module configured for use in a multi-grained data network
in accordance with the invention;

[0027] FIG. 5 is a schematic diagram of the ingress edge
module shown in FIG. 3, illustrating an organization of
middle memories of a rotator-type switch configured for use
in a multi-grained data network in accordance with the
invention;

[0028] FIG. 6 is a schematic diagram of a rotator-type
switch configured for use as an egress edge module in a
multi-grained data network in accordance with the inven-
tion;

[0029] FIG. 7 is a schematic diagram of a folded rotator-
type switch configured to function as an ingress/egress edge
module in a multi-grained data network in accordance with
the invention;

[0030] FIG. 8 is a table illustrating, at a conceptual level,
connectivity between edge modules in a network in accor-
dance with the invention that includes eight ingress and
eight egress edge modules;

[0031] FIG.9is aschematic diagram illustrating preferred
occupancy ratios for different types of core modules in a
multi-grained data network in accordance with the inven-
tion;

[0032] FIG. 10 is a schematic diagram illustrating output
port assignments in the ingress edge module illustrated in
FIG. 5;

[0033] FIG. 11 is a schematic diagram of a pointer array
and a forwarding table used by the ingress edge module
shown in FIG. 3 or FIG. 5 to select a port for forwarding
data traffic into the multi-grained data network in accor-
dance with the invention;

[0034] FIG. 12 schematically illustrates tables used by an
ingress edge module in a multi-grained data network for
determining which ports can be used to launch data traffic
into the network for a given connection; and

[0035] FIG. 13 is a flow chart illustrating the steps per-
formed at an ingress edge module when a connection request
is received from a subtending data traffic source.

[0036] 1t will be noted that throughout the appended
drawings, like features are identified by like reference
numerals.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0037] This invention relates to a multi-grained data net-
work in which a plurality of edge modules are respectively
connected to data sources and data sinks. A plurality of
different types of core modules are connected to the edge
modules. Each type of the core module is adapted to enable
paths between the edge modules. The granularity of each
path is specific to the type of core module that enables the
path. This architecture permits the construction of a data
network that is tailored to service data traffic in a very
efficient and cost effective way by enabling paths having
granularities dictated by the traffic composition.

[0038] FIG. 1 is a schematic diagram illustrating the basic
architecture of a multi-grained data network 100 in accor-
dance with the invention. Ingress links 110 transfer data
packets from data traffic sources (not illustrated) to an
ingress stage 120. The data traffic is switched through a core
125 of the network to an egress stage 130, which delivers the
data traffic to egress links 112 that are connected to data
traffic sinks (not illustrated). The network core 125 may
enable paths of different granularities between the ingress
stage 120 and the egress stage 130. As will be understood by
those skilled in the art, the ingress stage 120 may be referred
to as a “source stage” or an “input stage”, and the egress
stage 130 may be referred to as a “sink stage™ or an “output
stage”. The ingress stage 120 is directly or indirectly con-
nected to the data traffic sources, and the egress stage 130 is
directly or indirectly connected to the data traffic sinks. The
network 100 shown in FIG. 1 has an “unfolded” network
architecture in which the ingress stage 120 and the egress
stage 130 are separate. As is well known, ingress and egress
stages are often integrated, as will be explained below with
reference to FIG. 7.

[0039] In accordance with an embodiment of the inven-
tion, the network core 125 for enabling paths between the
ingress stage 120 and the egress stage 130 includes one or
more core switches, hereinafter referred to as core modules
140-180, for switching data traffic between the source stage
120 and the egress stage 130. Type-A core modules 140 are,
for example, TDM/WDM core modules as described in
Applicant’s copending U.S. patent application Ser. No.
09/550,489, referenced above, the specification of which is
incorporated herein by reference. The multi-grained network
core 125 may also include Type-B core modules 150 for
switching channel connections, or “bundled” channel con-
nections, consisting of two or more channels switched in
unison. The channels switched may be, for example, optical
channels in a wavelength division multiplexed (WDM)
optical fiber. The network core 125 may likewise include
Type-C core modules 160 for switching entire data links,
such as WDM optical fibers.

[0040] The concentration of data traffic between certain
edge modules in a data network frequently warrants perma-
nent, or substantially permanent, high-capacity paths. The
multi-grained network 100 in accordance with the invention
may therefore also include Type-D core modules 170 that
enable provisioned paths having a granularity of a channel
or a bundle of channels. The channel connections may be
single channels, for example WDM optical channels, each
channel typically having a capacity of about 10 Gby/s.
Alternatively, the channel connections may be bundles of
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channels consisting of two or more WDM channels, to
provide the capacity required for data traffic between two
edge modules. Pairs of edge modules requiring support for
significant amounts of data exchange are served by Type-E
core modules 180, which preferably cross-connect entire
WDM optical fibers. A WDM optical fiber that supports 32
channels, for example, enables transmission rates of about
320 Gb/s. The multi-grained data network 100 in accordance
with the invention therefore enables each edge module pair
to be efficiently serviced in accordance with their particular
data traffic requirements.

