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(57) ABSTRACT 

A router routes data packets. The router includes input 
physical channels for incrementally receiving portions of the 
data packets, and output physical channels. The router 
further includes data buffers, coupled With the input and 
output physical channels, for storing the portions of the data 
packets. The router further includes control circuitry, 
coupled With the input and output physical channels and the 
data buffers, for generating virtual channel assignments that 
assign virtual channels to the data packets, and generating 
physical channel assignments that assign the output physical 
channels to the virtual channels. Each of the assignments is 
generated in response to queued arrival and credit events. 
The portions of the data packets are forwarded from the data 
buffers to the output physical channels according to the 
generate virtual and physical channel assignrnents. 
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METHODS AND APPARATUS FOR 
EVENT-DRIVEN ROUTING 

RELATED APPLICATIONS 

[0001] This application is a continuation of application 
Ser. No. 09/887,960, ?led Jun. 22, 2001, Which is a con 
tinuation of application Ser. No. 09/084,636, ?led May 26, 
1998, Which is a continuation-in-part of application Ser. No. 
08/918,556 ?led Aug. 22, 1997. The entire teachings of the 
above applications are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Data communication betWeen computer systems 
for applications such as Web browsing, electronic mail, ?le 
transfer, and electronic commerce is often performed using 
a family of protocols knoWn as IP (internet protocol) or 
sometimes TCP/IP. As applications that use extensive data 
communication become more popular, the traf?c demands 
on the backbone IP netWork are increasing exponentially. It 
is expected that IP routers With several hundred ports 
operating With aggregate bandWidth of Terabits per second 
Will be needed over the next feW years to sustain groWth in 
backbone demand. 

[0003] As illustrated in FIG. 1, the Internet is arranged as 
a hierarchy of netWorks. A typical end-user has a Worksta 
tion 22 connected to a local-area netWork or LAN 24. To 
alloW users on the LAN to access the rest of the internet, the 
LAN is connected via a router R to a regional netWork 26 
that is maintained and operated by a Regional NetWork 
Provider or RNP. The connection is often made through an 
Internet Service Provider or ISP. To access other regions, the 
regional netWork connects to the backbone netWork 28 at a 
NetWork Access Point The NAPs are usually located 
only in major cities. 

[0004] The netWork is made up of links and routers. In the 
netWork backbone, the links are usually ?ber optic commu 
nication channels operating using the SONET (synchronous 
optical netWork) protocol. SONET links operate at a variety 
of data rates ranging from OC-3 (155 Mb/s) to OC-192 (9.9 
Gb/s). These links, sometimes called trunks, move data from 
one point to another, often over considerable distances. 

[0005] Routers connect a group of links together and 
perform tWo functions: forWarding and routing. A data 
packet arriving on one link of a router is forWarded by 
sending it out on a different link depending on its eventual 
destination and the state of the output links. To compute the 
output link for a given packet, the router participates in a 
routing protocol Where all of the routers on the Internet 
exchange information about the connectivity of the netWork 
and compute routing tables based on this information. 

[0006] Most prior art Internet routers are based on a 
common bus (FIG. 2) or a crossbar sWitch (FIG. 3). In the 
bus-based sWitch of FIG. 2, for example, a given SONET 
link 30 is connected to a line-interface module 32. This 
module extracts the packets from the incoming SONET 
stream. For each incoming packet, the line interface reads 
the packet header, and using this information, determines the 
output port (or ports) to Which the packet is to be forWarded. 
To forWard the packet, the line interface module arbitrates 
for the common bus 34. When the bus is granted, the packet 
is transmitted over the bus to the output line interface 
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module. The module subsequently transmits the packet on 
an outgoing SONET link 30 to the next hop on the route to 
its destination. 

[0007] Bus-based routers have limited bandWidth and 
scalability. The central bus becomes a bottleneck through 
Which all traf?c must ?oW. A very fast bus, for example, 
operates a 128-bit Wide datapath at 50 MHZ giving an 
aggregate bandWidth of 6.4 Gb/s, far short of the Terabits per 
second needed by a backbone sWitch. Also, the fan-out 
limitations of the bus interfaces limit the number of ports on 
a bus-based sWitch to typically no more than 32. 

[0008] The bandWidth limitation of a bus may be over 
come by using a crossbar sWitch as illustrated in FIG. 3. For 
N line interfaces 36, the sWitch contains N(N-1) crosspoints, 
each denoted by a circle. Each line interface can select any 
of the other line interfaces as its input by connecting the tWo 
lines that meet at the appropriate crosspoint 38. To forWard 
a packet With this organiZation, a line interface arbitrates for 
the required output line interface. When the request is 
granted, the appropriate crosspoint is closed and data is 
transmitted from the input module to the output module. 
Because the crossbar can simultaneously connect many 
inputs to many outputs, this organiZation provides many 
times the bandWidth of a bus-based sWitch. 

[0009] Despite their increased bandWidth, crossbar-based 
routers still lack the scalability and bandWidth needed for an 
IP backbone router. The fan-out and fan-in required by the 
crossbar connection, Where every input is connected to every 
output, limits the number of ports to typically no more than 
32. This limited scalability also results in limited bandWidth. 
For example, a state-of-the-art crossbar might operate 32 
32-bit channels simultaneously at 200 MHZ giving a peak 
bandWidth of 200 Gb/s. This is still short of the bandWidth 
demanded by a backbone IP router. 

SUMMARY OF THE INVENTION 

[0010] In a previous related application (application Ser. 
No. 08/918,556, ?led Aug. 22, 1997) Which has been incor 
porated by reference, a novel Internet SWitch Router Was 
presented. The internet router receives data packets from a 
plurality of internet links and analyZes header information in 
the data packets to route the data packets to output internet 
links. The internet router comprises a fabric of fabric links 
joined by fabric routers, the number of fabric links to each 
fabric router being substantially less than the number of 
internet links served by the internet router. The fabric links 
and fabric routers provide data communication betWeen 
internet links through one or more hops through the fabric. 

[0011] A preferred embodiment of the present invention 
relates to an event-driven technique for handling virtual 
channels in a router that routes data packets. The router 
includes input physical channels that receive portions of the 
data packets, output physical channels, and data buffers that 
are coupled With the input and output physical channels. The 
data buffers store the portions of the data packets. The router 
further includes control circuitry that is coupled With the 
input and output physical channels and the data buffers. The 
control circuitry generates channel assignments in response 
to queued events, and outputs the portions of the data 
packets through the output physical channels according to 
the generated channel assignments. Preferably, the control 
circuitry assigns virtual channels to the data packets, assigns 



US 2004/0160970 Al 

the output physical channels to the virtual channels in 
response to the queued events. In one embodiment, the 
router further includes a line interface coupled With an input 
physical channel and an output physical channel such that 
the router forms an internet sWitch fabric router. In another 
embodiment, the router further includes a multicomputer 
interface coupled With an input physical channel and an 
output physical channel such that the router forms a multi 
computer router for a multicomputer system. 

