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PCT/US98/00229            A SCALEABLE LOW-LATENCY SWITCH FOR USAGE IN- AN
INTERCONNECT STRUCTURE         TECHNICAL FIELD                 The present
invention relates to interconnection structures for computing and
communication systems.       More specifically, the present invention
relates to a scaleable low-latency switch for usage in a multiple level  5
interconnection structure.        BACKGROUND ART                 A
persistent significant unsolved problem in the field of computer science
has been the lack of a       scalable, low-latency interconnect that
sustains high throughput (high cross-sectional bandwidth) under fully
loaded conditions. Existing interconnect designs, such as the banyon, omega
and fat-tree networks, multi-level 10 grids, torus and hypercube networks
all fail, in various degrees, to scale without limit, support low latency
and       high throughput when loaded with traffic. The geometries of these
networks were developed by Nineteenth       Century mathematicians, and
even earlier geometricians, and were never intended to support a
message-routing       method.                 What is needed is an
interconnect structure and a suitable switch for use in forming
interconnections 15   in the structure that are scalable virtually without
limit, and that support low latency and high throughput.                 An
interconnect structure and switch with these advantageous characteristics
is useful in many       electronic design environment application
categories including supercomputer networks and network switch       fabric
environments such as local area network (LAN)/Internet switch fabrics and
telephone switch fabrics.                 Objectives of the various
electronic design environments are very different. For example, a primary
20   objective in the design of a supercomputer is very low latency. In
contrast, the main objective in the design of a       LAN/Internet switch
fabric is scalability, rather than latency. An objective of telephony
central office switching       is very high scalability and low cost, while
latency and bandwidth are of smaller concern.                 Switches for
supercomputer designs are fabricated using expensive silicon fabrication
technologies.       Design parameters are particularly defined and
invariant throughout a supercomputer system. Specifically 25   word size,
addressing schemes, size, and capacity are generally invariant throughout a
supercomputer system.       A single compiler philosophy and design, and
operating system definition and requirement set is typically used       for
a supercomputer system. Similarly, a supercomputer system includes a single
definition of operating speed       and voltages. A supercomputer utilizes
compatible components, memory, processors, power supplies and the
like.  30             A supercomputer design generally has a smaller
maximum size than a LAN/ Internet network       although the size of a
network is highly variable. A supercomputer design typically has a size in
the range from       hundreds to a few thousand ports while a network has a
size in the range from hundreds to many thousands of       ports or higher.
A supercomputer system uses a switch design with a high degree of
parallelism through usage            



-2 -        of multiple identical stacked integrated circuits. Typically
nodes in a supercomputer network are implemented       on a single
integrated circuit chip with only a few nodes fabricated on one circuit
board. The interconnection       of nodes is made by multiple, expensive
high-speed cables. The supercomputer design parallelism extends to
addressing and control issues, as well as packaging to achieve a reduction
in latency and an increase in  5   bandwidth per port.                  In
contrast to supercomputer switch implementations, switches for a network
design, such as a LANI       Internet network design, typically utilize
multiple integrated circuits possibly having different design
parameters. Generally, design parameters for small networks are
substantially different from design parameters       for large networks.
For example, large networks sometimes use a "twisted cube" or
two-dimensional design. 10   Very large networks having on the order of
hundreds of thousands of ports commonly use three-dimensional or
four-dimensional topologies that are formed by interconnecting or cascading
multiple switch circuits into a       meta-topology for super-large
switches. Different implementations of switch circuits are needed to
efficiently       construct LANI Internet networks having differing
meta-topologies, especially to supply suitable input and       output
signal timing. Network bit rates are commonly slower than the bit rates of
a supercomputer and are 15   widely variable. For example, Ethernet uses a
10 Mbit/s rate. A token ring has a 12 Mbit/s rate. A fast       Ethernet
attains a 100 Mbit/s rate and ATM attains a 25 Mbit/s to 622 Mbit/s rate.
Conventional switch technologies have many deficiencies in the support of
interconnect structure        technologies. First, no existing switching
fabric or technology can support more than about 12 to 24 ports at a
reasonable cost. For example, an eight-port token ring switch costs
approximately $10,000. An eight to sixteen- 20   port 10 Mbit/s Ethernet
switch ranges in cost from $4,000 to $10,000.                  A second
deficiency of interconnect switch technologies is that a single switch
design does not support        multiple different communication protocols.
Pin-limited designs are easily supported only for communication
protocols having a small packet length, such as ATM. Different packet sizes
directly affect integrated circuit        chip design so that wide
variability in packet sizes leads to large differences in design switch
specifications. For 25   example, a switch buffers the entire length of the
maximum packet size at least once for every port on an        integrated
circuit switch. Thus, the defined ATM packet size is 53 bytes so that the
small payload of an ATM        design yields an efficient usage of the
gates in an integrated circuit. The Ethernet packet size is variable and
ranges up to about 2Kbytes, requiring a large number of gates for buffering
a message. Similarly, token ring        packets range up to 4Kbytes and
fiber channel sizes are virtually unlimited, using a large circuit area for
30   message buffering.                   What is needed is a generic
switch circuit for local area network usage. What is further needed is a
generic switch circuit for constructing a network that implements IEEE
network specifications.
-3-        DISCLOSURE OF INVENTION                 A highly advantageous
interconnect structure is useful for computers of all types, networks and
communication systems utilizing a data flow technique that is based on
timing and positioning of messages       communicating through the
interconnect structure. Switching control is distributed throughout
multiple nodes 5   in the structure so that a supervisory controller
providing a global control function and complex logic structures       are
avoided. The interconnect structure operates as a "deflection" or "hot
potato" system in which processing       and storage overhead at each node
is minimized. Elimination of a global controller and buffering at the nodes
greatly reduces the amount of control and logic structures in the
interconnect structure, simplifying overall       control components and
network interconnect components and improving speed performance of message 



10   communication.                 A scalable low-latency switch, extends
the usefulness and advantages of the interconnect structure and
includes a novel set of structures that accompany a novel message-routing
method to avoid limitations of       previously existing networks. The
throughput of a simple embodiment of the interconnect structure using the
scalable low-latency switch is better than 20 percent as the interconnect
size goes to infinity. Tune-of-flight 15   (latency) is typically no
greater than twice the time elapsed for the header to enter the network,
even when the        interconnect structure is fully loaded. Another
embodiment of the interconnect structure, called a "Flat        Latency
Interconnect", using the scalable low-latency switch has two or more
downward paths per node and        improves throughput to better than forty
percent as the size goes to infinity.                  In accordance with
an aspect of the present invention, a scaleable low-latency switch design
satisfies 20   highly aggressive objectives in multiple interconnect design
categories. The scaleable low-latency switch        satisfies many
different integrated circuit layouts for multiple design categories in a
very broad market.                  The scalable low-latency switch is made
up of a large number of extremely simple control cells        (nodes). The
control cells are arranged into arrays. The number of control cells in an
array is a design        parameter typically in the range of 64 to 1024 and
is usually a power of 2. The arrays are arranged into levels 25   and
columns. The number of columns typically ranges from 4 to 20, or more. When
each array contains 2        control cells, the number of levels is
typically J+1. The scalable low-latency switch is designed according to
multiple design parameters that determine the size, performance and type of
the switch. Switches with        hundreds of thousands of control cells are
laid out on a single chip so that the useful size of the switch is
limited by the number of pins rather than by the size of the network.  30
The multiple design parameters of the scalable low-latency switch determine
a circuit layout for        constructing the switch. In addition to the
number of control cells in an array and the total number of arrays,
other design choices are made. In a basic design the control cells have two
data input ports and two data output        ports. More complex designs,
such as a "paired-cell" design, combine elements of the basic cell to form
larger        control cell units. The larger cell units form more complex
nodes. An advantage of compound cells such as 35   the paired-cell design
is a lower overall latency as well as a reduced variability of latency.
Compound cells may
-4 -         be called 'flat latency" switches due to the reduced latency
variance in comparison to the basic design. The        paired-cell design
includes more gates than two single cells but, due to the flat latency, is
desirable in        supercomputer use and as the switching fabric for fast
networks such as Gigabit Ethernet and ATM switches.
Design parameters further include timing types including a basic timing
scheme and a pipelined logic  5   scheme. The pipeline logic "ripples up"
through the network and is therefore called a ripple-up design.
Ripple-up pipeline logic transmits messages through the network in fewer
clock periods. In contrast the basic        timing design operates an
integrated circuit chip at the fastest possible I/O rates.
Messages typically enter arrays of the interconnect structure at a top
level (level L) and exit through a        bottom level (level 0). Messages
"wormhole" through control cells on the chip with data bits traveling from
the 10   left to right and from top to bottom. In a simple timing scheme,
header bits move between cells on a given        level in two ticks (two
clock periods) and between nodes on different levels in one tick. Payload
bits, like        header bits, use two ticks to move cell-to-cell on the
same level, and effectively 0 ticks moving downward from        level to
level. In the ripple-up timing scheme the header and payload bits use only
one tick to move between        nodes on a given level. Payload bits use
effectively 0 ticks passing down from level to level. In the paired-cell 



15   design, messages move between cells at a given level only when
deflected. Therefore messages that are not        deflected have payload
bits that move directly from input pin to output pin. The pin-to-pin
connection is        achieved using a timing scheme that enables message
wormholing.                  Some embodiments of the switch include a
multicasting option in which one-to-all or one-to-many        broadcasting
of a message is performed. Using the multicasting option any input port can
optionally send a 20   message to many or all output ports. The message is
replicated within the switch with one copy generated per        output
port. Multicast functionality is pertinent to ATM and LANIWAN switches as
well as supercomputers.        Multicasting is implemented in a
straighforward manner using additional control lines which increase
integrated circuit logic by approximately 20% to 30%. A multicast switch
combined with ripple-up logic raises        the complexity of timing
issues, especially since designs include flat-latency operation.   25
In an actual implementation, a silicon switch having the topology of the
interconnect structure is pin-        limited. Alternatively stated, the
minimum number of logic gates that are needed to construct the switch is
substantially smaller than the number available. As the size of an
integrated circuit chip increases, the area        increases as a square,
while the circumference increases linearly. Accordingly, a larger
integrated circuit chip        has many more gates than are warranted by
the number of I/0 pins. In accordance with some embodiments of 30   the
present invention, excess logic gates are employed to achieve low latency.
In accordance with other       embodiments of the present invention, LAN
messages of 2 Kbytes or more include many dynamic FIFO buffers       that
consume excess logic gates.                 A Multiple Level Minimum Logic
(MLML) Network is taught in U.S. Patent Application serial       number
08/505,513, entitled "MULTIPLE LEVEL MINIMUM LOGIC NETWORK", by Coke S.
Reed and 35   filed on July 21, 1995, which is hereby incorporated by
reference in its entirety. An optical embodiment of the
Multiple Level Minimum Logic network has a structure in which the nodes of
an outermost cylinder (a top        level) have input ports to receive
messages. At a tick of a global clock, messages are inserted into an
unlocked        node of the outermost cylinder. The optical interconnect
lines (fibers) between the nodes transmit messages        such that an
entire message fits between adjacent notes.   5             Although the
Multiple Level Minimum Logic network transfers messages without the usage
of        electronic storage such as memories or buffers, in an electronic
design implementation of the Multiple Level        Minimum Logic network
the interconnect lines between the nodes may be implemented as First-In,
First-Out        (FIFO) Buffers. For example, one possible embodiment of an
electronic version of the Multiple Level        Minimum Logic network may
be primarily constructed from FEFOs and have a minimum latency through the
10   chip of at least the number of transitions between nodes times the
message length time the clock rate of the        circuit An electronic
design that eliminates the FIFO buffers would result in a minimum latency
of the        number of node transitions times the circuit clock rate, a
substantially reduced latency. Moreover, eliminating        the FIFO
buffers allows the chip to be composed primarily of cells or nodes rather
than FIFO elements,        advantageously allowing much larger networks to
fit on a chip as well as greatly reducing latency by utilizing 15
wormhole routing.                  An interconnect structure using the
scalable low-latency switch employs a method of achieving        wormhole
routing through the integrated circuit chip through a novel procedure for
inserting messages into the        chip. Rather than simultaneously
inserting a message into each unblocked node on the outer cylinder at every
angle, messages are inserted simultaneously into two columns A and B only
if an entire message fits between A 20   and B. Messages are inserted into
column 0 at time 0. Messages are inserted into column 1 at time t[err]+
t[err].        where time t[err] is the time for a first bit of a message
to move from column 0 to column 1 on the top level.        Messages are
inserted into column 2 at time t[err]+ 2t[err], and so forth. The strategy
advantageously prevents the 



first bit of one message from colliding with an interior bit of another
message already in the switch. Therefore,        contention between entire
messages is addressed by resolving the contention between the first bit
only with the 25   desirable outcome that messages wormhole through many
cells. In many cases, the first bits of the payload exit        the chip
before the tail end of the payload has entered.                   In
accordance with one aspect of the present invention, a lower latency design
is achieved using excess        logic gates by constructing a switch with
two to four or more times as many columns as are warranted by the
number of input and output pins. Columns in excess of the number of input
pins have no input connection, 30   reducing congestion in the switch by
effectively reducing the probability that a message is deflected by another
message during passage through the switch. Latency increases upon each
occurrence of a deflection. Supplying        additional columns that are
not connected to input lines substantially reduces the message-flow density
within        the switch and advantageously decreases latency. In various
embodiments of the present invention, a variety of        input port and
column configurations are defined to adjust and tune the density of message
flow, and take 35   advantage of the comparative abundance of internal
logic relative to I/0 connections.
-6 -                 In accordance with another aspect of the present
invention, various output port and column       configurations are defined
to support different interconnect objectives. The two primary categories of
interconnect structures are supercomputer and network (LAN/ Internet)
design structures. A supercomputer       output port configuration
disregards the column address of an output signal and drains a message
immediately  5   out of the switch. A message has multiple exit ports to
one target, a set of external buffers. The size of a switch       is equal
to the number of rows, even though many columns are included in the design.
In contrast, a network (LAN) output signal may use a particular column
address relating to a       particular message destination of a plurality
of destinations. The size of the output structure is the number of
rows times the number of external columns, an output configuration that is
substantially opposite to the output 10   configuration of a supercomputer.
In summary, one output design, applicable to supercomputers, supplies a
highest bandwidth and lowest       possible latency. A second design,
applicable to networks, supplies the largest number of ports possible.
In accordance with various embodiments of the present invention, a
scaleable, low-latency switch       supports a wide range of interconnect
objectives for many interconnect applications. The scaleable low-latency 15
switch supports flat-latency control cells and single-row control cells.
The switch supports single-tick timing       and ripple-up logic timing.
The scaleable low-latency switch supports multicasting in some embodiments
and       does not support multicasting in other embodiments. Various
embodiments of the scaleable low-latency switch       support different
input port configurations to variably set message-flow density and support
different output       port configurations for applications ranging from
low-latency supercomputers to multiple port LANs. The 20   switch supports
a variety of messages from small supercomputer message to enormous LAN
messages.                 In accordance with another aspect of the present
invention, the Scalable Low Latency Switch is        implemented as an
optical embodiment with several advantages over the MLML Network patent in
addition to        wormhole routing. Moreover, in some embodiments a
message header is processed in an electronic network        that sets the
gates in a "slave" optical network carrying only the payloads. The
electro/optical hybrid switch 25 advantageously exploits the superior
features of each technology.                 Many advantages are attained
by the scaleable low-latency switch. The switch advantageously has a
very high bandwidth and a very low latency, and an interconnect with many
hundreds of ports is easily       implemented on a single chip.  