[0041] Tt is noted that, hereinafter, the ports of ingress
module 200 that connect to incoming links 110 are called
ingress ports, the ports of ingress module 200 that connect
to links 240a to 280a are called output ports, the ports of
egress module 210 that connect to links 240b to 280b are
called input ports, and the ports of egress module 210 that
connect to outgoing links 112 are called egress ports.

[0042] FIG. 2 is a schematic diagram illustrating an
example of connectivity between elements in the multi-
grained data network 100 shown in FIG. 1. A plurality of
ingress modules 200 (ingress stage 120) are connected to a
plurality of egress modules 210 (egress stage 130) by a
plurality of core modules 140-180 which respectively enable
paths of different granularities between the ingress modules
200 and the egress modules 210. The respective core mod-
ules 140-180 are connected to ingress modules 200 by data
links 240a, 2400 . . . 280a, 280b. Data links 240a, 240b
transfer switched data blocks as described in Applicant’s
copending patent application Ser. No. 09/550,489, incorpo-
rated by reference above. Data links 2504, 250 transfer data
traffic supported by switched channel connections. Data
links 260a, 260b transfer data traffic supported by switched
WDM fiber connections. Data links 2804, 280b transfer data
traffic supported by cross-connected WDM fibers.

[0043] TInput links 240a-2804 are preferably terminated by
wavelength demultiplexers 224, which are connected to the
respective core modules 140-180. Data switched by the core
modules 140-180 is then multiplexed by wavelength multi-
plexers 221 and transferred over the output links 2405-280b
to the egress modules 210. The data is then wavelength
demultiplexed and switched to data traffic sinks over egress
links 112 connected directly or indirectly to data traffic sinks
(not illustrated).

[0044] The connection pattern shown in FIG. 2 is exem-
plary only, and represents only one way of configuring a
multi-grained data network 100 in accordance with the
invention. As will be understood by persons skilled in the
art, core modules 140-180 may be geographically distrib-
uted and core modules of any given type are not necessary
co-located. In fact, any group of core modules may contain
any combination of different core module types, as dictated
by traffic patterns, and/or other network design consider-
ations.

[0045] FIG. 3 schematically illustrates an ingress edge
module 200 configured to operate in the multi-grained data
network 100. The ingress module 200 includes a controller
202A. The controller 202A receives connection requests
from data traffic sources (not illustrated), and services the
connection requests whenever possible. Connection requests
are serviced by selecting an existing path through core
modules 140-180 when adequate capacity is available on the
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path to accommodate the connection. Otherwise, the con-
troller 202A negotiates new paths or negotiates changes to
existing paths through core modules 140-180, as required, to
service fluctuations in data traffic patterns. The negotiation
of new or existing paths through a self-configuring network
is described in Applicant’s copending patent applications
Ser. Nos. 09/286,431 and 09/475,139 referenced above,
which are incorporated herein by reference. Input links 110
from the data traffic sources are buffered by input buffers
220, which preferably accumulate and sort data traffic into
queues based on any number of criteria, as is well known in
the art. Data traffic is always sorted by destination egress
module 210 (FIG. 2), but may also be sorted according to
other criteria such as quality-of-service (QoS), class-of-
service (CoS), or the like. The output ports 227 of the space
switch 204 are connected to core modules 140-180 by input
links 240a-280a in a proportion preferably governed by
predictions of data traffic originating from data traffic
sources served by the ingress edge module 200. In the
example shown, the port capacity of the ingress edge module
200 is equally distributed among core modules of Type A, B,
D and E. This distribution is for purposes of illustration only.
As will be explained below with reference to FIG. 5, ingress
ports 225 of ingress edge module 200 divide data packets
received on ingress links 110 into data segments that are
transferred by the space switch 204 from the input buffers
220 to the output ports 227 of the ingress edge module 200.

[0046] FIG. 4 is a schematic diagram illustrating an egress
edge module 210 configured for operation in a multi-grained
data network 100. The egress edge module 210 includes a
controller 202B, which coordinates and controls the delivery
to data sinks (not illustrated) of data segments received on
output links 2405-280b connected to core modules 140-180.
Input buffers 220 are adapted to temporarily store data
segments received on output links 2405-280b. The input
buffers 220 are required due to possible contention for egress
ports 228. The egress edge module 210 is preferably a space
switch 204 that transfers data segments from the input
buffers 220 to the egress buffers 222. Egress buffers 222 are
required on the egress links to data sinks due to possible
mismatch in the rate at which data sinks are adapted to
receive data packet traffic. Prior to transferring data packet
traffic to the data sinks, the data segments are reassembled
in the egress buffers 222 so that the traffic is received at the
data sink in a condition in which it was sent from the data
source that originated the connection.