[0012] According to the preferred embodiment, the con 
trol circuitry includes output controllers that correspond to 
the output physical channels. Each output controller has a 
state table that records states of output virtual channels, and 
identi?es input virtual channels connected With the output 
virtual channels. The input virtual channels hold the portions 
of the data packets. 

[0013] Each output controller further includes an arbiter 
that is adapted to select arrival events from multiple arrival 
queues, and state table logic that accesses that output con 
troller’s state table to assign output virtual channels in 
response to the selected arrival events. Each state table 
includes state vectors that correspond to output virtual 
channels. 

[0014] Each state vector includes a busy indication that 
indicates Whether that state vector’s corresponding output 
virtual channel is assigned to a data packet. Additionally, 
each state vector includes a Wait ?eld that indicates Which of 
the input physical channels have received at least portions of 
data packets aWaiting assignment to that state vector’s 
corresponding output virtual channel. Each Wait ?eld further 
indicates an order in Which the input physical channels 
received the data packet portions. Each state vector further 
includes a present ?eld that indicates a number of portions 
of a data packet present for transferring through that state 
vector’s output virtual channel to a doWnstream router. 
Furthermore, each state vector includes a credit ?eld that 
indicates an amount of buffer space available in a doWn 
stream router coupled to that state vector’s corresponding 
output virtual channel. 

[0015] Each output controller further includes a transport 
circuit that queues transport requests When that output 
controller’s state table is accessed in response to the queued 
events, and forWards data packets through that output con 
troller’s output physical channel according to the queued 
transport requests. The portions of the data packets are ?its 
of the data packets. Each transport circuit transmits a ?it in 
response to a queued transport request. 

[0016] Each output controller receives credit events from 
a doWnstream router and, in response to the received credit 
events, queues a transport request to transport a portion of a 
data packet over the corresponding output physical channel. 
In one embodiment, the queued events include tail credit 
events, and the output controllers free virtual channels only 
in response to the tail credit events. 

[0017] The control circuitry can be shared by multiple 
virtual channels and activated to handle a particular virtual 
channel in response to an event. 

[0018] Preferably, the control circuitry is adapted to gen 
erate virtual channel assignments that assign virtual chan 
nels to the data packets, and generate physical channel 
assignments that assign the output physical channels to the 
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virtual channels. Each of the assignments can be generated 
in response to queued arrival and credit events. The portions 
of the data packets are forWarded from the data buffers to the 
output physical channels according to the generated virtual 
and physical channel assignments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
draWings in Which like reference characters refer to the same 
parts throughout the different vieWs. The draWings are not 
necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. 

[0020] FIG. 1 illustrates an internet con?guration of rout 
ers to Which the present invention may be applied. 

[0021] 
[0022] FIG. 3 is a prior art crossbar sWitch internet router. 

[0023] FIG. 4 illustrates a tWo-dimensional torus array 
previously used in direct multiprocessor netWorks. 

[0024] 
[0025] FIG. 6 illustrates tree saturation of a netWork. 

[0026] FIG. 7 illustrates a three-dimensional fabric 
embodying the present invention. 

[0027] FIG. 8 illustrates the line interface module of a 
node in the array of FIG. 7. 

[0028] FIG. 9 illustrates a fabric router used in the 
embodiment of FIGS. 7 and 8. 

[0029] FIGS. 10A and 10B illustrate buffers, registers and 
control vectors used in the router of FIG. 9. 

[0030] FIGS. 11A and 11B illustrate alternative allocation 
control logic provided in input and output controllers, 
respectively, of the router of FIG. 9. 

[0031] FIG. 12 illustrates a virtual channel state table used 
in the router of FIG. 9. 

[0032] FIG. 13 illustrates a loop used to demonstrate 
dispersion routing. 

FIG. 2 is a prior art bus-based internet router. 

FIG. 5 illustrates an indirect netWork. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] A description of preferred embodiments of the 
invention folloWs. 

[0034] In implementing an internet router, the present 
invention borroWs from multiprocessor technology and 
modi?es that technology to meet the unique characteristics 
and requirements of internet routers. In particular, each 
internet router is itself con?gured as either a direct or 
indirect netWork. 

[0035] Multicomputers and multiprocessors have for 
many years used direct and indirect interconnection net 
Works to send addresses and data for memory accesses 
betWeen processors and memory banks or to send messages 
betWeen processors. Early multicomputers Were constructed 
using the bus and crossbar interconnects shoWn in FIGS. 2 
and 3. HoWever, to permit these machines to scale to larger 
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numbers of processors they switched to the use of direct and 
indirect interconnection networks. 

[0036] A direct network, as illustrated in FIG. 4, is com 
prised of a set of processing nodes 40, each of which 
includes a router, R, along with a processor, P, and some 
memory, M. These multicomputer routers should not be 
confused with the IP routers described above. They perform 
only forwarding functions and only in the very constrained 
environment of a multicomputer interconnection network. 
Each multicomputer router has some number, four in the 
eXample, of connections to other routers in the network. A 
processing node may send a message or make a memory 
access to any other node in the system. It is not limited to 
communicating only with the immediately adjacent nodes. 
Messages to nodes that are further away are forwarded by 
the routers along the path between the source and destination 
nodes. 

[0037] The network shown in FIG. 4 is said to be direct 
since the channels are made directly between the processing 
nodes of the system. In contrast, FIG. 5 shows an indirect 
network in which the connections between process nodes 42 
are made indirectly, via a set of router-only switch nodes 44. 
Direct networks are generally preferred for large machines 
because of the scalability. While an indirect network is 
usually built for a ?xed number of nodes, a direct network 
grows with the nodes. As more nodes are added, more 
network is added as well since a small piece of the network, 
one router, is included within each node. 

[0038] Multicomputer networks are described in detail in 
Dally, W.J., “Network and Processor Architectures for Mes 
sage-Driven Computing,”VLSI and PARALLEL COMPUIH 
TION, Edited by Suaya and Birtwistle, Morgan Kaufmann 
Publishers, Inc., 1990, pp. 140-218. It should be stressed that 
multicomputer networks are local to a single cabinet or room 
as opposed to the Internet backbone network which spans 
the continent. 

[0039] Direct and indirect multicomputer networks are 
scalable. For most common topologies the fan-in and fan 
out of each node is constant, independent of the siZe of the 
machine. Also, the traf?c load on each link is either constant 
or a very slowly increasing function of machine siZe. 
Because of this scalability, these networks have been suc 
cessfully used to construct parallel computers with thou 
sands of processing nodes. 