In some embodiments, the scalable low-latency switch is implemented on a
single chip. Typically, 30   conventional networks are implemented as a
collection of independent nodes that are interconnected on circuit
boards and with multiple cables. The conventional implementations are
expensive and require many chips,       circuit boards and high-speed
cables. Conventional implementations have a latency that is optimally a few
microseconds to a few hundred microseconds even for very low message
densities. In contrast, the latency of a
-7-       fully-loaded 512-port Scalable Low-Latency Switch is easily
within 20-100 nanoseconds using current ASIC      technology.
The advantages of the interconnect structure and scalable low-latency
switch are depicted in the      following table which compares the
characteristics of current conventional network and interconnect designs to
5   structures using the scalable low-latency switch:
Conventional Network Implementations           Scalable Low-Latency Switch
Multiple, separate nodes that are interconnected  All control cells (nodes)
are on one low-priced         on circuit boards using cables, resulting in
a  integrated circuit chip using current ASIC         large and expensive
system               processes         Nodes are complex including logic
for     A node is a simple cell with less than a few         examining all
address bits, routing flags, and to dozen gates. One integrated circuit
chip         support multiple input terminals (typically  supports many
hundred thousand cells,         receiving four or more input signals)
providing very many concurrent message paths
from any input to any output         Nodes generally include a buffer that
holds an    Only one or two bits of a message are held in a         entire
message                                 dynamic shift register of a cell. A
message is                                                         always
in motion         Multiple messages entering a node may     A "busy signal"
sent from a first cell to a second         compete for the same exit path
cell prevents the second cell from causing a
possible collision         When two or more messages compete for the
Messages never collide since an exit path is         same path, a
"collision" occurs that is  always available to every cell. A competing
cell         subsequently handled                           receives a busy
signal and is denied use of the
path         A node must examine the message address and   A cell examines
only two bits of the message         generally other routing flags to
determine how    plus a busy signal to determine routing, a         to
handle a message                            process that is easily
performed in a single clock
period          In some conventional networks, a collision  Collisions
never occur, instead a message may          causes a message to be
re-routed through the  be deflected to an adjacent cell which is the same
network, wasting all progress gained toward  distance away from the target.
The deflection          reaching a target
process consumes only a few clock periods          In some conventional
networks, a collision  No more than one or two bits are temporarily
causes an entire message to be buffered, or  held in a dynamic shift
register cell. Messages          stored, within a node, thereby slowing
never stop moving          progress, degrading latency, and complicating
the node's logic            Message multicasting is generally not supported
An embodiment of the scalable low-latency 



switch supports one-to-all, and one-to-many
message routing (multicasting) in addition to
one-to-one routing of other messages          Multiple messages do not
wormhole through  Messages span multiple control cells, and always
the network                                    wormhole through the network
such that the                                                         head
of the payload may exit the chip even
-8 -                                                          before the
tail has entered the chip          As the size of a fully loaded network
increases As a fully loaded scalable low-latency switch          to a few
hundred or thousand ports, the  increases in size to infinity, the
throughput of a          effective throughput goes to zero and the
preferred embodiment remains greater than          latency increases to
unacceptable lengths  40%, and the latency distribution remains
narrow          Current network designs cannot simultaneously  The scalable
low-latency switch simultaneously          support thousands of ports, high
throughput,   supports many thousands of ports, high          and low
latency                                 throughput, and low latency
BRIEF DESCRIPTION OF DRAWINGS                The features of the described
embodiments believed to be novel are specifically set forth in the
appended claims. However, embodiments of the invention relating to both
structure and method of operation,       may best be understood by
referring to the following description and accompanying drawings. The use
of the  5   same reference symbols in different drawings indicates similar
or identical items.                FIGURE IA is a block diagram
illustrating fundamental components of a scaleable, low-latency
switch and a structure for interconnecting the fundamental components in a
schematic overview-form that is       applicable to several embodiments of
the present invention.                FIGURE 1B is a diagram that shows the
right-to-left connections at one level of the block diagram.  10
FIGURE IC is an abstract schematic diagram of a generalized embodiment of
the interconnect that       shows how control cells are members of groups,
how groups are interconnected, how data flows from cell to       cell and
how control signals are connected.                 FIGURE 1D is an overview
diagram of a general method for moving data in the form of messages
through the interconnect structure.  15            FIGUREs 2A, 2B and 2C
are schematic diagrams illustrating the layout of messages that are
transported through the switch shown in FIGURE IA. FIGURE 2A relates to a
message that has a row       header. FIGURE 2B relates to a message having
both a row and column header. FIGURE 2C relates to a       message for
multicasting.                  FIGURE 3 is a schematic interconnection
diagram showing interconnections of switch arrays 20   including detailed
interconnections of a switch array such as data and busy signal
connections.                  FIGURE 4 is a schematic timing diagram
showing Input Signal timing and Output Signal timing to 



depict the timing and control of messages entering and leaving a switch in
a simplified embodiment of a       communication technique.
FIGURE 5A is an abstract schematic interconnection diagram showing a
tri-state input connection to       the switch. FIGURE 5B is a timing
diagram showing control timing signals applied to the switch shown in
FIGURE 5A using tri-state timing which permits the use of only a single pin
for control (output) and data       (input) because of the control and data
signals are generated at different times.   5             FIGUREs 6A and 6C
are, respectively, an 8-row table and a 16-row table and FIGURE 6B is a
schematic graph depicting a method for generating a placement sequence for
locating control cells within       switch.                 FIGURE 7A is a
schematic interconnection diagram illustrating how messages are routed
through the       switch shown in FIGURE 1A using a binary-tree type
routing technique in which a message has multiple paths 10   to its target
row.                 FIGURE 7B is a schematic illustrating an embodiment
that has an increasing number of rows at       lower levels to
advantageously reduce message congestion as messages approach their target.
FIGURE 8A is a schematic block diagram illustrating a technique for moving
a message from one       level to a next lower level on a path to a
predetermined target  15          FIGURE 8B is a schematic block diagram
showing that a message on a lower level can block a       message at a next
higher level from moving immediately to the lower level and that the
blocked message has       another opportunity to move to the lower level
using the technique illustrated in FIGURE 8A.                 FIGURE 9 is a
routing interconnection diagram illustrating the connective relationship of
a message       path at one row versus the rows at the level below and
emphasizing the advantage of the placement sequences 20   resulting from
interconnections described by the 8-row table shown in FIGURE 6B in
attaining a very low       probability of one message being blocked by the
same message in a subsequent excursion through the       interconnection
structure.                 FIGURE 10 is a schematic diagram illustrating a
message header passing through the switch and the       contraction in
length of the message header as the message passes through the switch with
the result that the 25   entire header is removed by the time the message
reached the bottom of the switch, advantageously causing       lower
latency and simpler logical processing.                 FIGURE 11A is a
series of delay elements constituting a first-in first-out (FIFO) buffer,
FIGURE        11B is a dynamic FIFO structure composed of delay elements,
and FIGURE 11C is an optical FIFO structure.                 FIGURE 12A is
a chart that shows the relative timings of control logic at different
levels at the same 30   column of the interconnect.         



- 10 -                 FIGURE 12B is a chart that shows the relative
timings of control logic at different columns at the       same level of
the interconnect                  FIGURE 13A is an abstract depiction of a
control cell state for a message that moves downward. The       state of
the cell is stored in a latch. Delay elements used in logical processing
are shown and the 5   interconnections to the upward level, downward, right
and left are shown.                  FIGURE 13B is an abstract depiction of
a control cell state for a message that moves right The state       of the
cell is stored in a latch.                 FIGURE 14 is a flow diagram of
the general elements of logic required to control message flow
through a control cell. The outcome is to set the state of a control cell
such that it sends a message downward or 10   to the right, if such message
is present                  FIGURE 15A is a detailed depiction of logic
gates of one embodiment of a control cell at levels above       level 0.
This is a completion of the depiction in FIGUREs 13A and 13B, and performs
the processing       described in the flow diagram of FIGURE 14.
FIGURE 15B is a detailed depiction of logic gates of one embodiment of a
control cell at level 0 for a 15   message that incorporates column
addressing shown in FIGURE 2B.                  FIGURE 16A is a timing
chart for a high-speed timing (no inter-level delay) switch and its control
cell. All processing for al levels takes place in the same clock period
thereby reducing latency.                  FIGURE 16B is a detailed diagram
of two high-speed control cell that are connected in the same
column. The high-speed "ripple-up" logic is discussed.   20
FIGURE 17 is a diagram of an 8 row by 4 column, 32-port switch showing the
layout and        interconnections of all control cels in all switch arrays
that constitute a complete embodiment of a switch.                   FIGURE
18A is a diagram showing the 7 states of a flat-latency control cell, that
is, the        interconnections within the cell of the 2-row inputs and the
two upward-downward inputs and outputs.                   FIGURE 18B is a
table describing how the many combinations of input values to a
flat-latency 25   control cell determine what state it is in. The state is
used to control the flow of the 0, 1, 2, 3 or 4 messages        entering
the cell.                   FIGURE 18C is a detailed schematic diagram of a
flat-latency control cell that uses the state        determined by the
table of FIGURE 18B to set the logic gates and thereby route the message
through the cell.                   FIGURE 18D is a concise symbolic
representation of a flat-latency control cell that is used in 30
subsequent figures.   



- 11 -                 FIGURE 19 is a diagram illustrating the complete
interconnections and layout of a 16 row by 4       column, 64-port
flat-latency switch, that form a complete embodiment of a flat-latency
switch. The locations       and interconnections of all control cells in
all switch arrays are shown, and the discussion describes how the
layout is performed.    5             FIGUREs 20A, 20B and 20C are diagrams
of alternate embodiments of the top level of single-path       and a flat
latency switch that advantageously reduce the number of inputs to the
switch relative to the       maximum possible number of inputs, thereby
lowering message density and reducing congestion within the        switch.
FIGUREs 21A, 21B and 21C show various right-to-left interconnections at a
level or at levels, for a 10   variety of advantageous design requirements.
FIGURE 22A is and block diagram of a low-latency output circuit that for a
message described in       FIGURE 2A, and is intended for the lowest
possible latency, such as would be used in a supercomputer.       FIGURE
22B is a detailed diagram of an element in diagram shown in FIGURE 22A.
FIGURE 23A is a block diagram of the output of a switch that uses the row
and column addressing 15   described in FIGURE 2B, and is intended for a
large capacity switch, such as an ATM or telephonic switch        with very
many ports. FIGUREs 23B and 23C show detail of elements of FIGURE 23A.
FIGURE 24A is a diagram of the components of a multicast control cell that
uses the message       described in FIGURE 2C for the purpose of sending a
message from one input to one output, or for       broadcasting
(multicasting) a message to many outputs, or to all output ports.   20
FIGUREs 24B, 24C and 24D taken together form is a depiction of the states
of a multicast control       cell as a multicast message moves right along
a row.                  FIGUREs 25A, 25B and 25C describe the message
header layout for multi-chip switches formed in a       multi dimensional
topology.                  FIGURE 26A is a schematic pictorial that
illustrates how to interconnect multiple chips to generate a 25   switch
with a large number of input and output ports.                  FIGURE 26B
is a symbolic representation of the Figure 2D interconnected switch system
referred to       as a "twisted cube"                  FIGURE 27 is a
schematic pictorial that illustrates how to interconnect multiple chips in
a three-       dimensional configuration to generate a switch with an even
larger number of input and output ports. 



- 12 -                 FIGURE 28 is a schematic pictorial that illustrates
how to interconnect multiple chips in a four-       dimensional
configuration generate a switch with a very large number of input and
output ports ("4D switch").                  FIGURE 29A illustrates how a
message is divided into two messages of half the initial size, for entry
into a low-latency switch.   5             FIGURE 29B is a block diagram of
a split-header switch that uses the split message of FIGURE 29A       in a
switch with a master-slave relationship that reduces latency approximately
by a factor of 2.                  FIGURE 30A shows the layout of a optical
message that is processed by an electro-optical switch.
FIGURE 30B is a diagram of an electro-optical control cell that processes
the message described in       FIGURE 30A.  10             FIGURE 30C is a
diagram of the top-most or input control cell for optical message described
in       FIGURE 30A.                  FIGURE 30D is a symbolic
representation of an optical amplifier/regenerator that is used in the
processing of an optical message.                 FIGURE 30E is a diagram
of a complete electro-optical switch showing the arrangements an 15
interconnections of control cells described in FIGUREs 30B and 30C, and
fiber interconnections of the cells.                  FIGURE 31 is a
diagram of an hybrid control consisting of an electronic control cell
connected to a       simplified optical control cell in a master-slave
relationship for the purpose of greatly reducing latency and
achieving very high bandwidth.                  FIGURE 32 is a diagram of a
portion of a hybrid electro-optical switch that uses the two types of 20
control cells described in FIGURE 31, and their interconnections.
The use of the same reference symbols in different drawings indicates
similar or identical items.         MODES FOR CARRYING OUT THE INVENTION
A scalable, low-latency switch for high-bandwidth communications and
computer network       applications has many alternative configurations for
performing many types of functions and a wide range of 25   capacities and
performance characteristics. A first embodiment describes a switch that is
derived from power-       of-2 design rules, supports message wormholing,
handles only a single message length, point-to-point message
transmission, has a fixed number of rows per level, and is not optimized
for a flat latency distribution. The       description of the first
embodiment of Switch 100 forms the base upon which desired additional
functions and       features are built Additional functions and features
generally include multicast (one-to-many) transmission 30   capability,
vaziable-length message switching, low-latency transmission, multi-chip
implementation, and 



- 13 -        control of an optical switching fabric. Various embodiments
of the interconnect structure are discussed in detail       in Reed, U.S.
Patent Application serial number 08/505,513.                 Referring to
FIGURE 1A, an embodiment of the Scaleable Low-Latency Switch 100 includes
multiple       rows of serial data transmson devices arranged in multiple
columns 160, 162 and 164, and at multiple levels  5   130, 132, 134 and
136. The levels are interconnected at each column by a structure of data
busses 122 and       control busses 124. L+1 levels are enumerated as level
0 130, level 1, 132, through level L 136. The levels       include a plural
number rows R 170. The rows perform serial data transmission 126
interconnecting a sequence       of switch arrays 120 and an optional
first-in, first-out (FIFO) serial delay element 114 situated along each row
of each level.  10             Serial data in the form of a message enter
into Switch 100 through data input busses 102 at all or at       many
columns. The data input bus 102 includes a plural number of serial data
input ports 104. Serial data exit       from the Switch 100 by data output
lines 158 at each column. The data bus includes a plural number of serial
data output ports 154. Referring also to FIGURE 2A, a message 200 entering
at any input port 104       advantageously exits at the output port 154
specified in the message header. In one embodiment, consisting of a 15
semiconductor chip implementation of Switch 100, input port 104 includes an
input pin connection, and an        output port 154 includes an output pin
connection on the chip. In another embodiment designed for high-speed
operation a plural number of pins service a single input port or output
port connection. Multiple chips operate        in parallel to produce a
large, high-speed, very low-latency switch. In yet another embodiment
designed for a        very large number of I/O ports a plural number of
specially interconnected chips constitute a single 20   implementation of
Switch 100.                  In one embodiment of Switch 100, K columns
enumerated 0, 1,.., K-1, each containing R 170 serial       data
transmission lines are connected to yield up to R times K input ports 104,
and up to R times K output ports       154. The number R of the data lines
is preferably equal to or less than 2[err] where L+1 is the number of
levels of       Switch 100. In one embodiment of Switch 100, R 170 is equal
to 2[err], and K is preferably an even number to 25   achieve advantageous
minimal message-blocking, discussed later. In one embodiment of Switch 100
the       number of rows 170 at a lower levelj is greater than the number
of rows at a level j+l above it; in this       embodiment R 170 refers to
the number of rows at the bottom level. Table 1 has examples of sizes of
Switch       100 for a wide range ofpreferred values of K and L. In some
embodiments of Switch 100 the number of       addressable ports is the same
as the number of rows, the columns advantageously provide a substantial
increase 30   in bandwidth to the port.
- 14 -                             Levels       Columns           Rows
Ports                            (L+l)            (K)                 2L)
(Rows*K) 