[0047] FIG. 5 is a schematic diagram of the ingress edge
module 200 shown in FIG. 3, in which the space switch 204
is a rotator-type switch described in Applicant’s copending
U.S. patent application Ser. No. 09/244,824, filed on Feb. 4,
1999, and entitled RATE-CONTROLLED MULTI-CLASS
HIGH-CAPACITY PACKET SWITCH, the specification of
which is incorporated herein by reference. The ingress edge
module 200 includes a plurality of ingress links 110 that are
connected to ingress buffers 220. The ingress links 110 are
connected via ingress ports 225 to an ingress rotator 230 that
connects the respective ingress ports 225 to shared middle
memories 206 in a predetermined sequence. An output
rotator 231 provides access to the shared memories 206 by
output ports 227. The output ports 227 are connected to links
2404-280a that support paths of different granularities, as
described above. The output ports 227 that are connected to
links 2404 support switched data-block connections, and are
equipped with time slot interchange circuits 234, which are
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well known in the art. The time slot interchange circuits 234
permit the ingress edge module 200 to efficiently utilize time
slots assigned by core module(s) on Type-A links 240a, as
will be explained below in more detail.

[0048] As noted above, the ingress edge module 200 has
a number of ingress ports 225 for receiving data traffic from
subtending traffic sources. The number of ingress ports 225
is preferably about 256, or more. However, for the sake of
simplicity of illustration, the switch shown in FIG. § is
shown with only 16 ingress ports 225. Traffic received by
each ingress port 225 is treated independently from the
traffic received by other ingress ports 225. This applies even
if the traffic source uses more than one ingress port 225
concurrently, in which case the traffic source must imple-
ment an end-to-end protocol to identify the data packets
traveling by different paths, and the receiving data traffic
sink must be capable of collating the data packets it receives.

[0049] The forwarding of data traffic received at the
ingress ports 225 is performed under the control of the
ingress edge module controller 202A (see FIG. 3) based on
traffic information it receives from the ingress ports. The
edge module controller 202A sorts the traffic into data traffic
streams (not illustrated). Each data traffic stream may con-
tain a plurality of individual connections associated with
subtending traffic sources. In this disclosure, a data traffic
stream is defined by a node pair (ingress edge module 200
and egress edge module 210), and a path supported by one
of the input/output links 240-280. The data traffic from a
given ingress edge module to a given egress edge module
may flow through a large number of data traffic streams. The
data packets associated with a data traffic stream cannot be
routed through any path except the designated path associ-
ated with the data traffic stream. A path may have the
capacity of an entire fiber link, if the path is routed through
a Type-C or a Type-E core module 160, 180 (FIG. 1). A path
may have the capacity of a single channel or a band of
channels if routed through a Type-B or a Type-D core
module 150, 170. A path may also have a capacity of a few
Kbs to several Mby/s if routed through a Type-A core module
140.

[0050] 1If an entire link through a Type-C or a Type-E core
module is selected, or a band of channels through a Type-B
or Type-D core module is selected, data segments may arrive
at an egress edge module 210 out of an order in which they
were sent from the source. Nonetheless, with a relatively
small number of channels per link or band, less than 120, for
example, the data segments are easily re-ordered into the
order in which they were sent from a source node before
they are forwarded to a sink node. This requires that the data
segments be labeled in a manner well known in the art.
Alternatively, routing data traffic through a path that requires
two or more channels may be based on assigning a connec-
tion to any single channel in the path. This limits the
permissible traffic load per connection to a maximum of
channel capacity, e.g., 10 Gb/s. This eliminates any require-
ment for reordering packets. This option is also reasonably
efficient because any of the channels in a multi-channel path
can be used for routing a connection.

[0051] Rotator-type switches operate by storing data for a
deterministic period of time in an array of shared middle
memories 206 as explained in Applicant’s copending appli-
cation Ser. No. 09/244,824 referenced above. The ingress
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ports 225 write data from ingress buffers 220 to one or more
blocks in the middle memory 206 dictated by the controller
202A (FIG. 3). During each cycle of the output rotator 231,
the respective output ports 227 read data segments from
selected memory blocks of the shared middle memories 206
dictated by logical locations of those areas in the middle
memories 206. If an ingress module 200 is configured to
operate in a multi-grained network in accordance with the
invention, the middle memories are logically partitioned into
areas corresponding to the respective links connected to the
various types of core modules. In the example shown in
FIG. 5, the shared middle memories 206 are logically
partitioned into four memory-block areas of equal size, since
the 16 links are equally divided into four groups of Type-A,
Type-B, Type-D and Type-E. As will be readily understood
by those skilled in the art, the logical organization shown in
FIG. 5 does not necessarily represent a physical partitioning
of the middle memories. The physical partitioning may be
dynamic, and is regulated by pointers rather than physical
addresses.