[0040] Unfortunately, while multicomputer networks are 
scalable, they give up the two properties of crossbar net 
works that were crucial to IP switching: non-blocking 
behavior and stiff backpressure. Most economical direct and 
indirect networks are blocking. Because links are shared 
between multiple source-destination pairs, a busy connec 
tion between a pair of nodes can block the establishment of 
a new connection between a completely separate pair of 
nodes. Because packets in multicomputer networks are 
forwarded over multiple links with considerable queuing at 
each link, the backpressure, if any, from an overloaded 
destination node to a transmitting source node is late and soft 
if present at all. 

[0041] The blocking nature of these switches and the soft 
nature of this backpressure is not a problem for a multicom 
puter because multicomputer traf?c is self-throttling. After a 
processor has sent a small number of messages or memory 
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requests (typically 1-8), it cannot send any further messages 
until it receives one or more replies. Thus, when the network 
slows down because of blocking or congestion, the traf?c 
offered to the network is automatically reduced as the 
processors stall awaiting replies. 

[0042] An IP switch, on the other hand, is not self 
throttling. If some channels in the network become blocked 
or congested, the offered traf?c is not reduced. Packets 
continue to arrive over the input links to the switch regard 
less of the state of the network. Because of this, an IP switch 
or router built from an unmodi?ed multicomputer network is 
likely to become tree-saturated, and deny service to many 
nodes not involved in the original blockage. Moreover 
transient conditions often eXist in IP routers where, due to an 
error in computing routing tables, a single output node can 
be overloaded for a sustained period of time. This causes no 
problems with a crossbar router as other nodes are unaf 
fected. With a multicomputer network, however, this causes 
tree saturation. 

[0043] Consider the situation illustrated in FIG. 6. A 
single node in a 2-dimensional mesh network, node (3,3) 
labeled a, is overloaded with arriving messages. As it is 
unable to accept messages off the channels at the rate they 
are arriving, all four input channels to the node (b,a), (c,a), 
(d,a), (e,a), become congested and are blocked. Traf?c 
arriving at nodes b-e that must be forwarded across these 
blocked links cannot make progress and will back up along 
the edges into nodes be For example, traf?c into node b 
backs up along (f,b), (g,b), and (h,b). If the blockage 
persists, the channels into f-h and related nodes become 
blocked as well and so on. If the overload on node a persists, 
eventually most of the channels in the network will become 
blocked as a tree of saturation eXpands outward from node 
a. 

[0044] The major problem with tree saturation is that it 
affects traf?c that is not destined for node a. Apacket from 
(1,4) to (5,3) for eXample may be routed along a path (dotted 
line) that includes (fb) and (b,a) for eXample. Since these 
links are blocked, traf?c from node (1,4) to node (5,3) is 
blocked even though neither of these nodes is overloaded. 

[0045] The router of the present invention overcomes the 
bandwidth and scalability limitations of prior-art bus- and 
crossbar- based routers by using a multi-hop interconnection 
network, in particular a 3-dimensional torus network, as a 
router. With this arrangement, each router in the wide-area 
backbone network in effect contains a small in-cabinet 
network. To avoid confusion we will refer to the small 
network internal to each router as the switching fabric and 
the routers and links within this network as the fabric routers 
and fabric links. 

[0046] Unlike multicomputer networks, the switching fab 
ric network is non-blocking and provides stiff backpressure. 
These crossbar-like attributes are achieved by providing a 
separate virtual network for each destination node in the 
network. 

[0047] Typical packets forwarded through the internet 
range from 50 bytes to 1.5 Kbytes. For transfer through the 
fabric network of the internet router of the present invention, 
the packets are divided into segments, or ?its, each of 36 
bytes. At least the header included in the ?rst ?it of a packet 
is modi?ed for control of data transfer through the fabric of 
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the router. In the preferred router, the data is transferred 
through the fabric in accordance With a Wormhole routing 
protocol. 
[0048] Each virtual netWork comprises a set of buffers. 
One or more buffers for each virtual netWork are provided on 
each node in the fabric. Each buffer is siZed to hold at least 
one ?oW-control digit or ?it of a message. The virtual 
netWorks all share the single set of physical channels 
betWeen the nodes of the real fabric netWork. A fair arbi 
tration policy is used to multiplex the use of the physical 
channels over the competing virtual netWorks. Each virtual 
netWork has a different set of buffers available for holding 
the ?its of its messages. 

[0049] For each pair of virtual netWorks A and B, the set 
of buffers assigned to Acontains at least one buffer that is not 
assigned to B. Thus if netWork B is blocked, A is able to 
make progress by forWarding messages using this buffer that 
is not shared With B although it may be shared With some 
other virtual netWork. 

[0050] One simple method for constructing virtual net 
Works is to provide a separate ?it buffer, a virtual channel, 
on each node for each virtual netWork and thus for each 
destination. For example, in a machine With N=512 nodes 
and hence 512 destinations, each node Would contain 512 
distinct ?it buffers. Buffer i on each node is used only to hold 
?its of messages destined for node i. This assignment clearly 
satis?es the constraints above as each virtual netWork is 
associated With a singleton set of buffers on each node With 
no sharing of any buffers betWeen virtual netWorks. If a 
single virtual netWork becomes congested, only its buffers 
are affected, and traffic continues on the other virtual net 
Works Without interference. An alternative dispersive 
approach is discussed beloW. 

[0051] The preferred router is a 3-dimensional torus net 
Work of nodes as illustrated in FIG. 7. Each node N 
comprises a line interface module that connects to incoming 
and outgoing SONET internet links. Each of these line 
interface nodes contains a sWitch-fabric router that includes 
fabric links to its six neighboring nodes in the torus. IP 
packets that arrive over one SONET link, say on node A, are 
examined to determine the SONET link on Which they 
should leave the internet router, say node B, and are then 
forWarded from A to B via the 3-D torus sWitch fabric. 

[0052] The organiZation of each node or line-interface 
module is illustrated in FIG. 8. Packets arrive over the 
incoming SONET link 46, and the line interface circuit 48 
converts the optical input to electrical signals and extracts 
the packets and their headers from the incoming stream. 
Arriving packets are then passed to the forWarding engine 
hardWare 50 and are stored in the packet memory 52. The 
forWarding engine uses the header of each packet to look up 
the required output link for that packet. In conventional IP 
router fashion, this lookup is performed by traversing a tree 
indexed by the header ?elds. The leaves of the tree contain 
the required output link, as in a conventional IP router, and 
additionally include the route through the sWitch fabric to 
the output link. Finally, the packet along With its destination 
and route are passed to the fabric router 54 of the node for 
forWarding through the fabric to the output node. From the 
fabric router 54 of the output node, the packet is delivered 
through the packet buffer 52 of that node and through the 
line interface circuit 48 to the output link 56. 
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[0053] Packets in the internet router are forWarded from 
the line-interface module associated With the input trunk to 
the line-interface module associated With the output trunk 
using source routing. With source routing, the route of links 
through intermediate fabric routers is determined by a table 
lookup in the input module. This lookup is performed by the 
forWarding engine before presenting the packet to the fabric 
router. Alternative paths alloW for fault tolerance and load 
balancing. 