4                  4                  8                     32
4                  6                  8                     48
5                  8                 16                    128
6                  8                 32                    256
6                 10                 32                    320
7                 12                 64                    768
8                 16                128                  2,048
9                 16                256                  4,096
11                 28              1,024                 28,672
15                 24             16,384                393,216
19                 32           262,144               8,388,608
21                 36        1,048,576          37,748,736
Table 1                Referring to FIGURE 1A, a plurality of column
timing-control lines 108, each associated with a       columns 160, 162 and
164, signal that the respective column is ready to receive data from an
external device. A       plural number of port-available lines 106 at each
column, in conjunction with column timing-control line 108,  5   signals
that a corresponding serial input port 104 is available to receive data. In
one embodiment shown in       structure 116, a plural number of buffers 112
accept a serial message and store it for subsequent injection into a
switch array 120 at top level L 136. Optional input structure 116 in
conjunction with input buffers 112 controls       the timing of the entry
of a message 200 into Switch 100, and controls the subsequent buffering and
injection of       the serial message into a switch array 120 at the top
level 136 of Switch 100. In another embodiment of Switch 10   100,
structure 116 is omitted and data moves immediately from input 104 to
switch array 120.                 A plural number of output control lines
156 at each column accept a device-ready signal from an       external
device. The signal indicates that the external device is ready to accept a
message 200 from a       corresponding serial output port 154. In one
embodiment shown in output structure 180, a plural number of       output
buffers 152 store a message after it has been routed through Switch 100. In
another embodiment of 15   Switch 100, structure 180 is omitted. In this
embodiment a switch array 120 at the bottom level is directly
connected to output ports 154. Additionally, output control lines 156 are
similarly connected to the switch array       120 at the bottom level.
A message in the form of serial data enters the uppermost level 136 from
input 104 into switch array       120. In one implementation, the message
subsequently moves right to the next switch array. The next switch 20
array determines if the message should be sent downward to the next lower
level 134, or if it should be sent       right and remain at the same level
136. A message that remains at the same level may have an opportunity to
move downward to the next lower level after it has moved right to the
switch array 120 at the next column. A       message that drops downward to
the next lower level 134 enters the switch array at that level where it
immediately moves right the next switch array 120 at the same level 134.
Messages entering a switch array 120 25   from the upward level always exit
that switch array to the right Messages entering a switch array 120 from
the       left exit the array to the right or downward.
- 15 -                 If a message from the upward level enters the at
right-most column 164, or if a message from the left       reaches the
right-most column, the message enters optional serial FIFO delay device
114. After exiting the       FIFO, the message is conveyed to row exit
point 172. In one embodiment, exit point 172 connects to input port
104, in another embodiment, the point connects internally to row entry
point 174 on the same row at the same  5   level, or is connected
externally to point 174 at the same level on another chip. A message
remaining at a       particular level may have an opportunity to drop
downward to the next lower level each time it moves right and 



enters the switch array 120 at the next column. In one embodiment, FIFO 144
is fixed in length; in another       embodiment, the FIFO is variable
length to allow efficient variable-length message processing; and in yet
another embodiment, the FIFO is omitted altogether. The structure and
function of the FIFO is discussed in 10   detail later.                 The
timing of a message 200 entering Switch 100 is regulated by the
column-ready signal 108 in       conjunction with port-busy signal 106,
such that the first bit of the message enters the switch at a time
determined by timing control structure 142. The structure is controlled
externally by clock signal 140 and       message-length control signal 144.
All messages that enter an input port 104 at the same column enter at the
15   same time. Messages entering a column to the right of that column
enter at a slightly later time, such that the       header bits of all
messages on the same level are aligned even if the messages entered the
level at different       columns. In contrast, messages enter at all
columns at the same time in the MLML Network discussed in Reed,       U.S.
Patent Application serial number 08/505,513. In the illustrative
embodiments of Switch 100, only one or       two bits extend between the
columns, rather than all bits of the entire message in a routing technique
termed 20   message "wormholing". The inter-column timing is regulated by
delay element 148, timing is discussed later.       In one'embodiment of
Switch 100, the timing of a message entering a switch array 120 at a given
level is       different from the timing of a message entering another
switch array at the same column at a different level. In       this
embodiment the inter-level timing is regulated by delay element 146. In
another embodiment, the global       clock timing is the same for many or
all levels and delay element 146 is omitted.  25
CONNECTIONS AT ONE LEVEL                 Referring to FIGURE 1B in
conjunction with FIGURE 1A, the connections of rows 182 from right to
left at one level are shown. Right-hand exit point 172 is connected back to
the left to a row input point 174 at       the same level. In some
embodiments, a permutation 166 may be utilized in which a message exiting
at the       right-hand side is routed to a different row at the left hand
side of the same level. In other embodiments a 30   connection at the right
hand side is connected to the same row. FIGUREs 21A, 21B and 21C also show
alternate ways of connecting the left and right-hand points.
GENERALIZED EMBODIMENT                 FIGURE 1C is a general diagram of
Switch 100. In this Figure many components such as control       cells and
interconnections between control cells are omitted for the sake of clarity.
(In this figure the terms 35   "left" and "right" refer to an input path
and an output path, respectively, connected to cells at the same level.)
- 16 -        Control cells 186 are members of one or more groups of cells
at the same level. A group 192 contains one or       more data loops 184.
In FIGURE 1C the top level includes a single group G[2,1] 192, where the
first       parameter (2) indicates the level and the second parameter (1)
indicates a specific group at that level. Cell B       186, within group
G[1,1], is connected to other cells that, taken together, form a continuous
data loop 184.  5   Data in the form of a message circulating through loop
184 moves through cells A, B, C, D, E, and beyond. In.       some
embodiments where the message length is long, a FIFO is included in data
loop 184. A message       circulating in a data loop has opportunities to
move downward to cells in any connected groups at a lower level,       such
as from G[2,1] to G[11,1] orto G[11,2]. In some embodiments, two groups are
connected below each       group, constituting sets of multiple "binary
tree" type connection paths. A message entering cell B 186 has an 10
opportunity to drop downward l88 to level 1 intogroupG[l,l].
Amessageatthenextcell,cell C in this       example, has an opportunity to
drop to another group, G[1,2], which connects the message to a different
set of       targets 154. In some embodiments a message does not have to
move through more than two cells in one group       before having an
opportunity to drop to either group at the lower level. 



A message entering cell 186 B may preferentially move downward on
interconnect 188 to cell J to at 15   the lower level because cell 3 is
located on a path that connects cell B with the message target N 154. Cell
L (at       the lower level) is also connected to cell J. If a message
moves from cell L to cell J, then cell L at the lower       level has
priority. Priority is signaled by cell L sending busy signal 190 to the
cell B above, informing cell B       not to send a message down. In some
embodiments, switch 194 on the downward path 188 is also activated by
busy signal 190, preventing any message from the signaled cell colliding
with a message on the shared path at 20   the lower level. Switch 194
advantageously prevents a collision when an external device, such as an
input at        104, fails to honor busy signal 190.                 All
cells have an exit path 196 to another cell (or to a FIFO) in the group of
cells, and all cells have a       busy-signal connection 190 to other
cell(s) that share a common path. If for any reason a cell does not send a
message downward, the cell sends the message on interconnect 196 to another
cell in the same group 192 at the 25   same level. A significant advantage
of busy signal 190 is that exit path 196 is always available to a message
entering from another cell in the cell group. A message remaining at a
level does not lose the downward        progress achieved moving toward the
message target. The message immediately encounters other cells in the
same group that are connected to a lower group which are on a path to the
message target A path of a message        entering at cell A and exiting at
cell N is shown in a heavy line in FIGURE 1C.   30             Examination
of FIGURE 1A shows that many paths exist from any input to any output 154.
OVERVIEW OF METHOD                 FIGURE 1D is an overview diagram showing
a method of routing messages through Switch 100.       Referring also to
FIGUREs 1A, 1C and 2A, in general, messages enter interconnect 100 at the
top level and       move downward and to the right where the messages are
routed to the message target row at the bottom level.
- 17 -         The target row address is encoded in the message header. In
preferred embodiments, the most significant bit of        the target
address appears first and the least significant bit last. The payload
follows the header (discussed for        FIGUREs 2A and 2B).
Messages move through Switch 100 by passing from one control cell to
another. The structure of  5   Switch 100 is intimately related to how
messages are controlled, and is discussed in detail below. A control
cell is located on every row at the intersection of every column and level,
thus at every control array. All        processing is performed within the
simple control cells. No additional message-routing component is
employed. A control cell contains only one or two bits of storage in the
form of shift registers in the illustrative        embodiment.
Advantageously, no more than two bits of the message are contained within a
control cell, 10   reducing logic requirements and speeding a message's
transit through the cell. As soon as the control cell        determines
where to send a message, the cell sets internal gates and routes the
message either downward        toward the target, or to the right to a cell
in the same group. Messages generally span multiple control cells as
bits of the message travel cell-by-cell through the interconnect in the
process termed wormholing.                  A control cell always has an
available exit path to the right 196, insuring that a message entering a 15
control cell from the left always has an available exit. Desirably, a
message is never buffered or held at a        control cell, advantageously
reducing the time of transit (latency) through a control cell. The cell
desirably        examines only a few header bits and a busy signal 190 from
one or more nearby control cells to determine        where to route the
message. The determination is easily performed in a single clock period. If
the control cell 



has a connection downward 188 to a group on a path that connects to the
message's target and the connection 20   is available, the message is sent
downward moving the message closer to the target. Otherwise, the message is
sent on the always-available path to the right 196 to another control cell,
where the process is repeated.                  When a message is sent
downward the most-significant address bit is stripped, advantageously
shortening the length of the header and reducing the number of bits the
next cell has to read to determine the        direction of the message. The
next cell advantageously has immediate access to the appropriate header bit
25   because no other address bits arrive sequentially ahead of the
appropriate header bit. Stripping the most        significant bit is
advantageous because the stripped header bit has already been used to
determine the current        portion of the message's path through the
interconnect and is no longer needed.                   When a message is
sent to a cell in the same group, the message does not lose the progress
achieved in       traversal of the interconnect structure toward the
message target. The next cell to the right attempts to send the 30
message toward the target. A message that is sent to the right is desirably
delayed only one or two clock       periods. A message that reaches the
right-hand side of the interconnect is routed back to a cell at the left on
the       same level, as discussed in the description of FIGURE 1C.
A control cell monitors only a few bits of the message header and a signal
from another control cell to       determine how to route the message. The
determination is performed within a single clock period. Messages
- 18-        that move downward are directly connected to the cell below,
bypassing the internal shift registers of the       sending cell. The
payload is delayed by no more than one clock period. In embodiments (not
shown) in which       a control cell has multiple paths downward, an
unblocked message always has a connection toward the message       target.
In the multiple-path embodiment, the time elapsed for the first bit of a
message to exit Switch 100 is 5   one clock period for every header bit
plus one or two times the number of deflections that have occurred in
transit of the message through the interconnect. Messages wormhole through
Switch 100 such that the first bits       of the payload desirably exit
before the tail of the payload has entered the switch. A message typically
reaches       one of a thousand rows with fewer than a dozen deflections.
The first bit of the payload advantageously exits a       1000-port switch
in less than 15 or 20 clock periods.                    Referring to FIGURE
2A, a serial message entering Switch 100 includes a traffic bit 202 which
always has the value ONE, a row header 204 identifying the target row at
the bottom level of the switch, and a       payload consisting of serial
data bits 206. The row header 204 is a binary encoding of the bottom-level
target       row in a manner such that the most significant bit (MSB) 208
of the target row address appears first and the 15   least significant bit
(LSB) 210 appears last Payload 206 contains the data packet that is desired
to be       transported within Switch 100 from any input port 104 to any
output port 154 or group of output ports. In some       embodiments of
Switch 100, payload 206 can be of variable length, which is controlled by
dynamic timing       structure 142.                  Referring to FIGURE
2B, in another embodiment of Switch 100, the bottom-level target row is 20
determined by row header 204 as described above, and the target column is
determined by column header 212.       The column header contains a binary
encoding of the column number. In this embodiment, the first header 204
determines the target row in the manner described for FIGURE 2A, and the
second header 212 specifies the 



target column. In this embodiment the message can circulate at the bottom
level until it reaches the target       column In an alternate embodiment
the message moves downward immediately to the first available buffer 25
152, discussed later. The total length 214 of message 200 includes the
traffic bit 202, the header or headers 204       and 212, and the payload
206.                  Referring to FIGURE 2C, in another embodiment of
Switch 100 that supports point-to-multipoint       broadcasting, a
multicast bit 220 indicates whether message 230 is to be transmitted to one
output port 154, or       to many output ports, or to all output ports.
When multicast bit 220 is set to ZERO, the message is targeted to 30
exactly one output port, and the successive bits in the message are treated
as row header 204, optional column       header 212, and payload 206, that
is, the same definition as described for FIGUREs 2A and 2B. When the
multicast bit 220 is set to ONE, the next two bit positions are used as
"upper half 224 and "lower half 226       markers, that is, they are
utilized as a pair of single-bit registers (within the message header)
denoting the       status of the message as it moves through the switch.
The remaining bits constitute a column bitmask 228. The 35   details of
multicast processing are discussed later. In another embodiment of Switch
100, multicast messages
- 19 -         enter the switch at specific rows at any level using row
entry point 174. This message is targeted to specific        subsets of
bottom-level rows.                  FIGUREs 2A, 2B, and 2C describe the
message layout as it enters Switch 100 at input port 104 or        row
entry point 174. The message may be changed in length and in other
characteristics as it progresses  5   through the switch. It is the
responsibility of an external device connected to an input port 104 to
properly        assemble a message as described in FIGUREs 2A, 2B and 2C.
SWITCH ARRAY LAYOUT                  Referring to FIGURE 3 in conjunction
with FIGURE 1, the switch arrays 120 each contain R control        cells
300. A switch array 120 is located at the intersection of each column and
level of Switch 100. In one 10   embodiment of Switch 100, every switch
array 120 contains exactly one control cell on any vertical data line
316 and exactly one control cell on any horizontal row 360. In some switch
arrays the control cells are        arranged in "identity configuration",
that is, along the lower-left to upper-right diagonal, where the vertical
position in the switch array is the same as the horizontal coordinate. The
identity configuration is shown as        switch array 340. In other switch
array layouts, the control cells are arranged in a different configuration,
such 15   as shown in switch array 342. The particular arrangement of
control cells in a given switch array is critical to        the proper
operation of Switch 100 and is discussed in detail later. In another
embodiment of Switch 100 there        is one control cell for every two
rows 360 (not shown).                   In one embodiment of Switch 100,
each level 130 through 136 contains R serial data rows 126        numbered
bottom-up from 0 306 through R-1 308. Each column 160 through 164 contains
R serial data lines 20   122 from the upward level and R control (busy
signal) lines 124 from the lower level. The numbering 318 of an
input port 104 is determined by the location of the control cell 300 in the
switch array below it Switch array        120 at column 0, level L,
contains a control cell 300 located on row 1. The location of the cell
[l,0,L] is given        by the row, column, and level numbers,
respectively, of the control cell. Therefore, input port 318 is numbered
1, to match the row number of the control cell that it is connected to.
25           Similarly, output port 320 is numbered 2 because the port is
connected on row 2 to control cell 322 at        location [2,0,0]. Input
port 330 is numbered 0 because the port is connected to control cell 324 at
location 