[0052] For a path supported by links or bands of channels,
during the forwarding process at the rotator-type ingress
edge module 200 shown in FIG. 5, an ingress port 225,
under instruction from the controller 202A, may write its
data segments to any available memory block allocated to
the corresponding core facility. This reduces queue time in
the ingress buffers 220 of the ingress ports 225. If a path is
supported by a single channel, an ingress port 225, under
instructions from the controller 202A, may forward data
segments to the path during any memory access interval, but
the shared middle memory blocks that may be written to is
limited to memory blocks allocated to that particular chan-
nel. With respect to a time division multiplexed (TDM) path
consisting of switched time slots during which a data block
is transferred, an ingress port 225, under instructions from
the source node controller 202A, may forward data seg-
ments to the path during any memory access interval.
However, the number of data segments that may be for-
warded in a rotator cycle is limited by the capacity allocation
to the path. For a more detailed explanation of data transfers
through a rotator-type switch and a definition of “memory
access interval” and rotator cycle, see Applicant’s co-pend-
ing patent application Ser. No. 09/244,824 referenced above.

[0053] In order to facilitate the transfer of data segments
to the shared middle memories 206, the access intervals of
a path are not pre-assigned by the admission control pro-
cessor. Instead, the allocated data segments per frame are
transferred during any access interval, subject to availability
of a corresponding free memory block. The time slots per
path are, however, assigned by a respective Type-A core
module, and in order to enable a de-coupling of the time slot
allocations within the Type-A core module and the ingress
edge module 200, time slot interchange circuits 234 are
provided at respective output ports 227A. The time slot
interchange circuits facilitate connection coordination at the
edge because of this de-coupling. The time slot interchange
circuits 234 accept a data block during any time slot, and
forwards that data block during another time slot using a
connection table that dictates the time slot position of the
data block forwarded to the respective Type-A core module
140 (FIG. 2). For simplicity of operation, the cycle of the
time slot interchanger is selected to equal the rotator cycle.
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[0054] FIG. 6 is a schematic diagram of an egress module
210 constructed using a rotator-type electronic switch
described in Applicant’s copending United States patent
application referenced above. The switch includes a con-
troller 202B and a plurality of middle memories 206. Asso-
ciated with the middle memories are an input rotator 232 and
an egress rotator 233. Output links 2405-280b, which are
connected to the core modules 140-180, terminate on input
ports 226. Each input port 226 includes an input buffer 220
required for potential contention when the input ports 226
attempt to write middle memories 206. Egress ports 228
support links connected to data sinks (not shown). Each
egress port 228 includes an egress buffer 222 required for
transfer-rate mismatch with a data sink. It should be noted
that the logical partitioning of the middle memories 206
shown in FIG. § is not required in egress edge module 210.

[0055] As is well known in the art, edge switches in data
packet networks are often “folded” to enable direct connec-
tion between local data sources and local data sinks without
using core module resources. FIG. 7 schematically illus-
trates a folded edge module 215 based on a rotator-type
architecture. The folded edge module 215 is basically a
combination of ingress edge module 200 (FIG. 5) and egress
edge module 210 (FIG. 6). A plurality of the ingress ports
225 support links connected to data traffic sources, and a
plurality of the input ports 226 support data links connected
to the respective core modules, in this example, core mod-
ules of Type-A, Type-B, Type-D and Type-E. Each ingress
port 225 includes an ingress buffer 220 required for potential
delay in accessing addressed memory blocks in middle
memories 206. An ingress/input rotator 230,232 connects
the respective ingress ports 225 and the input ports 226 to
the shared middle memories 206, as explained above.

[0056] The number of data blocks per middle memory 206
in FIG. 7 equals the total number of ports 227 and 228. Each
middle memory 206 is partitioned into areas A, B, D, and E,
having memory blocks dedicated to core modules of type-A,
type-B, type-D, and type-E, respectively. The remaining
memory blocks are associated with egress ports 228.

[0057] An output/egress rotator 231,233 connects output
ports 227 and egress ports 228 to the middle memories in a
predetermined repetitive pattern. The egress ports 228 are
connected to data traffic sinks, and the output ports 227 are
connected to core module Types A, B, C and E. As explained
above, the egress ports 228 that support data links connected
to data traffic sinks are provided with egress buffers 222. The
output ports 227 connected to Type-A core modules include
time slot interchange circuits 234, as also explained above.

[0058] FIG. 8 is a table illustrating, at a conceptual level,
connectivity between eight ingress edge modules 200 and
eight egress edge modules 210. The respective ingress edge
modules 200 are numbered 0-7 and the respective egress
edge modules 210 are likewise numbered 0-7. The table is
divided into three sections 300A, 300B and 300E. The
respective sections illustrate connectivity between the
respective ingress edge modules 200 and the egress edge
modules 210 through Type-A, Type-B and Type-E core
modules 140, 150 and 180 (FIG. 2). Each circular dot shown
in the table at section 300A represents one time slot allocated
for communications between the respective ingress/egress
edge modules. For example, the ingress edge module 200
designated by identifier 0 has an allocation of two time slots
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for connections with egress edge module 210 designated by
identifier 1; twelve time slots allocated for connections with
egress edge module 210 designated by identifier 3, and two
time slots allocated for connections with egress edge module
210 designated by identifier 6.