[0054] The source route is a 10-element vector Where each 
element is a 3-bit hop ?eld. Each hop ?eld encodes the 
output link to be taken by the packet for one step of its route, 
one of the six inter-node links or the seventh link to the 
packet buffer of the present node. The eighth encoding is 
unused. This 10-element vector can be used to encode all 
routes of up to 10 hops Which is suf?cient to route betWeen 
any pair of nodes in a 6><10><10 torus. Note that all 10 
elements need not be used for shorter routes. The last used 
element selects the link to the packet buffer 52 or may be 
implied for a 10-hop route. 

[0055] As the packet arrives at each fabric node along the 
route, the local forWarding vector entry for that packet is set 
equal to the leftmost element of the source route. The source 
route is then shifted left three bits to discard this element and 
to present the next element of the route to the next router. 
During this shift, the 3-bit code corresponding to the packet 
buffer of the present node is shifted in from the right. 
Subsequent ?its in that packet folloW the routing stored for 
that packet in the router. 

[0056] One skilled in the art Will understand that there are 
many possible encodings of the fabric route. In an alterna 
tive embodiment, the fact that packets tend to travel in a 
preferred direction in each dimension may be exploited to 
give a more compact encoding of the fabric route. In this 
embodiment, the route is encoded as a three-bit preferred 
direction folloWed by a multiplicity of tWo-bit hop ?elds. 
The three-bit ?eld encodes the preferred direction (either 
positive or negative) for each dimension of the netWork (x, 
y, and Z). For each step or hop of the route, a tWo-bit ?eld 
selects the dimension over Which the next hop is to be taken 
(0=x, 1=y, or 2=Z). The direction of this hop is determined 
by the preferred direction ?eld. The fourth encoding of the 
tWo-bit hop ?eld (3) is used as an escape code. When a hop 
?eld contains an escape code, the next hop ?eld is used to 
determine the route. If this second hop ?eld contains a 
dimension speci?er (0-2), the hop is taken in the speci?ed 
dimension in the direction opposite to the preferred direction 
and the preferred direction is reversed. If the second hop 
?eld contains a second escape code, the packet is forWarded 
to the exit port of the fabric router. With this encoding, as 
packets arrive at a fabric node, the local forWarding vector 
entry for that packet is computed from the preferred direc 
tion ?eld and the leftmost hop ?eld. The hop ?elds are then 
shifted left tWo bits to discard this ?eld and to present the 
next ?eld to the next router. During this shift, the tWo-bit 
escape code is shifted into the rightmost hop ?eld. For 
packets that travel primarily in the preferred direction, this 
encoding results in a more compact fabric route as only tWo 
bits, rather than three, are needed to encode each hop of the 
route. 

[0057] A fabric router used to forWard a packet over the 
sWitch fabric from the module associated With its input link 
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to the module associated With its output link is illustrated in 
FIG. 9. The router has seven input links 58 and seven output 
links 60. Six of the links connect to adjacent nodes in the 
3-D torus netWork of FIG. 7. The seventh input link accepts 
packets from the forwarding engine 50 and the seventh 
output link sends packets to the packet output buffer 52 in 
this router’s line interface module. Each input link 58 is 
associated With an input buffer 62 and each output link 60 is 
associated With an output register 64. The input buffers and 
output registers are connected together by a 7x7 crossbar 
sWitch 66. 

[0058] One skilled in the art Will understand that the 
present invention can be practiced in fabric netWorks With 
different topologies and different numbers of dimensions. 
Also, more than one link may be provided to and from the 
line interface. In an alternative embodiment tWo output links 
are provided from the fabric to the line interface bringing the 
total number of output links, and hence output registers, to 
eight. In this case, the input buffers and output registers are 
connected by a 7x8 crossbar sWitch. The second output link 
provides additional bandWidth to drain packets from the 
fabric netWork When a single node receives traffic simulta 
neously from many directions. 

[0059] A virtual netWork is provided for each pair of 
output nodes. Each of the seven input buffers 62 contains a 
buffer, of for eXample one ?it, for each virtual netWork in the 
machine. In one embodiment, a 6><10><10 torus fabric pro 
vides 600 nodes. A single virtual netWork is assigned to a 
pair of maximally distant output nodes in the netWork as 
minimal routes betWeen these tWo nodes are guaranteed not 
to share any links and thus are guaranteed not to interfere 
With one another. Further, tWo virtual netWorks are provided 
for each pair of nodes to alloW for tWo priorities in serving 
different classes of tra?ic. Thus, in the router, there are 600 
virtual netWorks: tWo virtual netWorks for each of 300 pairs 
of nodes. Each input buffer 62 contains space for 600 
36-byte ?its (21,600 bytes total). 
[0060] As an improvement, each input buffer has storage 
for tWo ?its for each virtual channel. The siZe of a ?it 
determines the maXimum duty factor of a single virtual 
channel and the fragmentation loss associated With rounding 
up packets to a Whole number of ?its. The maXimum 
bandWidth on a single fabric link that can be used by a single 
virtual channel can be no more than the ?it siZe times the 
number of ?its per virtual channel buffer divided by the time 
for a header ?it to propagate through a router. For eXample, 
if a ?it is 36 Bytes, there is a single ?it per buffer, and it takes 
ten 10 ns clocks for a header ?it to propagate through a 
router, the maXimum bandWidth per virtual channel is 360 
MBytes/s. If the link bandWidth is 1200 MBytes/s, a single 
virtual channel can use at most 30% of the link bandWidth. 
If the ?it buffer capacity is at least as large as the link 
bandWidth divided by the router latency (120 Bytes in this 
case), a single virtual channel can use all of the link capacity. 

[0061] One Would like to make the ?it siZe as large as 
possible both to maXimiZe the link bandWidth that a single 
virtual channel can use and also to amortiZe the overhead of 
?it processing over a larger payload. On the other hand, a 
large ?it reduces e?iciency by causing internal fragmenta 
tion When small packets must be rounded up to a multiple of 
the ?it siZe. For eXample, if the ?it siZe is 64 Bytes, a 65 Byte 
packet must be rounded up to 128 Bytes, incurring nearly 
50% fragmentation overhead. 
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[0062] One method for gaining the advantages of a large 
?it siZe Without incurring the fragmentation overhead is to 
group adjacent ?its into pairs that are handled as if they Were 
a single double-siZed ?it. For all but the last ?it of an 
odd-length message, all ?it processing is done once for each 
?it pair, halving the ?it processing overhead. The last odd ?it 
is handled by itself. HoWever, these odd single-?its are rare 
and so their increased processing overhead is averaged out. 
In effect, ?it pairing is equivalent to having tWo siZes of 
?its—regular siZed and double siZed. The result is that long 
messages see the loW processing overhead of double-siZed 
?its and short messages see the loW fragmentation overhead 
of regular siZed ?its. In the preferred embodiment, ?its are 
36 Bytes in length and are grouped into pairs of 72 Bytes 
total length. 