[0,K-1,L]. Output port 344 is numbered 1 because the port is connected to
control cell 328 at location [1,K-        1,0].                   Path 316
is serial communication line for transmitting a message down to a control
cell within a 30   switch array at the next lower level. The path is a
member of data bus 120. Path 360 is a serial communication        line for
transmitting a message right to the next column at the same level, and is a
member of data bus 126.        Path 330 is a busy signal from the lower
level and is a member of bus 124.
- 20 -                 In some embodiments, switch 100 is configured as the
internal network for interconnecting the       multiprocessors of a
supercomputer. In the configuration, device 350 is one of the processors.
In another       embodiment of Switch 100, device 350 represents a
connection from one input port of a switching network,       such as within
ATM switch, in which case the embodiment functions as the switching fabric
for the ATM  5   switch.                  In FIGURE 3 the connection of
external device 350 to switch 100 is illustrated. The location of
external device 350 is on row 2 at column 0 160. External device 358 is
connected at a different column 164,       and receives a different
column-ready signal. Similarly (not shown), external device 350 connects to
output port       372, the ports busy signal 374, and to column
output-ready signal 168. The output address of external device 10   350 is
row 2, column 0, which is the same as the input address. The input ports
104 of Switch 100 are located       at level L 136, and the output ports
154 are located at level 0 130, or the lowest level of the switch in an
embodiment of Switch 100 that omits level 0. When a message 200 has
completed transit through the Switch       100, no inherent indication of
the entry row and column of the message is available. If the application or
use of       Switch 100 specifies that the "source address" be available to
the target recipient, then the source address or 15   identification is
included within the payload 206 of the message.                  FIGURE 3
shows the control cells spread out in a sparse form to illustrate
connection patterns. The       layout and numbering scheme is also used to
simplify subsequent descriptions. In an implementation on an
integrated circuit chip the control cells are arranged on the silicon in
such a way as to pack the logic gates more       tightly than is shown in
the figures.  20                                             I/O AND
CONTROL TIMING                 The input interface to switch 100 is
accomplished by column timing and control signals that govern       the
entry to the column port FIGURE 4 shows the timing of a message entering
402 and leaving 420 Switch       100, and the control and column-ready
signals that control it. Referring also to FIGUREs IA, 2A and 3, a
message 200 enters one embodiment of Switch 100 at input port 104 and the
message exits the switch at output 25   port 154. The timing of the entry
of the message is controlled by column-ready signal 108. The first bit 202
of       the message enters port 104 preferably one period after
column-ready signal 108 goes active. If port-busy signal       304,
associated with the input port 104, goes high, then message 200 is
prohibited from entering that input       port. The column-ready signal 108
controls all input ports located at a specific column 102, whereas
port-busy       signal 304 pertains to only a single input port 104.
External device 350 must examine both the column-ready 30   signal 108 and
port-busy signal 304 to determine if input port 104 can accept a message.
Timing of the column-ready 408 and port-busy 304 signals is preferably one
clock period 430 ahead of       the timing 410 of the first bit 202 to
enter the switch. In embodiments of Switch 100 that incorporate input
buffering structure 116, the relative timing 410 of the first message bit
202 may be greater than one clock 



period after timing signal 408. This embodiment advantageously eases the
timing requirements.
- 21 -                  The first bit 202 of message 420 leaving the switch
arrives at output port 154 at time 428, which is one        clock period
after column ready 156. At the earlier time 426, which is signaled
externally by column-output        ready signal 156, the switch can accept
an output device-busy signal 376 from an external device which
indicates the external device cannot accept a message. For example, the
external device may be a buffer that is  5   full. When the a message
attempting to exit is blocked externally it remains in the switch and
attempts to exit at        a later time.                  In embodiments of
Switch 100 that incorporate output control structure 180, the timing of
column-        output ready signal 156 and the arrival of the first bit of
message 420 is delayed from that indicated in        FIGURE 4. In these
embodiments, the time between the periods 426 and 428 is increased with the
advantage 10   of easing the timing requirements of externally connected
devices. In another embodiment of Switch 100        external busy signal
376 is omitted and the message always exits the switch when it reaches its
target port.                                                  TRI-STATE I/O
AND TIMING                 Referring to FIGURE 3, in one embodiment of
Switch 100 each input connection has associated with        it a message
input connection 104 from external device 350, and a port-busy signal 304
to the external device. 15   In this embodiment, two external connections,
or pins, are required for each input port connection. Similarly,        in
the same embodiment, two external connections 372 and 374 are required to
support one output connection.        Referring to FIGUREs 4 and 5D, the
emission of port ready signal 304 at time 408 occurs one clock period 430
ahead of the entrance of the first bit 202 of message 200 at time 410.
Because of non-overlapped timing        condition, a single tri-state
connection 504 accommodates both signals. The external connection 504 is 20
controlled by tri-state input structure 502, which outputs port-busy signal
at time 408, and subsequently accepts        message 200 for input. That
is, at time 408 tri-state input structure 502 receives column ready signal
404 from        timing-signal line 108. At time 404 external connection 504
is connected to port-busy signal line 304 for one        clock period 512.
At time 410, the external connection 504 is connected to input port 104
until timing signal        408 is again received 514. Tri-state input
connection replaces input port 104 and port-busy connection 304, 25
advantageously replacing two external connections with a single pin.
Similarly, a tri-state output structure (not shown) provides a single
external connection for output port       372 and external port busy signal
374. The tri-state output advantageously reduces the number of output pins
by       a factor of 2. In the preferred embodiment of Switch 100, all
external input and output connections use tri-state       1/0. Tri-state
control 504 is not referred to in any subsequent discussions; instead ports
104 and 174 are 30   references as I/O ports with the understanding that
tri-state I/O is optionally available.
PLACEMENT SEQUENCE METHOD                 The layout of control cells 300
within switch array 120 accomplishes permutations of the message flow
(to be discussed later) which is highly advantageous in achieving
successful operation and performance of       Switch 100. Referring to
FIGURE 3, the layout of control cells 300 in a switch array at a given
level and      



- 22 -        column is determined by a placement sequence. The placement
sequence is generated following the rule that       consecutive cells along
a given row 360 are preferably positioned alternately over upper and
lower-positioned       rows at the next level downward (not shown). That
is, the layout follows the sequence: upper, lower, upper,       lower, etc.
Further, the switch array layout is always performed in a manner such that
no control cell 300 is 5   located on the same row 360, or vertical path
316, as any other cell in the same switch array 120; and there is
always a control cell 300 on every row 360 in every switch array 120.
FIGURE 6A illustrates a placement generation method for 8 rows. Using
zero-origin numbering, the       8 positions (0, 1, 2, 3, 4, 5, 6, 7) 602
are divided into an upper-half sequence (4, 5, 6,7) 604 and a lower-half
sequence (0, 1, 2, 3) 606. The final placement sequence 608 is formed by
alternating and merging the upper 10   and lower sequences. Referring to
FIGURE 6B the placement sequence 608 is shown graphically in plot 632.
Line 630 graphically divides the plot into upper and lower sections and
shows that the sequence alternates in       upper-lower-upper-lower, etc.,
fashion.                 Any permutations of the upper and lower sequences,
respectively, can be used to generate a placement       sequence. It is
advantageous to use a rule to generate a permutation. Where R is the number
of rows at a level 15   and N = R/4, select every Nth value, repeating as
necessary. For example, for 8 rows 602, 8/4 = 2 so therefore       select
every 2nd value from (4, 5, 6, 7) 604 and (0, 1, 2, 3) 606 to get (4, 6, 5,
7) 610 and (0, 2, 1, 3) 612,       respectively. These two permutations are
merged in alternating sequence to form the placement sequence (0, 4,
2, 6, 1, 5, 3, 7) 614. The sequence is shown graphically in plot 634.
Another rule is to use descending       sequences (7, 6, 5, 4) 620 and (3,
2, 1, 0) 622. These are merged to form placement sequence 624, shown in 20
plot 636. The alternate-and-merge operation insures that the final sequence
crosses the upper-and-lower       dividing line 630 at each position. In
general, any permutation of the upper numbers (4, 5, 6,7) 604 can be
merged with any permutation of the lower sequence (0, 1, 2, 3) 606 to
generate an 8 row placement sequence.       Any sequences can be selected
and used to lay out a switch; preferable embodiments of Switch 100 use
placement sequences generated with the "Nth value" rule just given. A
placement sequence is taken to be of 25   unlimited length by repeating the
sequence as needed. For example, sequence 614 can be taken as (0, 4, 2, 6,
1,        5, 3, 7, 0, 4, 2, 6, 1, 5, 3, 7, 0,).                  FIGURE 6C
shows an example for 16 rows 640, given by merging the upper 642 and lower
644        ascending sequences to generate the final sequence 646. In
another example 650 using the 'Nth value" rule,        every 4th value from
642 and 644 are used to generate the upper 652 and lower 654 sequences,
respectively. 30   These are merged to generate placement sequence 658.
This method may be extended to any even-numbered set of-rows. Divide the
sequence of row numbers       into two equal halves: upper and lower, as
exemplified in FIGURE 6A. Form a permutation of each of the       halves
and alternately merge the permutations into a single placement sequence. A
4 row sequence can be       generated by merging the upper (2, 3) and lower
(0, 1) sequences to produce (0, 2, 1, 3). The only two-row 35   sequence is
(0, 1).
- 23 - 



In the case of odd-numbered rows, divide the sequence of row numbers into
upper and lower       sequences, with the middle value arbitrarily assigned
to one of them. Then permute and merge the two       sequences, starting
with the permutation that has more values. For example, given 7 rows (0, 1,
2, 3, 4, 5, 6),       divide into upper (3, 4, 5, 6) and lower (0, 1, 2)
portions. In this example, the upper sequence has more values, 5   so the
merged sequence becomes (3, 0, 4, 1, 5, 2, 6). Preferred embodiments of
Switch 100 do not contain row.       sets made up of an odd number of rows.
MESSAGE FLOW                 A message 200 entering the switch reaches the
target row defined in header 204 by following a route       that is similar
to the route directed by a set of a binary trees. FIGURE 7A illustrates
message A entering at the 10   top level 760 and reaching the target row at
the bottom level 766. The address of message A is row 2, that is,       the
message header 204 in (Hl, H2, H3) is (0,1,0), indicating (lower, upper,
lower). To simplify the       description of message flow, a data path 316
is shown only between selected levels, columns are not necessarily
shown in vertical alignment, and only a few representative rows are shown.
Message A 730 moving right on row 702 encounters control cell 704 which is
connected below to an 15   upper row 720 located at level 2 762. Level 2 is
logically divided into two pairs of row sets: (1) rows located in       the
upper row set 710, and (2) rows in the lower row set 712. The designation
'upper" and 'lower" does not       refer to the position of a row in the
respective level but instead refers to the position of the row downward to
which the row is connected. In FIGUREs 7A and 7B, the rows 710 in the top
portion of level 2 connect to       rows in the top 716 of level 1, and
similarly the bottom rows 712 of level 2 connect to the bottom half 718 of
20   level 1. A row set is topologically the same a group 192 discussed in
FIGURE 1C. Message A most-significant       bit is ZERO, indicating a
target row in the lower row set, whereas cell 704 is connected to a row 720
in the       upper row set 710.                 Message A remains on row
702 and moves right to cell 706 at the next column. Cell 706 is connected
downward to row 722 in the lower row set 712. Cell 706 routes message A
downward to row 722. Therefore, a 25   message moving right through only
one or two control cells advantageously has an opportunity to drop
downward to its target. If (for reasons discussed later) control cell 706
cannot send message A downward, the        message continues right on row
702 and encounters cell 708 which is also connected to a lower row set 712,
and again has an opportunity to drop downward to the lower row set.
Level 1 764 is logically divided into two pairs of upper and lower row sets
716 and 718. Row 720 at 30   level 2 is connected to the pair of rows sets
at the top 716 of level 1 and, and row 722 is connected to the pair at
the bottom 718. The next address bit, ONE, in header 204 specifies an upper
row set At level 2 message A        moves right on row 722 to cell 724
which is connected to an upper row set at level 1. Cell 724 routes the
message downward to row 734 at level 1 764. Level 0 766 is logically
divided into 4 pairs of row sets. Level 0        is the final destination
level and each row set of rows includes exactly one upper row and one lower
row. The
- 24 -         last address bit in header 204 specifies a lower row set.
Message A moves right on row 734 and passes through        upper-connected
cell 736 to lower-connected cell 738. Cell 738 sends the message downward
to the final target        row, row 2 744.                 In one
embodiment of Switch 100 message A moves right on bottom-level row 742
until the message  5   encounters a cell located at the column specified in
the message column header 212. Al that column the 



message is sent downward to output port 154 or output structure 150. In
another embodiment that does not use        column addressing, the message
is sent downward immediately at the next cell 746. The header address -010"
is binary notation for "2" and therefore message A exits at row 2 742.
A message moving right on any row has multiple opportunities to move
downward to the targeted row 10   set at the next lower level. A message
moving right on a row to row exit point 172 is routed left (not shown) to
row entry point 174 of a left-most control cell in the same row set. A
message on any row at the top level        advantageously has multiple
routes to any target row at the bottom-most leveL At each level only one
bit of        message header 204 is examined by a control cell to determine
the direction of the message: downward or right.        At the bottom level
a message without a column header immediately exits the switch; a message
with a column 15   header 212 moves right until the message reaches the
specified column, or the message immediately exits the        bottom row to
a control structure 150 that processes the column header.
INCREASING ROW COUNT                 Referring to FIGURE 7B in conjunction
with FIGUREs 1 and 7A, in one embodiment of Switch 100        the number of
rows at a level may be different from one level to the next, increasing in
number from the top 20   level to the bottom. In any embodiment, the number
of rows R 170 pertaining to the size of the Switch 100 is       the number
at the bottom level. In preferable embodiment of Switch 100, the number of
rows, R, is the same at       each level, and R is a power of 2. FIGURE 7B
shows 3 levels of an embodiment of Switch 100 where the top       level has
4 rows 774, the next lower level has 8 rows 776, and the bottom level has
16 rows 778. The number       of rows are not necessarily different at each
level. For example, the number of rows in one embodiment might 25   have
row counts of 8, 8, 16, 16, 32 and 64, from the top level downward. Another
exemplary embodiment has       row counts of 32, 32, 32, 64, 64, 128 and
128.                  Given a row located at a level 776 where the row
count is greater than the level above 774, that row       has control cells
that are alternately connected 770 and not connected 772 to a cell to the
upward level.       Referring also to FIGURE 3, a switch array 120 always
has a control cell on each row 360. Referring also to 30   FIGUREs 20A, 20B
and 20C, an embodiment of switch 100 may not have all possible input
connections at the       top level connected to an external device. In such
an embodiment the top level is less congested with message       flow. To
advantageously utilize the available logic gates on the chip, the top
levels are implemented with fewer       rows than lower levels.
- 25 -                                       MESSAGE FLOW AND MESSAGE
BLOCKING                 When two messages at different levels compete for
the same data path the message at the lower level is       given priority.
The method described here advantageously gives the lower-level message
priority because the       latter has probably been in the switch a longer
time. A structure and technique for implementing this priority  5   scheme
is illustrated in FIGUREs 8A and 8B.                  FIGUREs 8A and 8B
show a simplified interconnection of control cells, all cells in FIGUREs 8A
and       8B are located different in switch arrays: they are at two levels
830 and 832, and four columns. Referring also       to FIGUREs 1A, 2, 3,
and 7A, control cell 804 is located in a switch array 120 at level 3 832.
The control cell       is connected to the right by row 360 to control cell
806 at the next column and at the same level.  10             Message A 802
with header 812 enters control cell 804 from the upward level. The message
A traffic 