[0059] As will be understood by those skilled in the art,
the section 300A of the table shown in FIG. 8 is dynamic
since the switched data block connections are likely to be
reconfigured on a regular basis as traffic patterns fluctuate in
the network.

[0060] The larger circular dots shown in section 300B
represent switched channel connections between the ingress
edge modules 200 and egress edge modules 210. As shown
in the table, the ingress edge module designated by identifier
0 has two switched channel connections to egress edge
module designated by identifier 1; one switched channel
connection to the egress module designated by identifier 3,
and one switched channel connection to the egress edge
module designated by identifier 6. The switched channel
connections 300B support paths having a granularity of 10
GB/s, for example. The switched channel connections 300B
are also dynamic and are reconfigured as required by fluc-
tuations in traffic patterns. Since the granularity of the
channel connections is considerably larger than the granu-
larity of the switched data blocks 300A, reconfiguration of
those connections is much less frequent. The squares in the
cross-connected link section 300E indicate the connectivity
between ingress edge modules 200 and egress edge modules
210 enabled by cross-connectors 180 (FIG. 2). Because of
the granularity of paths enabled by the cross-connectors 180,
a network is likely to require fewer such links than links of
Types A or B. In the example illustrated, there is one
cross-connected link for each of the respective edge module
pairs. For example, ingress edge module 200 designated by
identifier 0 is connected to the egress edge module 210
designated by identifier 2. The cross-connected links are
only provided in the multi-grained data network 100 when
traffic volume of edge module pairs warrants a path having
a granularity of about 320 Gb/s or more, for example. Of
course, if traffic volumes warrant, more than one cross-
connected link can be established for any pair of edge
modules. As will be understood by those skilled in the art,
the cross-connected links 300 are substantially static.
Although the connectivity pattern may change over time,
frequent reconfigurations are not normally expected.

[0061] FIG. 9 is a schematic diagram illustrating a pre-
ferred occupancy ratio for different types of core modules in
the same network. The occupancy ratio is an indication of an
average use of the capacity of paths supported by each type
of core module. As is apparent from an inspection of the
diagram, the connections that support coarse-grained paths
are preferably most fully utilized, with a percentage of
utilization gradually decreasing for each successive type of
core module. The Type-E core modules 180 are preferably
utilized at or near capacity whereas the Type-A core mod-
ules, which enable paths of fine granularity, are preferably
reserved to accommodate rapid fluctuations in traffic pat-
terns because they support connections of the finest granu-
larity. The utilization patterns may be enforced by arranging
forwarding tables in a specific order that promotes data
traffic packing, as will be explained below with reference to
FIGS. 10 and 11. As will be understood by those skilled in
the art, the occupancy ratios shown in FIG. 9 for different
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types of core modules are for sake of example only, and
other traffic distribution patterns may be used for routing
data traffic through the multi-grained data network 100.

[0062] FIG. 10 shows an example of connectivity
between an ingress module 200 having an output rotator 231
and egress modules 210 in a network 100. In this example,
the egress ports 228 are respectively connected to core
modules of Type-A, Type-B, Type-D and Type-E. The
numbers of ports connected to the four types of core
modules are equal. It should be noted that this equal parti-
tioning of the ports is exemplary only. The respective output
ports 227 of an ingress module 200 are connected via core
modules (FIG. 2) to respective egress edge modules 210
indicated by egress module identification numbers 410. The
identification numbers 410 indicate an egress edge module
210 currently connected to or, in the case of Type-A core
modules, accessible by the ingress edge module 200. As
seen in FIG. 10, output ports 227 numbered 1-4 are con-
nected to Type-A core modules which provide switched
connectivity to any one of edge modules 1-32. Links 250a
are connected to Type-B core modules 150, which support
switched channel connections. As seen in FIG. 10, the
ingress module 200 is connected to egress modules 18, 3, 2
and 1 by links 250a. The links 2704 are connected to Type-D
core modules which support cross-connected channels. The
links 270a are respectively connected to edge modules 16,
8, 4 and 3. Links 280a are connected to a Type-E core
module 180 (FIG. 2). Due to the granularity of Type-E
paths, ports 280a are all connected to edge module 2.