[0063] If a virtual channel of a fabric router destined for an 
output node is free When the head ?it of a packet arrives for 
that virtual channel, the channel is assigned to that packet for 
the duration of the packet, that is, until the Worm passes. 
HoWever, multiple packets may be received at a router for 
the same virtual channel through multiple inputs. If a virtual 
channel is already assigned, the neW head ?it must Wait in 
its ?it buffer. If the channel is not assigned, but tWo head ?its 
for that channel arrive together, a fair arbitration must take 
place. With limited buffer space assigned to each virtual 
channel, a block at an output node from the fabric is 
promptly seen through backpressure to the input line inter 
face for each packet on that virtual netWork. The input line 
interface can then take appropriate action to reroute subse 
quent packets. With assignment of different destinations to 
different virtual netWorks, interference betWeen destinations 
is avoided. Tra?ic is isolated. 

[0064] Once assigned an output virtual channel, a ?it is not 
enabled for transfer across a link until a signal is received 
from the doWnstream node that an input buffer at that node 
is available for the virtual channel. 

[0065] An elementary ?oW control process is illustrated in 
FIGS. 9, 10A and 10B. Each cycle, a number M of the 
enabled ?its in each input buffer are selected by a fair 
arbitration process 68 to compete for access to their 
requested output links. The selected ?its forWard their output 
link requests to a second arbiter 70 associated With the 
requested output link. This arbiter selects at most one ?it to 
be forWarded to each output link. The Winning ?its are then 
forWarded over the crossbar sWitch to the output register and 
then transmitted over the output link to the neXt router in the 
sWitch fabric. Until selected in this tWo-step arbitration 
process, ?its remain in the input buffer, backpressure being 
applied upstream. 

[0066] The fabric router at each line-interface module uses 
credit-based ?oW-control to regulate the ?oW of ?its through 
the fabric netWork. Associated With each set of input buffers 
62 are tWo V-bit vectors; a presence vector, P, and an enabled 
vector, E. V, as illustrated in FIG. 10A, is the number of 
virtual netWorks and hence the number of entries in the 
buffer. Abit of the presence vector, P[v,i], is set if the input 
buffer i contains a ?it from virtual netWork v. Bit E[v,i] is set 
if this ?it is enabled to take the neXt hop of the route to its 
destination link. 

[0067] As illustrated in FIG. 10B, associated With each 
output register is a V-bit credit vector, C, that mirrors the 
complement of the presence vector on the opposite end of 
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the fabric link at the receiving node. That is, C[v,j] is set at 
a given outputj if P[v,i] is clear at the input port on the 
opposite side of the link. If C[v,j] is set, then the output 
register has a credit for the empty buffer at the opposite end 
of the link. 

[0068] Flits in an input buffer are enabled to take their neXt 
hop When their requested output link has a credit for their 
virtual network. For example, suppose the packet in virtual 
netWork v of input buffer i has selected output link j for the 
neXt hop of its route. We denote this as F[v,i]=j, Where F is 
the forWarding vector. The ?it in this input buffer is enabled 
to take its neXt hop When tWo conditions are met. First, it 
must be present, P[v,i]=1, and second, there must be a credit 
for buffer space at the neXt hop, C[v,j]=1. 

[0069] The input buffer storage is allocated separately to 
each virtual netWork While the output registers and associ 
ated physical channels are shared by the virtual netWorks. 
The credit-based ?oW control method guarantees that a 
virtual netWork that is blocked or congested Will not inde? 
nitely tie up the physical channels since only enabled ?its 
can compete in the arbitration for output links. Further, 
because only one or tWo ?its per virtual netWork are stored 
in each input buffer, stiff backpressure is applied from any 
blocked output node to the forWarding engine of the input 
node. 

[0070] Allocation 

[0071] Arbitration and ?oW control can be seen as an 
allocation problem Which involves assigning virtual chan 
nels to packets, arriving from different input nodes and 
destined to common output nodes, and assigning physical 
channel bandWidth to ?its destined to the same neXt node in 
the fabric path. 

[0072] In a multistage sWitching fabric, packets composed 
of one or more ?its advance from their source to their 

destination through one or more fabric routers. At each hop, 
the head ?it of a message arrives at a node on an input virtual 
channel. It can advance no further until it is assigned an 
output virtual channel. In the sWitch fabric of the preferred 
embodiment each packet may route on only one virtual 
channel. If the virtual channel is free When the packet 
arrives, it is assigned to the arriving packet. If, hoWever, the 
virtual channel is occupied When the packet arrives, the 
packet must Wait until the output virtual channel becomes 
free. If one or more packets are Waiting on a virtual channel 

When it is released, an arbitration is performed and the 
channel is assigned to one of the Waiting packets. 

[0073] Once a packet succeeds in acquiring the virtual 
channel it must compete for physical channel bandWidth to 
advance its ?its to the neXt node of its route. A packet can 
only compete for bandWidth When tWo conditions hold. 
First, at least one ?it of the packet must be present in the 
node. Second, there must be at least one ?it of buffer space 
available on the neXt node. If these tWo conditions do not 
hold, there is either no ?it to forWard or no space in Which 
to put the ?it at the neXt hop. If both conditions hold for a 
given packet, then that packet is enabled to transmit a ?it. 
HoWever, before a ?it can be sent, the packet must Win tWo 
arbitrations. Among all the enabled packets, for a ?it of the 
packet to advance to the neXt node of the route, a packet 
must be granted both an output port from the input ?it buffer 
and the output physical channel. 
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[0074] For small numbers of virtual channels, the alloca 
tion problem can be solved in parallel for the elementary 
case of FIGS. 9, 10a and 10B using combinational logic. 

[0075] Consider ?rst the virtual channel allocation prob 
lem. A bit of state, H, is associated With each of V input 
virtual channels on each of K input controllers. This bit is set 
if the input virtual channel contains a head ?it that has not 
yet been assigned an output virtual channel. The bit array H 
[1:V, lzK] determines the demand for virtual channels. Abit 
of state, B, is associated With each of V output virtual 
channels in each of K output controllers. This bit is set if the 
output virtual channel is busy. The bit array B[1:V,1:K] 
determines the allocation status of the virtual channels. 

[0076] To allocate a virtual channel, v, in output controller, 
k, an arbitration must ?rst be performed across virtual 
channel v in each of the k input controllers With input 
controller i only competing if (1) H[v,i] is set and (2) the 
destination of the channel, F[v,i]=k. The input that Wins the 
arbitration is granted the virtual channel only if B[v,k]=0. 