bit 202 is ONE indicating that a message is present at cell 804. When a
message enters a control cell from the       upward level, the message
remains on the row 360 and immediately moves right to the control cell at
the next       column. Message A proceeds right on row 360 to cell 806.
The message A header most-significant bit is ONE which indicates that the
message is targeted to an 15   upper row 850 at the next lower level.
Control cell 806 examines the traffic bit 202 and most-significant bit 208
and determines that the next level's target row of message A is an upper
row set. Control cell 806 is connected       downward to control cell 820
which happens to be in the upper row set 850. Message A is therefore routed
downward on serial path 316 to control cell 820. Following the rule for a
message entering from the upward       level, message A is immediately
routed right on row 822 to the next cell 824 at level 2.   20
In FIGURE SA, the flow of message A 802 is described. Message A enters
level 3 from the upward       level, moves right to the next column and is
immediately routed downward to a cell in the desired upper row set
850. Message A is directed from cell 806 to cell 820 because the message A
most-significant bit 208 indicates       a drop to an upper row set and the
message is not blocked by another message from below. The description
illustrates the case where a message A is allowed to move without delay to
the next lower level.  25             A message moving right at one level
passes over downward connections to control cells. The       connections
alternate between upper 850 and lower 852 row sets at the next lower level.
In another example       (not shown), a different message E enters control
cell 806 from the left. Message E most-significant bit is       ZERO,
indicating that the message is targeted to a lower row set 852. Control
cell 806 is connected to an upper       row set 850, therefore the control
cell 806 routes message E right to the next column to cell 808.   30
Referring to FIGURE 8B, in another example the same message A 802 enters
control cell 804 from       the upward level and is routed right to control
cell 806 as previously described. At the same time that message       A
enters control cell 806, a message B 840 at level 2 enters control cell 820
from the left. Message B has       priority in the use of shared path 822
over a message from the upward level. Message B continues right on row
-26 -        822 to cell 824, thereby blocking message A from moving
downward through cell 820 and right on row 822.       Because row 822 is
immediately occupied with message B, control cell 820 cannot accept a
message from the       upward level, that is, from control cell 806. To
prevent a collision between messages A and B, cell 820 sends       busy
signal 842 upward to cell 806 on signal path 330. Control cell 806 is
thereby blocked by busy signal 842  5   from sending message A downward.
Therefore cell 806 routes message A right to cell 08 at the next column..
Cell 806 sends a busy signal 844 upward protecting message A from a
possible collision with a message C that       might occur on the level
above.                 Control cell 808 examines header 812 of message A
and determines that message A is targeted to an       upper row set 850 at
level 2. Because cell 808 is connected to a lower row set, cell 808 is
compelled to route 10   message A again to the right to cell 810. To
prevent a possible collision from above, cell 808 also sends busy
signal 846 to the upward level. A message D that might be above cell 808 is
advantageously prevented from       dropping to cell 808. Finally a,
control cell 810 at the next column is connected to an upper row set 850.
Message A at cell 810 is not blocked from below, so cell 810 sends message
A downward to control cell 826 at       level 2.  15          In FIGURE 8B,
the flow of message A is described where a message is blocked from
immediately       moving downward by another message B concurrently moving
right directly below. Message A visits two more 



columns to the right before message A moves downward to an upper row set at
level 2. Whenever a message       moves right through a control cell the
cell always sends a busy signal upward to the cell above it, prohibiting
the latter from dropping a message downward.  20
MESSAGE FLOW RELATIONSHIPS                 FIGURE 8B illustrates the
situation where message B blocks message A from moving downward .
Similarly, message B might be blocked by a message or messages below and
become forced to remain at level 2       for an extended period. Message B
is advantageously prevented from being in a position to block message A a
second time by the structure of the interconnect. Control cell 806 at level
3 is connected by data path 316 to 25   cell 820 at level 2, and control
cell 810 on the same row as cell 806 is connected by data path 848 to cell
826,       also at level 2. Cell 826 is not placed on the same row as cell
820 to desirably prevent message B from       blocking message A a second
time, and advantageously eliminate the possibility of the repetitious
blocking. The       placement sequences generated by the methods described
for FIGUREs 6A and 6C avoid multiple blocking by       a single message.
30             FIGURE 9 graphically illustrates the cell connection
relationships at levels 3 902, 2 904, and 1 906,       respectively.
Placement sequence (0,4,2,6, 1,5,3,7,0,...) 614 at level 3, lower sequence
(0,2, 1,3,0,...) 910 and       upper sequence (4,6,5,7,4,...) 912 at level
2, and sequence (0, 1,0,...) 918 at level 1 are shown in plotted form.
Message path A 634 shows the interconnection relationship between levels 3
and 2. Note that a message that       starts on any row, for example row 0,
remains on that row. Message path A starts on row 0 at the first column
- 27 -        952 which is connected downward 920 to a cell also at row 0
962. At the next column 954 row 0 is connected       downward 924 to a cell
at row 4 964, then at 956 to a cell at row 2 966, and so on according to
sequence 614.       Message path B 934 at level 2 shows the sequence of
connections between level 2 904 and level 1 906. Message       path B 934
starts on row 0 at the first column 962 and is connected downward to a cell
also on row 0 972. At 5   the next column row 0 is connected downward to a
cell at row 2 974, then to a cell at row 1 966, and so on       according
to sequence 910.                 Message connection paths A 634 and B 934
graphically demonstrate two important properties of the       placement
sequences. First, path A and path B alternately connect downward to lower
row set 944 and upper       row set 942 which satisfies the message routing
described in the disclosure of FIGURE 7A Second, path A is 10   not
connected again to path B until eight columns have been traversed.
Expressed differently, path A connects       downward to path B only at
locations 962 and 920, a span of eight columns. Similarly, a message on
path A       634 at the second column 954 connected to a path D (not shown)
starting at 964 does not connect again to path       D until eight columns
have been traversed. Furthermore, a message moving on any row at level 3
does not       connect with the same level-2 path below 934 it until the
message has moved through 8 columns. That is, the 15   seldom-connection
relationship shown between the paths for A 634 and B 934 holds for any path
starting at       any row and column at level 3. Importantly, the message
starting at path A 952 is blocked by 3 other messages       at level 2, and
concurrently the message starting at path B 962 is blocked by 4 or 5 other
messages at level 1       before blocking situation at 920 can occur again.
Thus, an occurrence of multiple blockings by any message at       a lower
level is highly improbable statistically. The relationship between path B
934 at level 2 and path C 936 20   at level 1 is that a message on path B
does not encounter path C until four columns are traversed, 962 to 968.
FIGURE 9 compares the respective connection relationships of a message path
A with message path       B. A message on path B at 962 is initially in
position to block message on path A at 952. However, importantly,       in
the next eight subsequent moves of each message, message B is not in
position to block message A again       FIGURE 9 also illustrates a message
on path C 936 at level 1 that blocks message on path B at 962. A message 25
on path C is not in position to again block the message on path B until
both messages transverse four columns. 



The relationship holds for messages entering on any row and at any column
of the respective levels.       Furthermore, each message at any level
except level 0 advantageously always alternate an upper row set and a
lower row set, at each and every column transition.                  Other
embodiments of Switch 100 use other sequences such as those described in
the discussion of 30   FIGUREs 6A, 6B an 6C. Any sequence may be used that
allows a message 200 to connect to upper and lower        row sets at least
once per period. The sequences do not necessarily have to be the same for
all rows, nor do the        sequences have to repeat with a period related
to the level number or to any other design rule. Probabilistically,
such sequences may not have desirable statistical properties of equitable
message flow, minimal blocking and        low latency as those generated
using the "Nth value" rule discussed for FIGURE 6A.
-28 -                                             HEADER LENGTH CONTRACTION
As the message is propagated between levels, the header length is
contracted with the removal of the       most-significant header bit at
each level. Referring to FIGURE 10, at level 3 the target row address of
the       message is defined in message header 204 containing 3 bits: Hi,
H2 and H3. HI 208 is the most significant bit  5   of the address and H2
1054 is the next most significant bit. When message 200 moves downward to
the next       lower level, the most significant bit HI 208 is removed from
the message although traffic bit 202 is always       retained. At level 2,
H2 1054 thereby becomes the most significant bit. A desirable side effect
of header length       change is that the length of the message is reduced
by one bit per level. When message 200 reaches level 0, all       bits of
header 204 have advantageously been removed, thereby reducing the total
time of transit (latency) of a 10   payload bit through the switch.
Because the current-level MSB 208 always follows the traffic bit 202, the
design of all control cells at        all levels (above level 0) is the
same, which desirably simplifies the chip layout effort. Another advantage
of        stripping the current MSB when a message is sent down is that a
control cell needs only to buffer the first two        bits of an oncoming
message. Alternately, if the MSB were not removed, then lower-level cells
would have to 15   wait until the entire header had entered before the
appropriate address bit could be examined by the cell. In this
disadvantageous scheme, an eight-bit header would require that nine bits be
buffered in each cell each time a        message entered it, consuming nine
clock periods per cell versus only one or two clock periods for the control
cells of preferred embodiments of Switch 100.
SYNCHRONOUS DELAY DEVICE  20             Referring to FIGURE 11A in
conjunction with FIGUREs lB and 3, a message moving right across a
row 360 encounters an optional FIFO structure 114 and would be circulated
back to reenter at the first column.       To prevent the first bit of a
first message from colliding with an interior bit of a second message, a
single       message is made to fit on one row at any level. For this
reason, in addition to the shift registers in cells along a       row,
additional delay devices may be used. The FIFO array includes a plural
number of independent 25   synchronous delay device 1100 arranged in
parallel and each connected to a row 360. The synchronous delay
device 1100 includes delay elements 1102 connected in serial arrangement. A
clocked delay element 1102       functions like a one-bit shift register,
or a D flip-flop, such that a bit entering the delay element at one clock
period is presented at the output of the delay element at the next clock
period. The total transit time of a       message bit through the serial
delay device 1100 is the count of delay elements 1102 contained in the
structure 30   1100 multiplied by the clock period. A message 200 enters
FIFO structure 1100 from the left at serial input        1106 and exits at
output 1108. Clock 1110 is used to synchronize delay elements 1102. A reset
signal (not 



shown) initializes all delay elements and other logical elements. FIGURE
11B shows a dynamic shift register        1112 that uses a dual phase clock
1116 to shift data bits through the FIFO structure. The advantage of a
dynamic shift register is the reduction in the number of transistors when
compared to a flip flop or similar 35   delay element.
- 29 -                  FIGURE 11C shows an optical embodiment 1114 of a
synchronous delay device. Adjustable fiber        delay is achieved by
using piezo-electric structures to physically stretch the fiber and change
the fiber length.        An optical fiber 1116 driven by a pulsed light
source 1118 conveys message 200 through the fiber length and is
terminated by an optical detector 1120 that converts the optical signal to
a form that can be further processed by   5   Switch 100.
LEVEL AND COLUMN TIMNG                  Referring to FIGUREs 8B and 12A,
message A 802 entering control cell 806 located at level 3 832        may
attempt to drop to control cell 820 at level 2 where the message A moves
right on serial path 822.        However, a concurrent message B 840 moving
right at level 2 has priority over message A in the use of path 10   822.
To enforce the priority, control cell 820 sends busy signal 842 upward to
control cell 806 in a timely        manner to prevent the latter from
sending a message downward. Thus, message flow timing is specified so that
the busy signal 842 reach control cell 806 in sufficient time that the
latter cell can act on the signal. Therefore,        in one embodiment of
Switch 100 the traffic bit 202 of message B arrives at cell 820 before the
traffic bit 202 of        message A arrives at cell 806. All of the control
cells in a given switch array 120 operate synchronously in that 15   the
traffic bit of a message arrives at the same time for all cells in the
switch array. All cells in the same switch        array 120 receive the
same timing signal.                   Referring to FIGURE 12A in
conjunction with FIGURE 11A, clock 1110 controls the delay elements
in control cells 300. Latch-set signal 1204 is delayed 1210 relative to
clock 1110 so that the cell's latch        (discussed later) is set late in
the clock period.  20             In one embodiment a control cell at a
lower level receives a message 200 prior to a control cell in the
same column at the level above. The relative timing of messages at the same
column at different levels is        shown in FIGURE 12A Level 0 latch-set
signal 1204 occurs one clock period ahead of level 1 latch-set signal
1206. Level 1 signal is one period ahead of the signal for level 2 1208,
and so on for higher levels. The latch-        set signal is used in the
timing and control of message flow. Timing signals 1110, 1204, 1206 and
1208, for all 25   levels and columns, are generated by timing unit 142 in
conjunction with delay elements 146 and 148.                   FIGURE 12B
describes the relative timing of adjacent columns at the same level. A
message 200        enters a control cell at columnj in the same clock
period 1110 that the column's latch-set signal 1220 goes        high. The
message moving right on a row 360 passes through a fixed number of delay
elements before the        message reaches the next column, j+l 1232. In
some embodiments, the delay elements are inter-column FIFO 30   buffers. In
other embodiments, the delay elements are part of a control cell. The time
period of a single delay        element is one clock period 1202, or two
periods. The column-to-column time tc 1240, is the time a message
takes to reach the next control cell at the next column. The time tc is the
sum of the delays of all the delay        elements between two columns.
Therefore, the latch-set signal for the next column 1230 is the latch-set
signal        for the first column 1220 delayed by the time tc 1242.   



- 30 -                  A message 200 has a predetermined maximum length
L., 214 and each bit takes one clock period to        move past a given
point. The time for a message to pass through a control cell at columnj is
indicated by        interval 1222, and at the next column by interval 1232.
The inter-message time t[err] 1242 is not less than the time        for the
message to pass through a control cell, that is, t[err] >= L[err] tD.
Immediately after a message has passed  5   through a control cell a
subsequent message is allowed to enter the cell. Therefore, the
inter-message time t[err]        determines when the next latch-set signal
1224 is sent. At any given level, messages on different rows move to
the right in parallel fashion so that the traffic bit 202 and the following
bits of all messages move right in        "vertical alignment". In the
vertical alignment each traffic bit enters a control cell at the same time
as all other        cells in the same switch array. Similarly, messages
dropping downward from control cells in the same switch 10   array move
down together in horizontal alignment. When time tc is less than
inter-message time t[err] then the        message spans more than a single
control cell. The message thus wormholes through the switch. In typical
embodiments of Switch 100 time tc is one or two clock periods with the
desirable consequence that the first bits        of the payload exit the
interconnect structure before the tail of the payload has entered.
Timing of the latch-set signal for a specific control cell depends upon the
cell's column and level 15   location in the switch array. FIGURE 12A
describes the inter-level relationship of message timing for
multiple levels at a single column. FIGURE 12B describes the relative
timing of the latch-set signal for        adjacent columns at a single
level. In the discussion of FIGUREs 12A and 12B, the terms "level latch
set" and        "column's latch set refer to the same signal, depending on
the context of the description. Referring to        FIGURE 1A, the timing
of the switch array at level 0, column 0, provides the master signal.
Levels above the 20   switch array at level 0, column 0 are delayed by one
clock period 146, completely determining the timing of the        first
column at all levels. At each level signals to successive columns to the
right are each delayed by delay        element 148 for a period of time t
1240, thereby determining the timing of the remaining switch arrays at the
same level to the right.
CONTROL CELL STATES  25             FIGUREs 13A and 13B show a block
diagram of control cell elements and the message routing        mechanism
through the control cells. A message 200 entering a control cell 1300 at
line W 1302 from the left        is either (1) routed downward through line
S 1312 to the next lower level, shown in FIGURE 13A, or (2) the
message is routed right through line E 1304 to the next column, shown in
FIGURE 13B. A control cell 1300        has a message entry point from the
upward level at line N 1310, a message entry point from the left at line W
30   1302, a message exit point to the right in line E 1304, a message exit
point downward at line S 1312, a busy-        signal output to the upward
level at line BN 1308, and a busy-signal input from the downward to line BS
1306.        In the figures the terms 'north," "south:" "east," and "west"
refer to the directions "upward," "lower," "right,"        and 'left"
respectively.                   Referring to FIGUREs 3, 13A and 13B, serial
path 360 connects lines E and W of control cells on the 35   same row at
adjacent columns. Serial path 316 connects lines N and S. and serial path
330 connects lines BN          