[0063] FIG. 11 shows a data structure that may be used for
forwarding traffic from an ingress module 200 to a respec-
tive egress module 210 in a multi-grained data network 100.
The data structure facilitates connection processing, and
ensures connection packing, described above with reference
to FIG. 9. In the data structure shown in FIG. 11, a
forwarding vector 400 associates egress edge module iden-
tifiers 410 with pointers 420 to a forwarding table 430. The
forwarding table 430 includes a forwarding table array 440
associated with each pointer 420. Each forwarding table
array 440 includes a plurality of serially-arranged output
port identifiers 445, which identify output ports of the
ingress edge module 200. The output port identifiers 445 are
preferably serially arranged in a predetermined order to
ensure that connection packing is performed to achieve a
core occupancy similar to the core occupancy ratios sche-
matically illustrated in FIG. 9. The forwarding table 430 is
dynamically updated as core modules are reconfigured and
connectivity changes between the ingress edge module 200
and the egress edge modules 210 designated by egress
module identifiers 410. When a connection request is
received by an ingress edge module 200, the ingress edge
module identifies the egress edge module 210 associated
with the request and indexes the egress edge module iden-
tifiers 410 to retrieve the associated pointer 420. The asso-
ciated pointer 420 is then used to locate a corresponding
forwarding table array 440. The egress port identifiers 445 of
each array are then used to sequentially query the vacancy
of output ports 227 identified in the array, until free capacity
adequate to service the request is located.

[0064] The output port identifiers 445 are preferably
arranged in descending order of granularity to ensure that
the coarsest paths between an ingress module 200 and an
egress module 210 are used first. In certain instances, it may
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be desirable to restrict path selection based on predeter-
mined criteria in addition to a simple serial search of output
ports for free capacity adequate to serve a given connection.
For example, it may be desirable to reserve a certain
proportion of the capacity of paths having a very coarse
granularity (such as paths supported by core modules of
Type-C and Type-E) in order to ensure that a certain capacity
is reserved for anticipated connections requiring large
capacity. If so, if a traffic load associated with a connection
request exceeds a certain threshold (100 Mb/s, for example)
the connection is assigned to the first egress port 445 having
free capacity. If, on the other hand, the connection request
relates to a connection that requires a bit-rate allocation less
than the first threshold, a current usage of the capacity of the
path is preferably examined before the connection is allo-
cated to the path. For example, if a connection request for a
few Kb/s is received, the connection request is allocated to
a path with large granularity only if the current occupancy
of the path is less than a second threshold. The second
threshold is preferably a decreasing function of a granularity
of the path. For example, a path having a granularity of the
entire WDM link may have a second threshold (occupancy
threshold) of 80 percent to screen out small connection
requests when the occupancy of the path exceeds 80 percent.
If the path is less than 80 percent occupied, any connection
is allocated to it, regardless of the size of the connection. The
purpose of this restriction is to prohibit paths having a large
granularity from becoming congested with small connec-
tions, while still ensuring packing so that paths having a
large granularity are well utilized.

[0065] In accordance with one embodiment of the inven-
tion, Type-E paths have an occupancy threshold of 80
percent; Type-D paths have an occupancy threshold of 85
percent; Type-C paths have an occupancy threshold of 90
percent; Type-B paths have an occupancy threshold of 95
percent; and Type-A paths have an occupancy threshold of
100 percent. In other words, any connection may be
assigned to a Type-A path, if capacity exists on the path and
the connection cannot be assigned to a path having a coarser
granularity.

[0066] FIG. 12 is a schematic diagram of tables used by
the controller 202A of an ingress edge module 200 (FIG. 3)
for determining whether an output port 227 pointed to by
forwarding table 430 (FIG. 11) can be used for establishing
a connection to an egress edge module 210 (FIG. 2). As
explained above, the forwarding table 430 (FIG. 11) pro-
vides a list of egress ports arranged in a preferred order. The
list is used for establishing a connection to a given egress
edge module 210 identified by an egress module identifier
410. Data structures schematically represented in FIG. 12
are useful for determining whether a port designated by the
forwarding table 430 has available capacity to accept a
connection. When an ingress edge module controller 202A
retrieves an output port number from the forwarding table
430 shown in FIG. 11, the ingress edge module controller
202A first consults a port-type vector 450 (FIG. 12) which
correlates a port number identifier 408 with a port-type 460,
and one of a pointer 470 to vacancy table 480 or an
occupancy indicator 472. For the sake of simplicity of
illustration, the port-type vector shown in FIG. 12 is one
used by an ingress edge module 200 having only sixteen
output ports 227 identified by output port identifier numbers
01-16. Associated with each output port identifier is a
port-type 460. In this example, output port-type is either “1”
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indicating that the output port supports a TDM/WDM link,
or “0” indicating that the output port supports a link having
a coarser granularity. If the output port-type is 1, an asso-
ciated array stores a pointer 470 to a vacancy table 480
reserved exclusively for output ports that support switched
data block connections on TDM/WDM links 240qa. If the
output port-type is 0, the associated array stores a current
occupancy 472 of the link connected to the output port.
Therefore, unless an output port of an ingress edge module
200 is a type A port, availability of the port can be estab-
lished with reference to only the port-type vector 450
because it indicates a current occupancy of an associated
channel or link.