[0077] The situation is similar for allocation of physical 
channel bandWidth to ?its. The buffer status of each input 
virtual channel is indicated by a presence bit, P, that is set 
When one or more ?its are in the present node. Each output 
virtual channel looks ahead and keeps a credit bit, C, that is 
set When one or more empty buffers are available in the neXt 

node. Suppose We choose to do the allocation serially (Which 
is sub-optimal); ?rst arbitrating for an output port of the 
input controller and then arbitrating for an output channel. 
Suppose each input buffer has M output ports. Then for input 
buffer i, We ?rst determine Which virtual channels are 
enabled. An enabled vector, E[v,i] is calculated as 

E[v,i]=_'H[v,i]AP[v,i]AC[v,j] Where “'denotes logical nega 
tion, A denotes a logical AND operation, and j is the 
destination of the packet on virtual channel v of input 
controller i. Thus, a packet is enabled to forWard a ?it When 
it is not Waiting for a virtual channel, When there is at least 
one ?it present in its buffer, and When there is at least one 
?it of storage available at the neXt hop. Next, all of the 
enabled channels in the input buffer arbitrate for the M 
output ports of the input buffer. This requires a V-input 
M-output arbiter. Finally, the Winners of each local arbitra 
tion arbitrate for the output virtual channels, this takes K, 
MK-input arbiters. 

[0078] With large numbers of virtual channels a combi 
national realiZation of the allocation logic requires a pro 
hibitive number of gates. The preferred sWitch fabric has 
V=600 virtual channels and K=7 ports. To implement this 
allocation method having combinational logic thus requires 
4200 elements of vectors H and B, 4200 3:8 decoders to 
qualify the arbitrations, and 4200 7-input arbiters to select 
the Winners. BetWeen the ?ip-?ops to hold the state, the 
decoders, and the arbiters, about 50 2-input gates are 
required for each of the 4200 virtual channels for a total of 
over 200,000 logic gates, a prohibitive number. 

[0079] For the preferred router, the P and C arrays are also 
4200 elements each. BetWeen the C-multipleXers and the 
arbiters, each element requires about 40 gates. Thus the 
bandWidth allocation requires an additional 160,000 logic 
gates. 
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[0080] While quite reasonable for routers With small num 
bers of virtual channels, V less than or equal to 8, combi 
national allocation is clearly not feasible for the router With 
V=600. 

[0081] Event-Driven Allocation 

[0082] The logic required to perform allocation can be 
greatly reduced by observing that for large numbers of 
virtual channels, the state of most virtual channels is 
unchanged from one cycle to the neXt. During a given ?it 
interval, at most one virtual channel of a given input 
controller can have a ?it arrive, and at most M virtual 
channels can have a ?it depart. The remaining V-M-l virtual 
channels are unchanged. 

[0083] The sparse nature of changes to the virtual channel 
state can be exploited to advantage through the use of 
event-driven allocation logic. With this approach, a single 
copy (or a small number of copies) of the virtual channel 
state update, and allocation logic is multiplexed across a 
large number of virtual channels. Only active virtual chan 
nels, as identi?ed by the occurrence of events, have their 
state eXamined and updated and participate in arbitration. 

[0084] TWo types of events, arrival events and credit 
events, activate the virtual channel state update logic. Athird 
type of event, a transport event, determines Which virtual 
channels participate in arbitration for physical channel band 
Width. Each time a ?it arrives at a node, an arrival event is 
queued to check the state of the virtual channel associated 
With that ?it. Asimilar check is made in response to a credit 
event Which is enqueued each time the doWnstream buffer 
state of a virtual channel is changed. Examining the state of 
a virtual channel may lead to allocation of the channel to a 
packet and/or scheduling a ?it for transport to the doWn 
stream node. In the latter case, a transport event is generated 
and enqueued. Only virtual channels With pending transport 
events participate in the arbitration for input buffer output 
ports and output physical channels. Once a ?it Wins both 
arbitrations and is in fact transported, the corresponding 
transport event is dequeued. 

[0085] Logic to implement event-driven channel alloca 
tion is illustrated in FIGS. 11A and 11B. FIG. 11A shoWs 
one of seven input controllers While FIG. 11B shoWs one of 
seven output controllers. Each input controller is connected 
to each output controller at the three points shoWn. Each 
input controller includes a destination table 72, an arrival 
queue 74, a credit queue 76 and a ?it buffer 62. A virtual 
channel state table 80 and a transport queue 82 are included 
in each output controller. The Figures shoW an event-driven 
arrangement Where the virtual channel state is associated 
With each output controller. It is also possible to associate 
the state With the input controllers. Placing the state table in 
the output controller has the advantage that virtual channel 
allocation (Which must be performed at the output control 
ler) and bandWidth allocation (Which can be performed at 
either end) can be performed using the same mechanism. 

[0086] The destination tables, ?it buffers, and virtual 
channel state tables have entries for each virtual channel, 
While the three queues require only a small number of 
entries. For each virtual channel, the destination table 
records the output port required by the current packet on that 
input channel, if any, (i.e., E8), the ?it buffer 62 provides 
storage for one or more ?its of the packet, and the state of 
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the output virtual channel is recorded in the state table. The 
arrival, credit, and transport queues contain entries for each 
event that has occurred but has not yet been processed. 

[0087] On the input side, the dual-ported arrival queue, 
credit queue, and ?it buffer also serve as a synchroniZation 
point as illustrated by the dashed line in FIG. 11A. The left 
port of these three structures, and all logic to the left of the 
dotted line (including the destination table), operates in the 
clock domain of the input channel. The right port of these 
three structures, and all logic to the right of the dotted line, 
including FIG. 11B, operate in the internal clock domain of 
the router. 

[0088] In an alternative embodiment arriving ?its are 
synchroniZed to the local clock domain before accessing the 
arrival queue or destination table. 

[0089] With the arrangement shoWn in FIGS. 11A and 
11B, an allocation of a virtual channel or a physical channel 
?it cycle is performed through a three-event sequence of 
arrival, transport, and credit. An arriving ?it arbitrates for 
access to the state table for its output virtual channel. When 
granted, the table is updated to account for the arriving ?it 
and, if the channel is allocated to its input controller and a 
credit is available, a transport request is queued to move the 
?it. The transport request arbitrates for access to the input ?it 
buffer. When access is granted the ?it is removed from the 
buffer and forWarded to the neXt node. Whenever a ?it is 
removed from the ?it buffer a credit is queued to be 
transmitted to the previous node. When credits arrive at a 
node, they update the virtual channel state table and enable 
any ?its that are Waiting on Zero credits. Finally, the arrival 
of a tail ?it at a node updates the virtual channel state to free 
the channel. 