-31 -        and BS of control cells at the same column. A latch-set signal
1204 is connected to the control cell at 1328.       Delay elements DO and
DI 1102 are provided as devices to "look ahead" at specific message header
bits and as       devices for adjusting message flow timing.
In FIGURE 13A, message C enters control cell 1300 from the left at line W
1302. Two message bits,  5   MSB 208 at line W and traffic bit 202 in D1,
and busy signal line BS 1306 are examined by the control cell and       the
cell determines that the message is to be routed downward through line S
1312. Input line W 1302 is       connected to line S. advancing the message
two bits ahead in relative timing 1322. Since message C moves
downward, line E is not connected to input line W from the left Instead,
line E is connected to input line N       1310 from the upward level. The
state of the cell in FIGURE 13A is represented by ZERO which is stored in
10   latch 1316, a one-bit register. The busy signal sends a ZERO upward to
line BN 1308, which is connected to       the latch output. This indicates
to the cell above that the cell is free to send a message down to line N on
interconnect 1310. Latch 1316 is also used to control the flow of
subsequent message data bits through the cell.       As previously
discussed, when a message from the left is routed downward, another message
from the upward       level at line N 1310 is allowed to enter the cell
where the message is routed right at line E 1304.  15          In FIGURE
13B, message D enters control cell 1300 from the left at line W 1302. The
header's most-        significant bit 208 and busy signal on line BS from
the downward level 1132 are examined by the control cell.        Either the
message MSB 208 indicates that the message cannot drop, or busy signal on
line BS 1306 is signal        value ONE indicating that the message is
blocked from below. In the example of FIGURE 13B one or both of
these conditions is true. Message D is routed right through delay elements
D1 and DO to output line E 1304. 20   Latch 1316 is set to ONE. Busy signal
on line BN 1308 is connected to latch 1316 which is at signal value
ONE. The busy signal 1308 is sent to the cell above to indicate to that
cell that it is blocked from dropping a       message downward. Output line
S 1312 is set to ZERO, which is equivalent to not sending a message down.
CONTROL CELL DETAILSAND FLOW DIAGRAM                 FIGURE 14 is a flow
diagram that illustrates a method of controlling message flow through a
control 25   cell 1300. FIGURE 15A is a detailed diagram of a preferred
implementation of a control cell that is described       by the flow
diagram of FIGURE 14.                  Referring to FIGURE 13A and 13B, two
states for control cell 1300 are shown in the respective block
diagrams. FIGURE 13A shows the state where a message from the left moves
downward to the next lower       level. FIGURE 13B shows the state where a
message from the left moves right at the same level. FIGURE 30   13A also
represents the state when no message from the left is present.
Referring to FIGURE 14, in conjunction with FIGUREs 12A, 13A and 13B, when
latch-set signal       1328 goes high 1404 the essential data needed to
make the determination of message direction 1406 are       available in the
control cell's delay elements and at input line W 1302 and blocking signal
line BS 1306. In       particular, when the latch-set signal goes high,
message traffic bit 202 is held in delay element Dl 1324, and
-32 -         header most-significant bit 208 is present at input line W
1302. Three possible outcomes 1408, 1410 and 1412 



result from the test for determination of message direction. First, a
message from the left is present and blocked        from the downward
level, or the message header specifies that the message must move right
1408. Second, no        message from the left exists 1410. Third, a message
from the left exists and is not blocked from the downward  5   level, and
the header specifies that the message must go downward 1412.
The latter two cases, when no message from the left 1410 is present or when
a message moves        downward 1412, are treated as a single case with
respect to the busy signal to the upward level. In either of        these
two cases latch 1316 is set to ZERO and the output of the latch is sent
upward to the cell above. That is,        control output BN 1308 is always
connected 1402 to latch 1316. In the remaining case where a message is 10
present and must move right 1408, the latch is set to ONE. The latch is
advantageously used to store the control        state of the cell and to
subsequently control the cellrs logic gates with respect one message cycle.
Referring to FIGURE 14 in conjunction with FIGURE 10, in the specific case
where a message exists       and moves downward 1412, the most-significant
bit 208 is stripped from the header and the next bit 1054 in       the
header address then becomes the most-significant bit at the lower level The
signal value ONE is sent 15   downward 1412 for a period of one clock
period 1414 so that signal on line S 1312 is set to ONE, generating
the traffic bit 202 of the downward message. At the next clock period 1414
the desired new most-significant bit       204, formerly bit 1054, is sent
to at the cell at next lower level at input line N 1310. At the completion
of period       1414 input line W is connected downward through line S 1416
for the duration of the passage of the remainder       of the message
through the control cell, that is, until the latch-set signal again goes
high 1404. The next MSB 20   1054 immediately follows traffic bit 202,
thereby stripping current MSB 208 and advantageously allowing       message
timing to jump ahead of messages on the current level to match the timing
of messages at the lower       level, thereby advancing by one clock
period. Control cell 1500 is initialized by a start or reset signal 1420
which sets all delay elements and latches to ZERO. The Flow Diagram of
FIGURE 14 describes control for a       cell that has a single path
downward and to the right. A flat-latency cell, described in FIGUREs 18A,
18B and 25   18C, is controlled by a generalization of the flow diagram
where multiple input paths are examined together,       and the priority of
same-level inputs is additionally taken into account                  The
relative timing of latch-set signals shown in FIGUREs 12A and 12B shows
that messages on a       lower level 1204 are one clock period ahead of
messages in the level above 1206. Accordingly, a downward       message
jumps ahead of the current timing of the message by one clock period.
Furthermore, the reduction of 30   header length results in an additional
jump ahead of one clock period. The effect of steps 1412, 1414 and 1416,
which is shown schematically in FIGURE 13A, is that the desired header
length contraction is performed and       traffic bit 202 of the downward
message becomes synchronized with the timing at the lower level. Input line
W       1302 is directly connected to line S 1312 so that the two delay
elements D1 and DO are bypassed with the       desirable effect of
advancing message timing by two clock periods.
- 33 -                 Referring to FIGURE 15A in conjunction with FIGUREs
11 and 13A, cell 1300 is shown in further       detail as control cell
embodiment 1500. Cell 1500 is a gate-level diagram showing two delay
elements DI 1510       and DO 1512, latch 1316, input and output
connections, and logical gates for controlling message flow. Many       of
the logic gates are controlled by latch 1316. When the latch is set to ONE
a message from the left at line W  5   1302 flows left-to-right, exiting at
line E 1304. Switch 194 prevents a message from an upward cell connected .
at line N 1310 from exiting at line E. When the latch is set to ZERO a
message from the left flows downward       out of line S 1312. The value of
latch 1316 is always sent upward through line BN 1308 to indicate to the
cell       above whether the latter can send down a message. A message from
the upward level at line N 1310 is allowed       to flow to the right via
line E 1304.  10             Referring to FIGUREs 2 and 7, a message enters
a control cell that is connected to an upper row set 



or to a lower row set at the next lower level. The traffic bit 202
indicates if a message is present or not. If the       traffic bit is ZERO,
then no message exists and the control routing is the same as for an actual
downward       message. The header most-significant bit 208 indicates the
target destination. Specifically, the value ONE       indicates a target in
the upper row set, and the value ZERO indicates a target in the lower row
set.                                                         Control Cell
State                 Header most-        Traffic bit           Control
Cell               Control Cell                 significant bit      (in
Dl)              Connected to               Connected to
(at W)(in D1)
Lower Row Set                       0                    0
Downward (South)         Downward                  0 (to Lower)          1
Right (East)                  Downward                  1 (to Upper)
1         Downward                      Right  15
Table 2                 Table 2 summarizes the usage of two message bits to
determine which direction the message takes       through the cell. When
latch-set signal 1328 goes high, message traffic bit 202 is at delay
element D1 1510 and       the MSB 208 is at line W 1302. In the case of a
message with most-significant bit set at ZERO (lower-cell
destination) entering an upper-connected cell, the message is routed right
and the cell to the upward level is 20   signaled not to drop a message
down. Alternately, if the same message enters a lower-connected cell and is
not       blocked from below the message is routed downward. Therefore the
control logic of an upper- and of a lower-       connected cell is
complementary with respect to the value of the header most-significant bit.
In the case of cell       1500 connected to an upper row set, gate 1556 is
used. In the case where the cell is connected to a lower row       set,
gate 1576 is used. Note that because an upper-connected cell looks for ZERO
to decide if the message 25   should move right, the traffic bit 202 at
delay element Dl must be used to distinguish between an actual
rightbound message and a no-message condition.                 In some
embodiments of Switch 100 timing is used to determine when a message exits
at level 0. In       other embodiments a column header 212 is used. FIGURE
15B shows the special control cell at Level 0 that       processes the
column header. Referring to FIGURE 15B in conjunction with FIGUREs 2B and
12, a message 30   200 containing a column header 212 exits a level 0
control cell 1550 when the column number encoded in the
- 34 -        column header matches the column number of the control cell.
When the latch set signal 1328 becomes high       the header logic 1568
looks at the control bit 202 and all bits in the column header at the same
time. If the       header address matches the column number where the cell
is located and the message is not blocked from       below 1556, the
message is routed downward 1562. To eliminate the column header 212 from
the output, line S  5 to the downward level 1562 is connected to the first
payload bit 206. Latch 1566 stores the state of cell 1550       and
controls message flow in similar fashion to latch 1316 in cell 1500.
HIGH-SPEED TIMING AND CONTROL                 FIGURE 12A is a timing
diagram of an embodiment of Switch 100 in which message header bits
move downward through the switch at the rate of one time period 1202 per
level. FIGURE 13B indicates that a 10   message moving right on a row
additionally passes through two delay elements 1102 so that two time
periods       are used to move right to the next cell. FIGURE 16A is a
timing diagram for another embodiment of Switch       100 designed for
reduced latency. In this embodiment all levels at a given column receive
the same latch-set       signal 1604, 1606 and 1608, etc. In this
embodiment, message header and message payload bits moving right       on a
row pass through only one delay element therefore using only one time
period 1110 to move right Header 15   bits use one time period to move down
to the next level. Payload bits moving down are directly connected to 



the cell at the lower level and the delay is less than one clock period.
The delay is the propagation delay of the       few gates within the cells.
Referring to FIGURE 16B, two high-speed control cells 1620 and 1622 in the
same column at       adjacent levels are shown connected. At the start of
the time period 1202 when latch set signal 1604 goes high, 20   traffic bit
202 and MSB 208 of a message entering from the left 1302 are respectively
at line W 1302 and delay       element DO 1618. The three gates in circuit
1612 process these bits along with the value at busy signal BS 1306
and immediately sends the result upward 1308 to circuit 1614. Similarly,
circuit 1614 sends its output upward       to the level above. The circuit
1614 at the bottom-most level settles down, first sending the output upward
1308       and setting the circuits above in ripple-up fashion. The
propagation delay of circuit 1614 times the number of 25   levels is less
than clock period 1202. All circuits are settled when latch set 1604 goes
high and captures the       state of control cells 1620.
32-PORTSWITCH                 Referring to FIGURE 17 in conjunction with
FIGURE 1A, an example of an embodiment of a 32-       port switch 1700 has
four levels 1702, 1704, 1706 and 1708, and four columns 1780, 1782, 1784
and 1786. 30   Each level includes eight rows 360. The number of ports in
the embodiment is the number or rows per level (8)       times the number
of columns (4). Hence, the illustrative switch includes 8*4=32 input ports
104, and 32 output       ports 154. To simplify the description of switch
1700, some components are omitted from FIGURE 17, such       as FIFO
buffers 114, and optional input and output control structures 110 and 150.
- 35 -                  Referring to FIGURE 17 in conjunction with FIGURE 3
a convenient method of arranging control        cells includes first
selecting a single column, and placing control cells in the identity
configuration 340 at each        level of the column. The left-most column,
column 0 1780 is chosen in this example. Switch array 120 at level        3
1702, column 0 1780, has control cells arranged in the identity
configuration. The numeric notation in the  5   control cells at column 0
is defined to be the row number of the cell. Row 0 1710 at level 3 1702 has
a control        cell 1712 located in the first column 1780, and the
numeric notation indicated in the cell is "0." Similarly, the        same
identity configuration and notation is placed at all other levels of column
0 1780.                  After completing the arrangement of column 0 a
level is selected for the next step in the layout of the        switch. Any
level is selected but, most conveniently, the top-most level is selected
first, that is, level 3 1702 in 10   this example. The control cells are
arranged in identity configuration across level 3. The numeric notation in
the control cells is derived from a placement sequence. Referring to
FIGUREs 6A and 9, an eight-row        placement sequence 614 is chosen for
switch 1700. Other eight-row sequences, such as sequences 608 or 624
are equivalently chosen. Using sequence 614, row 0 1710 at level 3 has a
first control cell at position 0. Either        control cell 1300 or
ripple-up cell 1620 may be used in the switch arrays 120. In the
illustrative embodiment, 15   all cells in the switch above level 0 are the
same type of switch. The numbering of cells on row 0 is taken from
sequence 614 (0, 4, 2, 6, 1, 5, 3, 7, 0, ...) which determines the row
connection downward 634. Therefore, the        numbering of cells on row 0
(1712, 1714, 1716 and 1718) is 0, 4, 2 and 6, respectively. The first cell
on row 1        1720 is at position 1, so that the cells on the row (1722,
1724, 1726 and 1728) are numbered 1, 5, 3, 7. The        same left-to-right
layout method is used to number the control cells on the remaining rows at
level 3 1702.  20             The next step in the layout of switch 1700 is
the placement of control cells at the level below the just        completed
level, that is, level 2 1704. The number in a control cell at level 3 1702
indicates where the level 2        control cell is placed. At level 3, row
0 1710, column 1 1782, control cell 1714 is numbered 4 which indicates
that the cell on the relatively downward level 1744 is placed on row 4.
Continuing left to right, cell 1716 is        numbered "2" which indicates
the level 2 cell on the relatively downward level is placed on row 2. The
row 



25   location of all control cells below the top-most level is determined
by the numeric value in the cell at the        upward level.
The next step is the numbering of the cells placed at level 2 1704. The
level 2 1704 includes two row        sets 1750. The lower row set sequence
is (0, 2, 1, 3, 0, ...) 910. The upper row set sequence is obtained by
adding 4, resulting in a sequence (4, 6, 5, 7, 4, ...) 912. Using the
described method for numbering level 3, the 30   cells on row 0 1730 at
level 2 are numbered 0, 2, 1 and 3. The remaining lower rows are numbered
using the        same sequence and method. The cells on row 4 1740 are
numbered using 4, 6, 5 and 7, and similarly for the        remaining upper
row set at level 2.                  The cells at level 1 1706 are likewise
placed using the numbers in the cells above them. Level I cell
numbering uses four 2-row sequences (0, 1, 0,...), (2, 3, 2,..), (4, 5,
4,...) and (6, 7, 6,...) 918. Level 0 1708, the 35   bottom-most level, is
similarly laid out, that is, the control cells are placed on the
appropriate row by using the
- 36 -        numbers in the cells above. At level 0 1708 the numbering or
a control cell is always the row number, which       also determines the
numbering of the output ports 154.                In summary, the count of
ports of an embodiment of Switch 100 is determined by selecting the number
of columns 164 and the number of rows per level. The number of rows R is
preferably 2L, where L+1 is the 5   number of levels. The cells are most
conveniently first laid out in an identity configuration at the left-most .
column 1780, column 0, and across the top-most level 1702. The nunbering of
cells at column 0 is the same as       the row number. The placement of the
remainder of the cells in switch arrays 120 occurs in a left-to-right, top-
to-bottom sequence. The numbering of cells on a row is determined by the
placement sequence for that level.       The placement of cells below the
top level is determined by the number in the cell upward. The numbering at
10  level 0 is the same as the row number, and is defined to be the output
port number.                                         FLAT-LATENCY CONTROL
CELL STATES                 Referring to FIGUREs 18A, 18B, and 18C, a
control cell 1800 with two inputs from the left 1802,       two inputs
fromthe upward level 1804, two outputs to the right 1806 and two outputs
downward 1808 is       termed a flat-latency control cell. The input lines
from the left 1802 are labeled lines WI and W2, the input 15  lines from
the upward level 1804 are labeled lines Nl and N2, the output lines to the
right 1806 are labeled       lines El and E2, and the output lines downward
1808 are labeled lines SI and S2. Control cell 1800       additionally has
two busy signal output lines 1810 to the upward level, collectively labeled
line BN in FIGURE       18A, and receives two busy signal lines 1812 from
the downward level, collectively labeled line BS in       FIGURE 18A. Busy
signals one the lines BS 1812 are shown only in the example of state 7 in
FIGURE 18A.   20          Seven allowable connection states, numbered I
through 7 1830, result from the operation of the flat-       latency
control cell 1800. Input line W2 may be connected to the output downward
line S1 1820, to the output       downward line S2 1822, or to the output
line E2 1824 to the right on the same row. Similarly, input line WI
maybe connected to the output downward line S1 1826, to the output downward
line S2 1822, or the output       line El to the right on the same row.
Output downward line S1 1820 is connected to an upper row set at the 25
level below, and output line S2 is connected to a lower row set at the
level below. Connection of both input       lines Wl and W2 to the same
output downward is not allowed 1828. Input line N1 from the upward level is
connected to output line El 1834 to the right when line WI is not connected
to line El. Input line N2 is       connected to line E2 1836 when line W2
is not connected to E2. That is, line WI has priority over line NI in
the use of output line El, and similarly line W2 has priority over line N2
in the use of output line E2. When 