[0067] If, however, the output port-type indicated in the
output port-type vector 450 is “1” as, in this example, ports
01-04, then pointer 470 to the vacancy table 480 is used to
locate an appropriate row in the vacancy table. A row in the
vacancy table 480 corresponds to a Type A path to an egress
core module 210. The row in the vacancy table is divided
into a number of columns equal to the number of egress edge
modules 210 (FIG. 2) in the network 100. Each column is
associated with an egress edge module identifier 410. Con-
sequently, a very rapid search may be performed to deter-
mine whether vacancy exists for accommodating the con-
nection. The vacancy is expressed as a number of free time
slots. Each free time slot accommodates a maximum sized
data block, for example, 4 kilo bits. Data traversing a type-A
path is arranged in time frames as described in Applicant’s
copending U.S. patent application Ser. No. 09/550,489 ref-
erenced above. Each frame from an output port 227 of egress
edge module 200 accommodates a predetermined number of
time slots. In the example shown in FIG. 12, the number of
time slots per frame is 64.

[0068] As explained above, by consulting the vacancy
table 480, the edge module controller 202A very rapidly
determines whether sufficient capacity for a connection
exists at a Type-A data port. The vacancy table 480 is
associated with an allocation table 490 that is used to store
the time slot allocations granted to a controller 202A of an
ingress edge module 210. As explained above, core modules
of Type-A, Type-B and Type-C are preferably adapted to
reconfigure as required by fluctuations in network traffic.
Consequently, the Type-A core modules 140 associated with
Type-A ports may reconfigure to adapt to significant fluc-
tuations in the network data traffic. When such reconfigu-
rations occur, the allocations granted to an ingress edge
module 200 for connectivity with egress edge modules 210
may change. The allocation table 490 is therefore used to
store allocations, if any, associated with each egress edge
module 200. The vacancy table 480 must be updated each
time the allocation table 490 is modified. For example, if a
reconfiguration of core modules of Type-A changes the time
slot allocations granted to an ingress edge module 200, the
changed allocations must be used to update allocation table
490, and any changed values must be reflected in the
vacancy table 480 to ensure that allocated time slots are not
over-subscribed or under-subscribed.

[0069] FIG. 13 is a flow chart that shows the principal
steps performed by the controller 202A of an ingress edge
module 200 (FIG. 2) when a connection request is received
from a subtending data source (not shown). In step 500, the
controller 202 receives a connection request from a sub-
tending data source. In step 510, the controller 202 translates
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the address of a data sink to which the connection request is
directed to determine an egress edge module 210 that serves
the data sink, using routing or translation tables well known
in the art. If an egress edge module 210 is successfully
identified, the load characteristics associated with the
received connection request are examined to determine a
capacity requirement for the request. As will be understood
by those skilled in the art, capacity requirements are not
always available in a connection request and other methods
may be used to estimate the capacity required for the
request. Alternatively, the request may be assigned to any
connection having capacity assumed to be adequate, and the
actual traffic load is measured later, after data traffic flow
commences in order to determine the capacity consumed by
the connection.

[0070] After examining load characteristics to determine
the capacity required for the request, the controller 202 of
the ingress edge module 200 examines (step 520) the tables
shown in FIG. 11 to acquire a list of forwarding ports from
the forwarding table 430. In step 530, the controller 202 uses
the capacity vacancy tables 450 and 480 shown in FIG. 12
to determine available capacity, as described above. if the
output port-type 460 is a port-type 0, as explained above, the
port-type vector 450 includes an available capacity of the
port in entry 472 (FIG. 12). Step 530 may also determine the
availability based on the thresholds described above. In step
540, the controller 202 determines whether sufficient capac-
ity is available to satisfy the request. If sufficient capacity is
available on a path from the ingress module 200 to the egress
module 210 that serves the data sink, the vacancy tables
shown in FIG. 12 are appropriately updated (step 550). A
connection acceptance message is then sent to the source in
step 560, and the process ends. If it is determined in step
540, however, that sufficient capacity is not available to
satisty the request, a connection rejection message is sent to
the source in step 570 and the process ends.

[0071] The invention therefore provides a flexible network
which is adapted to be tailored to the specific requirements
of each node pair in the network 100, using paths of a
granularity that is appropriate for traffic volumes between
respective edge modules. The ability to provision a network
in this way reduces cost, and complexity of network control
structures, while facilitating network engineering and man-
agement functions.

[0072] The embodiments of the invention described above
are intended to be exemplary only. The scope of the inven-
tion is therefore intended to be limited solely by the scope
of the appended claims.

What is claimed is:
1. An edge module comprising:

a plurality of ingress ports for receiving data from local
sources;

a plurality of output ports connecting to a plurality of core
modules of different granularities; and

a plurality of primary memory devices each cyclically
connecting to each of said ingress ports and to each of
said output ports, each of said primary memory devices
logically partitioned into a plurality of memory blocks
for holding data segments received from said ingress
ports each memory block corresponding to a specific
output port, said memory blocks including
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a first group of memory blocks for holding data seg-
ments directed to a first group of said output ports
connecting to data-segment-switching core modules;
and

a second group of memory blocks for holding data
segments directed to a second group of said output
ports connecting to channel-switching core modules
where corresponding individual memory blocks in
different memory devices hold data segments of a
common channel.