[0090] Each time a ?it arrives at an input controller, the 
contents of the ?it are stored in the ?it buffer 62. At the same 
time, the destination table 72 is accessed, and an arrival 
event, tagged With the required output port number, is 
enqueued at 74. The destination table is updated by the head 
?it of each packet to record the packet’s output port and then 
consulted by the remaining ?its of a packet to retrieve the 
stored port number. An arrival event includes a virtual 
channel identi?er (10 bits), a head bit, and an output port 
identi?er (3 bits). The arrival events at the heads of each of 
the K input controller’s arrival queues (along With input port 
identi?ers (3 bits)) are distributed to arbiters 84 at each 
output controller. At each output controller the arrival 
events, that require that output port, arbitrate for access to 
the state table 80. Each cycle, the Winning arrival events are 
dequeued and processed. The losing events remain queued 
and compete again for access to the state table on the 
subsequent cycle. 

[0091] As shoWn in FIG. 12, for each output virtual 
channel, v, on output k, the virtual channel state table 80 
maintains a state vector, S[v,k] containing: 

[0092] 1. The allocation status of the channel, B, idle 
(0), busy (1) or tail pending 

[0093] 2. The input controller assigned to this channel 
(if B is set), I, (3 bits). 

[0094] 3. Abit vector of input controllers Waiting on this 
channel, W, (7 bits). 
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[0095] 4. The number of credits (empty buffers on the 
next node), C, (1 bit). 

[0096] 5. The number of ?its present on this node, P, (1 
bit). 

[0097] The ?rst three of these (B,I,W) are associated With 
the allocation of output virtual channels to input virtual 
channels While the last tWo (C,P) are associated With the 
allocation of physical channel bandwidth to ?its. The num 
ber of ?its in each element of the state vector may be varied 
as appropriate. For example, if more ?it buffers are available 
on each node, then more bits Would be allocated to the C and 
P ?eld. Much of the state here corresponds directly to the 
state bits in the combinational logic approach. The B, C, and 
P bits are identical. The W bits correspond to the H bits, 
quali?ed by required output channel. 

[0098] The number of bits in the Waiting vector, W, can be 
increased to provide improved fairness of arbitration. With 
just a single bit, a random or round-robin arbitration can be 
performed. If 3-bits are stored for each entry, a queuing 
arbitration can be performed With the input virtual channels 
serviced in the order that their requests arrived. Each virtual 
channel in effect “takes a number” When it arrives at the state 
table, and this number is stored in its entry of the W vector. 
When the channel becomes free, the “next” number is 
served. 

[0099] When an arrival event associated With virtual chan 
nel v, from input controller I, arrives at the state table for 
output k, it reads S[v,k] and performs one of the folloWing 
actions depending on the type of event (heads vs. body) and 
the state of the channel. 

[0100] 1. If the ?it is a head, the channel is idle, B=0, 
and there are doWnstream credits, C#0, (a) the channel 
is assigned to the input by setting B=1, 1=i, (b) a 
doWnstream buffer is allocated by decrementing C, and 
(c) a transport request is queued for (v,i,k) at 82. 

[0101] 2. If the ?it is a head, the channel is idle, but 
there are no doWnstream credits, the channel is 
assigned to the input, and the presence count, P, is 
incremented. No doWnstream buffer is allocated and no 
transport request is queued. 

[0102] 3. If the ?it is a head and the channel is busy, 
B=1, the virtual channel request is queued by setting 
the ith bit of the Wait vector, W. 

[0103] 4. If the ?it is a body ?it, and there are doWn 
stream credits, a doWnstream buffer is allocated and a 
transport request is queued. 

[0104] 5. If the ?it is a body ?it, and there are no 
doWnstream credits, the presence count is incremented. 

[0105] 6. If the ?it is a tail and W=0, no Waiting heads, 
then, if there is a credit available the tail ?it is queued 
for transport and the channel is marked idle, B=0. 
OtherWise, if no credit is available, the channel is 
marked tail pending, B=2, so the arrival of a credit Will 
transmit the tail and free the channel. 

[0106] 7. If the ?it is a tail, a credit is available (C#0), 
and there are packets Waiting (W#0), the tail ?it is 
queued for transport as in cases 1 and 4 above. An 
arbitration is performed to select one of the Waiting 
inputs, j. The channel is assigned to that input (B=1, 
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I=j), and, if there is an additional credit available, this 
neW head ?it is queued for transport; otherWise it is 
marked present. 

[0107] 8. If the ?it is a tail and a credit is not available, 
(C=0), the presence count is incremented and the status 
of the channel is marked “tail pending,” (B=2). 

[0108] If there is just a single ?it buffer per virtual 
channel, When a body ?it arrives there is no need to check 
the virtual channel allocation status (B, I and W) as the ?it 
could only arrive if the channel Were already allocated to its 
packet (B=1, I=i). If there is more than one ?it buffer per 
virtual channel, the virtual channel of each body ?it arrival 
must be checked. Flits arriving for channels that are Waiting 
for an output virtual channel Will generate events that must 
be ignored. Also, the number of ?its buffered in a Waiting 
virtual channel must be communicated to the state table 80 
When the output channel is allocated to the Waiting channel. 
This can be accomplished, for example, by updating the ?it 
count in the state table from the count in the ?it buffer 
Whenever a head ?it is transported. Note that in case 1 
above, We both allocate the virtual channel and allocate the 
channel bandWidth for the head ?it in a single operation on 
the state table. Tail ?its here result in a pair of actions: the 
tail ?it is ?rst processed as a body ?it to allocate the 
bandWidth to move the tail ?it, the tail ?it is then processed 
as a tail ?it to free the channel and possibly move a pending 
head ?it. Unless the transport queue can accept tWo inputs 
simultaneously, this must be done sequentially as a tail ?it 
arrival may enqueue tWo ?its for transport: the tail ?it itself, 
and the head ?it of a Waiting packet. 

[0109] Each entry in the transport queue (v,i,k) is a request 
to move the contents of ?it buffer v on input controller i to 
output k. Before the request can be honored, it must ?rst 
arbitrate at 86 for access to ?it buffer i. On each cycle, the 
transport requests at the head of the queues in each of the K 
output controllers are presented to their requested input 
buffers Where they arbitrate for access to the M ports. The 
Winning transport requests are dequeued and their ?its 
forWarded to the appropriate output multiplexer 88. The 
other requests remain in the transport queues. There is no 
need to arbitrate for a fabric link here, as the output 
controller associated With each of the outgoing fabric links 
makes at most one request per cycle. 

[0110] Each time a transport request successfully forWards 
a ?it to an output, a credit is generated to re?ect the space 
vacated in the input ?it buffer. This credit is enqueued in a 
credit queue 76 for transmission to the output controller of 
the previous node. When a credit for virtual channel v 
arrives at output controller k of a node, it reads the state 
vector, S[v,k], to check if any ?its are Waiting on credits. It 
proceeds as folloWs depending on the state of the presence 
count. 