30   input line WI is connected to output line El, a busy signal 1810 is
sent upward via the appropriate connection       line BN to the upward
level, and similarly when line W2 is connected to line E2. When an output
line       downward is not connected to either input line from the left,
for example line SI, the value ZERO indicating no       message present is
sent downward 1832.
-37 -                                             FLAT-LATENCY CONTROL
TABLE                 Referring to FIGURE 18B in conjunction with FIGURE
18A, the state 1830 of flat latency control       cell 1800 is shown as
derived from the state orvalue of items shown in the first four columns of
control table       1840. The header address of a message entering control
cell 1800 at line WI 1842 determines that the message  5 is to move
downward, either to an upper row set at the next lower level through line
Si or to a lower row set       through line S2. The header address operates
in the same way for a message entering at line W2 1844. If both
messages are directed to the upper half of the row set, or if both are
directed to the lower half, then the message       at line WI has priority
over message at line W2 and the latter is not allowed to move downward and
instead       moves right. The direction of the message entering at line WI
is derived by examining its header MSB 204, as 10   is indicated in the
first column 1842 and in the second column 1844 for a message at line W2.
In the cases       where no message is at line WI or line W2, the notation
"none" is shown. A flat-latency control cell 1800       always is connected
to an upper and to a lower row set.                 Referring also to
FIGURE 3, a path to the downward level 316 may be blocked, as indicated by
corresponding busy signal 330. In FIGURE 18A the two paths to the downward
levels of lines SI and S2 1808 15   are controlled by two busy signals one
lines BS 1812. In table 1840 the status ofthe two busy signals 1812 are
given in the third 1846 and fourth 1848 columns, respectively. Output line
SI to an upper row set at the next       lower level is indicated as busy
(blocked) by "1' or not busy by "0" in the third column 1846, and similarly
for       line S2 in the fourth column 1848. The notation "na" for "not
applicable" indicates that a message is not       directed to that
particular upper or lower row set.   20             The first row of table
1840 describes the case where messages at lines WI and W2 both preferably
move downward to an upper row 1842, 1844, and the path to the upper row is
not blocked, indicated by "0" in       column 1846. The message at line WI
has priority and is therefore connected to output line SI to an upper row,
indicated in column 1850. The message at line W2 is directed right through
line E2, indicated in column 1852.       This state of connections is shown
in the fifth column of table 1840 and as state 5 1830 in FIGURE 1IA The 25
next row in table 1840 describes the same conditions as the first row
except that line SI is blocked from the       downward level and therefore
both messages are directed right on respective rows. This is shown as state
7       1830. In the condition of no message at lines WI or W2, the
respective input line is connected to an available       output downward
line S1 or S2, preventing the sending of a message downward 1832 and
preventing blocking       of the respective input line from the upward
level 1804. Equivalently, the output downward is directly 30   connected to
signal value ZERO 1832.                  Table 1842 shows that the value of
the items in the first four columns of table 1840 determine the state
1830 of flat-latency control cell 1800. The state 1830 of the control cell
1800 detennines the values set in        latches T1 and B1 shown in columns
6 and 7 1854, and latches T1 and B2 shown in columns 9 and 10 1856.       



- 38 -                                              FLAT-LATENCY LOGIC
DETAIL                Referring to FIGURE 18C in conjunction with FIGURE
18B, an embodiment of a portion of flat-       latency control cell logic
is shown. Logic that sets the latches enumerated in table 1840 is omitted.
Latches T1       and B1 1854 and latches T1 and B2 1856 control the routing
of any messages from input ports W1, W2,.NI  5 and N2. In addition the
output values of busy signals on lines BNl 1875 and BN2 1877 are derived
from the       latches. When output line El is occupied with the trmission
of a message, the busy signal on line BNI 1875       is set to signal value
ONE, indicating that row El is busy, and similarly for output at row E2 and
busy signal       BN2 1877. When a message 200 has entered flat latency
control cell 1800 such that traffic bit 202 is stored in       delay
element DO, a latch set signal (not shown) initiates the processing defined
in table 1840 that culminates 10   with the setting of the four latches.
The processing is performed within one clock period with the advantageous
result that successive bits of message 200 are desirably routed downward or
right. As described for FIGURE       13A, the most significant bit 208 of
the header is stripped from a message moving downward .
Control cell A 1800 is connected to cell B 1800 in the upward level such
that line BNl and line N1 of       cell A are respectively connected to
lines BSI and SI of cell B, and line BN2 and line N2 of cell A are 15
respectively connected to lines BS2 and S2 of another cell C in the upward
level (not shown). In another case,       such as a cell D at level Q, all
four connection lines BNI, N1, BN2 and N2 of cell D are respectively
connected       to lines BS1, S1, BS2 and S2 of cell F to the upward level.
Cell A is always connected to the right to a single       cell G such that
lines El and E2 of cell A are respectively connected to lines W1 and W2 of
cell G.                                        FLAT LATENCY CON7ROL CELL
SYMBOL  20          Referring to FIGUREs 18B and 18D, a message at line W1
has priority over a message at line W2.       That is, if both messages are
targeted to the same non-blocked row set downward at lines Si or S2, then
the       message at line WI has priority and is routed downward to the
output of lines S1 or S2 and the message at line       W2 is routed to line
E2. In an alternate version of control cell 1800, a message at line W2 has
priority over a       message on line W1. The logic of this alternate
control cell is defined by interchanging lines W1 and W2 and 25
interchanging lines El and E2 in table 1840. FIGURE 18D is a symbolic
representation 1880 of flat-latency       control cell 1800 when line W1
has priority over line W2, the priority indicated by solid black 1882. In
the       alternate version where line W2 has priority over line WI, the
bottom block is solid black. In either version of       symbol 1880 the
busy-signal connections to the upward level and from the downward level are
omitted for       clarity. This concise symbol is used to simplify the
depiction of the full layout of a flat-latency switch, given in 30   FIGURE
19. In an alternate priority scheme, not illustrated, W1 has priority for
upper connections and W2 for       lower connections in even-numbered
columns; and the priorities are reversed for odd-numbered columns.
16 BY 4 FLAT LATENCY SWITCH                 Referring to FIGURE 19 in
conjunction with FIGUREs 1, 3, 6A, 6C, 1A, 18C and 18D, a flat-
latency switch 1900 of four columns and four levels is described. Each
level contains 16 rows 1902 enumerated
-39 -         0 through 15. A flat-latency control cell 1800 connects two
rows with two pairs vertical connections, as shown 



in FIGUREs 18A and 18C.                  A method of laying out cells 1800
in control array 120 is described. Other components of a Switch        100
are omitted from this description and from the figure. The total number of
input ports 104 of switch 1900  5   is the number of rows (16) times the
number of columns (4), or 64. The number of output ports 154 is the same
as the number of input ports.                 Referring to FIGUREs 1, 18A
and 18C, a flat-latency control cell 1800 has two outputs to the
downward level at lines S1 1870 and S2 1872. Because of this "dual-output"
nature of the cell 1800, a level 0        control cell is not used for the
operation of a flat-latency switch.  10             A method for placing
flat-latency control cells 1800 in switch array 120 involves first placing
the cells        in an identity configuration at the bottom-most level,
level 1 at all columns. Thus control cells are placed along        the
diagonal extending from the lower left to the upper right of switch array
120. Given 16 rows per level 1902        and two rows per cell 1800, a
switch array thus uses 16/2, or 8, cells. A control cell 1880 with priority
1882 at        the top row of the pair of rows is placed along the diagonal
in the control array 120 at column 0 1910. At the 15   next column, column
1, control cells with priority at the bottom row 1904 are used to fill the
control array. This        method of alternating row-priority from one
column to the next is. used in the remainder of the layout of switch
1900. The other control arrays at column 0 for all levels above level 1
contain the same layout as level 1, that        is, the identity
configuration of top-priority cells 1882. This completes the layout of the
left-most column and        bottom-most level of switch 1900. The remaining
switch arrays are laid out in left-to-right sequence at each 20   level
starting at level 2 and moving up one level at a time until the top-most
level is completed.                   The numbers in box 1916 indicate the
lowest output port number of the pair of ports 154 to the        downward
level to which the control cell 1800 is connected. Cell 1910 is shown as
connected to port 0 and also        connected to port 1. The numeral "1" is
omitted in FIGURE 19 because space is limited and the numeral is        not
needed in the layout process. The numbers in box 1916 are used to assist in
the placement of control cells in 25   the level above.
Referring also to FIGURE 9, at level 2 a message moving right along row 0
follows the connections        specified in sequence (0,2, 1,3, 0,...) 910.
The first cell 1924 is connected to rows 0 and 2 below. The next cell
to the right 1926 is connected to rows I and 3. The vertical
interconnection pattern 1922 between levels 1 and 2        form connections
that satisfy sequence 910. Cell 1924 is connected to the downward level to
cells on rows 0 30   and 2, respectively, at level 1. At the next column
(at level 2) cell 1926 connects to the downward level to cells        at
rows 1 and 3, respectively. The numbers in the vertical boxes 1928 between
switch arrays indicate placement        sequence 1920 (for clarity, only
the first number of the pair is shown). Examination of row 0 at level 2
shows        that control cells are successively positioned over cells at
0, 1, 0 and I to the downward level. The sequence (0,
- 40 -        1, 0, 1) appears as the bottom-most digit in successive boxes
1928 at level 2, establishing the positions of the       bottom row of
control cells at level 2.                 At level 2, the next row of cells
is placed along rows 2 and 3. The cell on rows 2 and 3 at column 0 is
connected to the only remaining pair of connections 1 and 3. The lowest row
number to the downward level is  5   0, but to avoid ambiguity in the
layout process, 0 is not repeated in horizontal box 1916 (between levels 1
and       2). Instead, the value 1 is used. That is, each value in box 1916
indicates the lowest row number of the pair of       cells connected to the
downward level. Since two cells are used with four row numbers, the lowest
row is used       unless already used in the sequence. In the latter case
the next lowest number is used. Thus the sequence 0, 



1,4,5,8,9,13,14 is used above level 1 (rather than 0,0,4,4,8,8,13,3) to
advantageously assist in the placement of 10   cells in the level above.
The boxes 1916 above level 2 are filled in using the described rule, and
the illustrated       values are used to lay out cells at level 3.
Placement sequence (0,4, 2,6, 1,5, 3,7, 0,...) 614 is used at level 3 to
place control cells. The vertical       interconnection pattern 1932
between levels 2 and 3 satisfies the connections required by sequence 614.
In       FIGURE 19A, the first digit of each pair in 614 is shown in bold,
because only the first digit of the pair is used 15   for placement Cell
1930 is connected to rows 0 and 4 to the downward level At column 0 the
next cell in the        diagonal is connected to rows 1 and 5, the next
cell is connected to 2 and 6, and the fourth in the diagonal is
connected to 3 and 7. That is, the first digit of the four pairs form the
series 0, 1, 2 and 3.                  Alternate digits taken from the
sequence (0,4, 2,6, 1,5, 3,7, 0,...) 614 yield the sequence (0,2, 1,3,
0,...)       that is used for the row layout. Along rows 0 and 1, cells
1800 are placed above connections 0, 2, 1 and 3 to the 20   downward level.
This sequence is shown as the bottom digit of the series of vertical boxes
1928 at level 3.        Along rows 2 and 3, cells are placed over
connections 1, 3, 0 and 2. Control cells at level 3 in columns to the
right of column 0 are placed at the intersection of like numbers in the
vertical box 1928 to the left and the inter-        level box 1916 below.
The inter-level boxes 1928 above level 3 are filled in using the rules
described for level 2.                  Placement sequence (0,8, 4,12, 1,9,
5,13, 2,10, 6,14, 3,11, 7,15, ...) 658 is used to lay out level 4 1950. 25
Cell 1940 is connected to the downward level to rows 0 and 8. Continuing up
the diagonal the next cell is        connected to I and 9, then the next
cell to 2 and 10, and so on. The interconnection pattern 1942 satisfies
these        connection requirements. The remainder of level 4 is laid out
by first filling in the vertical boxes using the        sequence derived
from the first digit of the pairs of 658, that is 0, 4, 1, 5, 2, 6, 3, 7,
0,.... This series is used to        fill in the vertical boxes 1944 at
level 4. The control cells are placed at the intersection of like numbers
from the 30   boxes to the left and below each switch array. FIGURE 19A
illustrates the application of the rules described        herein for laying
out control cells 1800 for a flat-latency switch 1900.                  If
a message entering cell 1910 at line W2 is not blocked by another message
at line Wl which has        priority and also preferentially moves to the
same row at level 0, and if the target row is not blocked from the
downward level, then the message on row 0 is immediately sent downward to
the message target. Thus, a non-
- 41 -        blocked message at line W1 or line W2 always moves downward.
In the illustrative implementation and usage       of flat-latency switch
1900, a message entering control cell 1800 has a very small probability of
being blocked       and therefore generally moves downward each time the
message enters a control cell from the left. Referring       also to FIGURE
17, the latency of switch 1700 is such that a message moves to the next
column with a  5   probability of 50% before the message moves downward.
Thus, a message dropping downward generally       reaches the "wrong" row
set half the time. In contrast, for the switch 1900 a message dropping
downward       advantageously always has a connection to an upper and a
lower row set. Given similar loading conditions,       switch 1700 has 50%
greater average latency than switch 1900. Furthermore, the time of flight
and thus the       latency of a single message through switch 1700 varies
from 100% to 200% of the minimum value, whereas the 10   latency of a
single message through switch 1900 is approximately constant for all
messages and is the same as        the minimum latency of single-path
switch 1700.                                                 INPUT PORT
CONNECTIONS                 Referring to FIGURE 8B, a message B 840 moving
right at a lower level can block 842 the desired       movement down of
another message A 802 at the level above. As a consequence of message A
having been 15   blocked, other messages C 844 and D 846 can likewise be
blocked by message A. Had message A avoided not 



been blocked in the first instance, messages C and D would also not have
been blocked. As the number of       messages in the switch increases, the
likelihood of blocking of an individual message increases. Referring also
to FIGURE 4, a message 200 is allowed to enter Switch 100 whenever the
column ready signal 404 goes high       and the input port is not also
blocked 406. Statistical analysis of Switch 100 shows that the likelihood
of a 20   message being blocking during passage through any embodiment of
the switch is significantly reduced by       lowering the rate of input of
messages into the switch.                  The maximum rate of input into
the switch (100%) is defined as the condition when all ports 104
receive a message at each non-blocked time 406. If the rate is lowered to
the range 25% to 50%, depending on       the size and the particular
embodiment of Switch 100, message blocking and the negative effects on
latency 25   dispersion are greatly reduced, even to the point of
insignificance. One method of reducing input rate is to       specify that
the external device connected to port 104 meters or otherwise reduces the
frequency at which       messages are injected. Disadvantageously, this
technique places responsibility for the rate reduction on a       device
external to the switch. An alternate method involves reducing the rate that
the column ready signal 404       is sent. Disadvantageously, an external
device may have to wait longer to inject a message. The effect of either 30
of these rate-reducing schemes is an increase in effective latency and a
decrease in total throughput of Switch        100.
Referring to FIGUREs 17 and 20A, the top level 1702 of an eight-by-four
switch 1700 is shown with       32 input ports 104. In an alternate
embodiment of switch 1700, the same top level 2010 has less than half as
many input lines. A control cell 300 at the top level may be connected to
an input port, or not connected 2112. 35   The first two columns of Figure
20A illustrate a method of reducing the input rate to 50% without the
- 42 -        undesirable effect of increased latency. The input rate is
further reduced and adjusted by not connecting specific       cells 2114 to
an input 104. In one embodiment of switch 1700 output connections 154 are
likewise omitted in a       manner corresponding to the omitted input ports
(not shown). Therefore the switch has the same number of       input and
output ports. In another embodiment, all 32 output ports 154 are
implemented. Alternate S   embodiments of switch 1700 therefore can have 32
input and 32 output ports, or 16 input and 16 output ports,       or 16
input and 32 output ports. Yet other connection counts could be selected
for other embodiments,       depending on loading factors and performance
considerations. The number and arrangement of inputs 104       versus the
total possible number determines the maximum message flow density within
Switch 100. Message       flow density is defined as the actual number of
messages within a switch against the maximum possible 10   number.
Referring to FIGUREs 18D, 19, and 20B, the input rate of a flat-latency
switch is reduced to 50% by       using the same scheme described for the
first two columns of FIGURE 20A That is, cells 1880 in alternate
columns do not have input connections 2024. In FIGURE 20C, another method
involves connecting only one       of the two upward input lines 1874 and
1876 of cell 1880 to input port 104. Input 104 is preferably connected 15
to the row that does not have priority 2072 and 2074 because on that same
row the cell to the left has given that       row priority and thus the row
is less likely to contain a message that would block input from 104. To
further       reduce and fine-tune the switch input rate, a combination of
methods shown in FIGUREs 20B and 20C are       used. Specifically, some
columns have only one input per cell 2072 and other columns none 2024,
similar to       the input connections in Figure 20k  20          The
number of input (and output) ports of a silicon integrated circuit chip
implementation of an       embodiment of Switch 100 is pin limited. That
is, the number of input and output connections available on the 