2. The edge module of claim 1 wherein corresponding
individual memory blocks belonging to said second group of
memory blocks in different memory devices hold data
segments received from a single ingress port for switching
to one of said channel-switching core modules.

3. The edge module of claim 1 wherein said first group of
memory blocks have a one-to-one correspondence to said
first group of said output ports and said second group of
memory blocks have a one-to-one correspondence to said
second group of said output ports.

4. The edge module of claim 1 wherein said plurality of
memory blocks further includes a third group of memory
blocks corresponding to a third group of output ports con-
necting through a multi-channel link to a common channel-
band-switching core module from among said plurality of
core modules.

5. The edge module of claim 4 further including a
controller operable to:

receive a request for a connection from a specific ingress
port, said request specifying a destination egress mod-
ule, a connection type, and a capacity requirement; and

select a specific core module from among said plurality of
core modules for said connection according to said
connection type and said capacity requirement.

6. The edge module of claim 5 wherein said connection
carries successive data segments and said controller is
operable to schedule any data segment in said successive
data segments for switching to any available output port in
said third group of output ports.

7. The edge module of claim 6 wherein each of said
successive data segments is uniquely labeled to enable
restoring an order of said successive data segments after said
switching to any available output port.

8. The edge module of claim 5 wherein said connection
type is one of a time-slotted connection, a channel connec-
tion, and a channel-band connection.

9. The edge module of claim 5 wherein said controller is
further operable to communicate with said specific core
module to reserve capacity on an existing path through said
specific core module to a destination egress modules.

10. The edge module of claim 9 wherein said controller is
further operable to negotiate with said specific core module
to increase a current capacity allocation of said existing path.

11. The edge module of claim 5 wherein said specific
ingress port is operable to update said capacity requirement
according to traffic observation.

12. The edge module of claim 1 wherein said first group
of output ports transmit data segments to at least one
bufferless time-division-multiplexed core module from
among said data-segment-switching core modules.

13. The edge module of claim 12 wherein each of said first
group of output ports includes a time-slot-exchange circuit
having a memory device for decoupling a first scheduling
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process in said edge module from a second scheduling
process in said time-division-multiplexed core module.

14. The edge module of claim 1 wherein each output port
of said second-group of output ports is passive, performing
no further time switching of data segments received from
said second group of memory blocks.

15. The edge module of claim 1 further including:

a plurality of egress ports for transmitting data to local
sinks;

a plurality of input ports each input port communicatively
coupled to a core module from among said plurality of
core modules; and

a plurality of secondary memory devices each cyclically
connecting to each of said input ports and to each of
said egress ports, each secondary memory device logi-
cally partitioned into a plurality of memory blocks for
holding data segments received from said input ports
each memory block corresponding to a specific egress
port.

16. An edge module comprising:

a plurality of ingress ports for receiving data from local
sources;

a plurality of output ports divided into output-port groups
each output-port group communicatively coupled to a
core module from among a plurality of core modules of
different granularities;

a plurality of egress ports for transmitting data to local
sinks;

a plurality of input ports each input port communicatively
coupled to a core module from among said plurality of
core modules; and

a plurality of memory devices each cyclically connecting
to each of said ingress ports, input ports, output ports,
and egress ports, and each logically partitioned into a
first plurality of memory blocks each corresponding to
a specific egress port and a second plurality of memory
blocks divided into memory-block groups having a
one-to-one correspondence to said output-port groups.

17. The edge module of claim 16 wherein at least one of
said output-port groups includes a time-slot-exchange cir-
cuit having a memory device for decoupling a scheduling
process in said edge module from a scheduling process in a
bufferless data-segment-switching core module.

18. A controller of an edge module having a plurality of
ingress ports for receiving data from local data sources, a
plurality of egress ports for transmitting data to local data
sinks, a plurality of input ports for receiving data from a
plurality of core modules of different granularities and a
plurality of output ports for transmitting data to said plural-
ity of core modules, the controller operable to:

receive a request for establishing a connection, the request
specifying an ingress port from said plurality of ingress
ports, a destination edge module, and a capacity
requirement;

determine a preferred granularity for said capacity
requirement;

select, according to said preferred granularity, a matching
core module from among said plurality of core modules
for routing the connection to an input port of said
destination edge module; and

communicate with said matching core module to schedule
said connection.
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19. The controller of claim 18 further operable to select a 20. The controller of claim 18 wherein said granularity is
core module, from among said plurality of core modules, one of a time-slot in a time-frame, a channel, and a band of
having a finer granularity than a granularity of said matching channels.
core module if said matching core module fails to schedule
said connection. I T S
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