[0111] 1. If there are no ?its Waiting, P=0, the credit 
count is incremented, C=C+1. 

[0112] 2. If there are ?its Waiting, P#0, the number of 
Waiting ?its is decremented, P=P-1, and a transport 
request for the ?rst Waiting ?it is enqueued. 

[0113] 3. If there is a tail ?it pending (B=2), a transport 
request for the tail ?it is queued. 

[0114] If no head ?its are Waiting on the channel (W=0), 
the channel is set idle (B=0). OtherWise, if there are head 
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?its Waiting (W#0), an arbitration is performed to select a 
Waiting channel, say from input controller j, the channel is 
allocated to this channel (B=1, I=j), and the head ?it is 
marked present (P=1) so the neXt arriving credit Will cause 
the head ?it to be transmitted. 

[0115] In the above-described event-driven embodiment, 
the output controller processes body ?its and tail ?its 
differently. In particular, the output controller processes 
body ?its according to techniques 4 and 5, and processes tail 
?its according to techniques 6, 7 and 8, described above. 

[0116] As described in technique 7, a head ?it of a data 
packet can folloW directly on the heels of a tail ?it of a 
previous data packet. For eXample, a data packet can occupy 
a virtual channel While one or more data packets (i.e., one or 
more head ?its) Wait for that virtual channel. When an 
arrival event for a tail ?it of the occupying data packet 
reaches the output controller, the output controller queues 
the tail ?it for transmission to the neXt fabric router doWn 
stream, and allocates the virtual channel to one of the 
Waiting data packets (i.e., one of the Waiting head ?its). 
Accordingly, the output controller grants the virtual channel 
to a neW data packet as soon as the fabric router queues the 
tail ?it for transmission. 

[0117] In an alternative event-driven embodiment, the 
output controller processes body ?its and tail ?its similarly. 
In particular, the output controller processes both body and 
tail ?its according to techniques 4 and 5, as described above. 
As such, When an arrival event for a tail ?it reaches the 
output controller, and When a credit is available, the output 
controller queues the tail ?it for transmission Without freeing 
the virtual channel or allocating the virtual channel to a 
Waiting data packet. When a fabric router that is doWnstream 
from the present fabric router receives, processes and for 
Wards the tail ?it, the doWnstream fabric router generates a 
special tail credit in place of the normal credit. The doWn 
stream fabric router sends this tail credit upstream to the 
present fabric router. When the output controller of the 
present fabric router receives the tail credit, the output 
controller increments the credit count of the virtual channel 
in a manner similar to that for normal credits, and frees the 
virtual channel. At this point, if there are data packets 
Waiting for the virtual channel, the output controller per 
forms an arbitration procedure to assign the virtual channel 
to one of the Waiting data packets. 

[0118] The fabric router according to the alternative event 
driven embodiment has sloWer performance than the fabric 
router of the event-driven embodiment that processes body 
and tail ?its differently. In particular, after the fabric router 
of the alternative embodiment queues a transport request for 
transmission of a tail ?it to a doWnstream router, the virtual 
channel assigned to the data packet of that tail ?it becomes 
idle. The virtual channel is not available for use by another 
data packet until the fabric router receives a tail credit from 
the doWnstream fabric router. 

[0119] HoWever, the alternative event-driven embodiment 
results in considerably simpler logic for several reasons. 
First, it simpli?es the handling of events by reducing the 
compleXity of handling a tail-?it arrival event. The Work is 
instead spread betWeen the tail-?it arrival and the tail-credit 
events. Furthermore, it simpli?es the logic by ensuring that 
only a single packet is in a given virtual channel’s ?it buffer 
at any point in time. This is guaranteed by not granting the 
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virtual channel to a neW packet until the tail of the previous 
packet has cleared the ?it buffer—as signaled by the tail 
credit. In contrast, in the event-driven embodiment that 
processes body ?its and tail ?its differently, a head ?it of a 
neXt packet can folloW directly on the heels of the tail ?it of 
a present packet, and tWo or more packets may be queued in 
a single virtual channel’s ?it buffer at the same time. 

[0120] Each event-driven method of allocation described 
here reduces the siZe and complexity of the logic required 
for allocation in tWo Ways. First, the state information for the 
virtual channels can be stored in a RAM array With over 10X 
the density of the ?ip-?op storage required by the combi 
national logic approach. Second, the selection and arbitra 
tion logic is reduced by a factor of V. Arbitration for access 
to the virtual channel buffers is only performed on the 
channels for Which changes have occurred (?it or credit 
arrival), rather than on all V channels. 

[0121] Only the ?it buffer, the state table, and the desti 
nation table in FIGS. 11A and 11B need to have V entries. 
A modest number of entries in the bid, transport, and credit 
queues Will suffice to smooth out the speed mismatches 
betWeen the various components of the system. If a queue 
?lls, operation of the unit ?lling the queue is simply sus 
pended until an entry is removed from the queue. Deadlock 
can be avoided by breaking the cycle betWeen event queues. 
For eXample, by dropping transport events When the trans 
port queue ?lls, the state table is able to continue to consume 
credit and arrival events. Lost events can be regenerated by 
periodically scanning the state table. Alternately, one of the 
N queues, e.g., the transport queue, can be made large 
enough to handle all possible simultaneous events, usually V 
times N (Where N is the number of ?its in each channel’s 
input buffer). 
[0122] Dispersion 
[0123] While assigning a separate virtual channel to each 
virtual netWork is a simple solution, it is costly and has 
limited scalability. The number of buffers required in each 
interconnection netWork router increases linearly With the 
number of nodes in the system. With 512 virtual netWorks 
the number of ?it buffers required is pushing the physical 
limits of What can be economically constructed on the 
integrated circuits making up the router’s sWitch fabric. 

[0124] To reduce the number of buffers, and hence the 
cost, of the sWitch fabric and to provide for greater scal 
ability, virtual netWorks may be constructed With overlap 
ping buffer assignments by using dispersion codes. Consider 
for eXample a netWork With N nodes (and hence N virtual 
netWorks) and V virtual channels (?it buffers) on each node. 
Each node, j, is assigned a dispersion code, a V-bit bit vector 
that speci?es Which of the V virtual channels this virtual 
netWork is permitted to use. That is, the vector contains a 1 
in each bit position that corresponds to a permitted virtual 
channel and Us in all other positions. The dispersion codes 
must be assigned so that for every pair of virtual netWorks, 
A and B, the bit vector corresponding to A contains a 1 in a 
position at Which the bit vector corresponding to B contains 
a Zero. 

[0125] Care must be taken in assigning dispersion codes to 
avoid channel-dependence deadlocks betWeen virtual net 
Works. An assignment of dispersion codes for a 3-D torus 
netWork that is guaranteed to be deadlock-free may be made 
as folloWs: 