chip determines the size of the switch. This situation results from the
comparatively small amount of logic       gates used to implement a control
cell. Given this set of technologically-determined circumstances and the
uniquely small amount of gates used, logic capacity is advantageously used
over pin capacity to reduce latency 25   and message flow density. One
method of exploiting logic capacity is to spend the excess of available
logic on       the more complex flat-latency cell 1800. Another method is
to reduce the input and output port connections       2112 and incorporate
more columns to make up the difference. Both methods maybe employed in
combination, as is exemplified in FIGUREs 20B and 20C. In practice the
available I/O connections or pins       determine the capacity of the
switch. The illustrative implementation uses a factor of 2 to 4 or more
times the 30   minimum number of necessary columns. For example, the
64-port switch 1900 is implemented with 8 to 12       internal columns
(versus the 4 columns of FIGURE 19) by using the input connection method of
Figure 20C or       a combination of those shown in FIGUREs 20B and 20C.
RIGHT TO LEFT CONNECTIONS                 In FIGUREs 21A, 21B and 21C,
various east to west (or right to left) connection implementations are 35
illustrated. Referring to Figure 21A in conjunction with FIGUREs 1 and 3, a
message at the right-most column
- 43 -        164 passes through an optional FIFO buffer 114 and reaches a
row exit point 172. The exit point 172 is the       right-most position of
a message on a left-to-right movement along a row 360. A message at point
172 has not       successfully moved downward to the level or output port
below. In some embodiments of Switch 100, the       message is transmitted
left on path 2104 to row entry point 174 on the same row and connected to a
control cell 5   in switch array 120 at column 0 160. The message at column
0 immediately has an opportunity to move       downward in continuance of a
journey to the message target row.                  Referring to FIGUREs 7,
20A and 21B, another embodiment of Switch 100 has a message reaching
row exit point 172 which is transferred 2106 to an input port 104 that is
not connected externally. FIFO 2108       adjusts the timing of the message
to satisfy column timing requirements. Unused row entry points 2120 may be
10   connected externally and function as input ports 104 with a
restriction that a message entering the switch at       point 174 at a
level below the top level cannot necessarily reach all possible rows at the
bottom level. For       example, a message entering the switch at a row in
the upper row set 710 at level 2 cannot reach any row in the       bottom
row set 716 at level 1. Messages entering the switch at levels below the
top level advantageously may       experience lower latency than those
entering at the top, but are restricted in the range of possible targets
that 15   the message can reach.                  In yet another embodiment
(not shown) which is a combination of connections shown in FIGUREs
21A and 21B, some exit points 172 are connected 2104 to entry points 174
while other exit points are       connected 2106 to unused input ports 104.
Referring to FIGURE 21C, another embodiment of Switch 100       includes an
exit point 172 that is connected to entry point 174 on a different row 2110
with the advantageous 20   effect that a message that has been continuously
blocked on one row is given another chance to move       downward on
another row.                 Referring to FIGUREs 2A, 2B and 2C, a message
200 generally includes a header section and a       payload 206, with a
total length 214. The length of individual messages entering any embodiment
of Switch       100 may vary. The switch can accept any message length up
to a pre-specified maximum size. For a given 25   embodiment of Switch 100
the format and size of the header or headers is fixed according to the
implementation of the switch, but the length of the payload 206 can vary,
thereby causing the total message       length 214 to vary. According to
the discussion of FIGUREs BB and 21A, a message entering a control cell
from the upward level at any column may be repeatedly blocked such that the
message circulates back to entry 



point 174 on the same row 2104. In the case where the message continues to
be blocked, the message reaches 30   the control cell at the column where
the message first entered the row from the upward level. That is, a
message is in a condition where the "head" or traffic bit 202 is chasing
the "tail" or the last bit of the payload       206. Thus, the storage
capacity of a row is to be sufficient to contain all bits 214 of the
message.                 Referring to FIGUREs 11A, 13A, 15A, 16B, 17 and
18C and examining control cells 1300, 1500,       1620 and 1800, a control
cell contains one or more delay elements 1102 in the left-to-right path
through the 35   cell. These delay elements participate in the address
decoding and message routing of messages by the cell.
- 44 -         Taking in aggregate all the delay elements 1102 in all
control cells along a row, from the first column to the        last column,
the aggregation of delay elements also functions as a FIFO storage device.
For example, control        cell 1300 contains two delay elements. Switch
1700 has four columns and thus the storage capacity of the four
control cells of a row 2 times 4, or 8 bits. In practice, message length
214 is considerably greater than 8, hence  5   FIFO 114 is used to enlarge
the row storage capacity to message size 214. Continuing an example where
the        message length is 32 bits, the length of each FIFO 114 is (32 -
8) or 24 bits.                   Refering to FIGUREs 20A, 20B, 20C,
increasing the number of columns relative to the total number        of
inputs 104 advantageously reduces message blocking within the switch and
improves latency. An additional        benefit of increasing the number of
columns is that the storage capacity of a row correspondingly increases.
For 10   example, a 32-bit message in another version of switch 1700 that
has 16 columns does not utilize FIFO 114 at        all. The 16 columns
yield an aggregate of delay of 32 bits which indicates a 32 bit message can
circulate on a        row without the head colliding with the tail. Given
the technologically-imposed condition of an excess of logic        gates
versus I/O connections, logic gates are advantageously utilized on as many
control cells as possible        because of the increase in each row
message storage capacity in addition to the advantageous reduction in data
15   flow density discussed previously. In an illustrative embodiment of
Switch 100, the logic gates are used to        make many paths downward as
possible, that is, to make additional columns that are not connected to
inputs        104. In embodiments where the message length 214 is large in
relationship to the available gates, a FIFO 114 is        used at each row.
LOW-LATENCY OUTPUT  20             FIGURE 22A shows a low-latency output
structure which reduces blocking at a bottom level.        Referring to
FIGURE 2A, a message 200 contains a row header address 204 that specifies
the target row at the        bottom level of the switch. An embodiment of
Switch 100 with the output structure of FIGURE 22A does use a        column
header 212. The target row specified in header 204 is the final destination
of the message and the        physical column at which the message is
located is immaterial when the message reaches the bottom level. 25
Messages reaching any bottom-level row are collected in parallel from all
columns and supplied to the final        output device 176. Effectively,
the plural number of columns is used to increase the bandwidth and reduce
latency to the target 2206 and to reduce and minimize blocking at higher
levels. Because a message reaching        the bottom level immediately
moves downward, the message therefore never moves right at level 0 to
potentially block a message at levels above. The described output method
advantageously drains Switch 100 of 30   messages at the fastest possible
rate, thereby decreasing latency and congestion at upper levels.
Referring to FIGUREs 1 and 22A, in one embodiment of Switch 100 the output
structure 180 includes       a plural number of external devices or message
targets 2206. The count of these devices is the same as the       number of
rows at the bottom level. A buffer 2210 in buffer array 152 accepts a
message 200 serially from 



control cell 2202 at the bottom level of the switch. This embodiment is
intended for low latency application,
- 45 -        since the buffer 2210 is always ready to accept data so that
cell 2202 does not have a busy signal input The       cell 2202 always
immediately sends the message downward.                  Referring to
FIGUREs 4, 12B, and 22B the traffic bit 202 of a message arrives at buffer
2210 at the       times indicated by column ready signal 422. The minimum
amount of time between messages is the inter- 5   message time t[err],
1242. Buffer 2210 accepts the message traffic bit 202 and payload 206
serially. The header       204 is removed from the message as discussed in
the description of FIGURE 10. The content of buffer 2210 is       removed
by parallel bus 178 and delivered to target 176, such as a processor or
control unit of a supercomputer.       Buffer 2210 is then reset to zero to
indicate that no message is present. The presence of a message in buffer
2210 is indicated by traffic bit 202 in the buffer. The traffic bit
indicates that a payload is in the buffer and is to 10   be removed before
the next cycle 422.                 Referring to FIGUREs 1, 12B, 22A and
22B the input timing of buffers 2210 in a structure 2206 is       different
for each FIFO 1102 because the buffers are connected to control cells 2202
at different columns. The       time difference derives from the delay
elements in the control cells and is equal to time tc 1240. The column
timing signal is externally available at timing port 168.   15
ROW& COLUMN ADDRESSING                 Referring to FIGUREs 1, 2B and 15B,
a message 200 that has a column address header 212 is       targeted to
output port at a specific row and column. In one embodiment of Switch 100,
a level 0 control cell       1550 reads the column address 212 and sends
the message downward if the address matches the column       location of
that control cell. In an interconnect structure with many columns, a
message probabilistically moves 20   right through a large number of cells
1550 before reaching the destination column while messages at level 1
that preferentially drop to that row at level 0 are prevented from doing
so. Thus, an embodiment of Switch 100       that uses level 0 control cells
1550 does not always efficiently drain messages from the switch, thereby
increasing the likelihood of message blocking at higher levels.
Referring to FIGUREs 1, 23A, 23B and 23C, output structure 180 at level 0
immediately transfers the 25   message 200, if not blocked, with row and
column address 2308 to output port 176. Message A at level 0 is
addressed to row 0 column 2. Message A enters control cell 2310 which reads
2314 column address 212 and       sends the message downward on path 2312
to output control 2322 where the message moves right on path 2326       to
FEFO buffer 1112, which is connected to target output port 176. Another
message 200 at a level I cell above       cell 2316 which preferentially is
to drop to cell 2316 at the next column is desirably not blocked by a
message 30   sent right from cell 2310 at level 0. A message moving right
on path 2330 from control cell 2322 blocks cell       2316 from sending
down a message to the same address 2308 by sending busy signal 2316 upward
to a control       cell 2310 at level 0. Another message at cell 2316
addressed to the same row and different column is not       blocked by a
cell on path 2330. Therefore, in an embodiment of Switch 100 using cells
2310 and 2322 where         



- 46 -        concurrent messages are targeted to different columns at the
same row advantageously do not cause the       blocking that occurs in an
embodiment that uses control cell 1550 at level 0.                  Bus
2318 includes busy signals 2316 and data paths 2312 and connects control
cell 2310 to structure       2320 to the downward level. Structure 2320
includes K control cells 2322, where K is the number of columns.   5
MULTICAST CONTROL                 A desirable feature of a large switch is
multicast transmission capability, the sending of a single       message to
many or all output ports. In another embodiment, a single Switch 100
supports both one-to-all       message routing as well as one-to-one
message routing simultaneously. The method of this embodiment is that
a multicast message is duplicated each time the message is dropped to the
next lower level. The desirable result 10   is that one copy is produced
for every row of the switch when the messages eventually reach level 0. The
multicast message then moves right along each row at level 0 and a copy is
dropped downward at each column,       with the desirable result that all
output ports 154 receive a copy of the message.                 FIGURE 24A
shows a control cell 2400 for a multicast message 230, and FIGUREs 24B,
24C, and       24D show different states of multicast control cell 2400.
The multicast capability described here and shown in 15   FIGUREs 24A, 24B,
24C, and 24D is consistent with all other embodiments so that multicasting
is optionally       be built into any embodiment at the cost of additional
control cell logic. Referring to FIGURE 24A in       conjunction with
FIGUREs 2, 10, 12A, 12B, 13A, and 13B, a multicast message 230 contains a
second bit in       the header, called the multicast bit 220 following
traffic bit 202.                 When the multicast bit is set to ZERO the
message is sent to the single port determined by the row 20   header 204
and the column header 212. The technique for controlling the point-to-point
transmission is the       same as that generally described for FIGUREs 12,
13, 14 and 15. An additional delay element is included in       control
cell 2400 to hold the multicast bit 220. When the traffic bit 202 is ONE
and the multicast bit is ZERO,       indicating point-to-point
transmission, control cell 2400 examines most-significant bit 208 and busy
signal BS       2406 to determine if the message is to be routed downward
or right When message 230 is routed downward the 25   traffic bit (ONE) and
the multicast bit (ZERO) are successively sent down to line S 2412. After
the two cycles       complete, a connection is made between delay element
D1 and line S with the advantageous results that the bit       1004
following the most-significant bit 208 becomes the most-significant bit at
the next level. The message       advances by 2 bits to maintain the
inter-level timing requirement shown in FIGUREs 12A and 12B.
When the multicast bit 220 is ONE, message 230 is routed right until both
an upper row and a lower 30   row on the lower level have received a copy
of the message. As the message 230 moves right, the message
preferentially drops to the upper 1015 and lower 1016 rows of the lower
level. Referring to FIGURE 24B, the       "upper" bit 224 and "lower" bit
226 are initially set to ONE, indicating that the message has not yet been
sent       to either row at the lower level.
- 47 -                 In FIGURE 24B, a message F enters a control cell
that is not blocked so that a blocking signal on line       BS is ZERO.
Copies of the message F are sent downward and right 2432. The control cell
is located over a       lower row and therefore the "lower" bit 226 of the
rightbound copy is set to ZERO to record that the branch has       been
satisfied 2434. When a copy of a multicast message is sent downward 2412,
both the upper 224 and lower 



5   226 bits of the downward copy are reset to ONE so that the message is
again duplicated at the lower level.                 Referring to FIGUREs
24C and 24D, the message F moves right to a cell that is connected to an
upper cell. This cell is blocked from below 2436 and the message continues
right Message F eventually reaches       a non-blocked control cell-that is
connected to an upper cell. At that cell a copy of message F is finally
routed       downward 2438, and the "upper" bit 224 of the rightbound
header is set to ZERO 2440. Both the upper and 10   lower marker bits are
now ZERO, indicating the message has been duplicated at the lower level, so
the message       is no longer transmitted right.                  FIGUREs
24B, 24C and 24D describe a message, with the multicast bit set at ONE. The
message       moves right until the message is twice dropped to appropriate
rows at the lower level. When a message is       dropped, both marker bits
224 and 226 are set to ONE. This duplication continues in the switch until
level 0 is 15   reached. Since the interconnect structure includes L
levels, L duplications are made, resulting in 2L rows        containing a
copy of the message. Each time a message is dropped, one of the two rows at
the lower level is        located in the upper half and the other in the
lower half. The method assures that all branches of the binary tree
described in FIGURE 7 are taken. The final outcome is that all rows at
level 0 receive a copy of the message.                 The optional column
bitmask 228 is created when the message was originated outside Switch 100.
A 20   bitmask is a series of K bits, each representing a column in the
switch. When a bit in the bitmask is set to ONE        the message is
directed to all rows of that corresponding column. To achieve one-to-all
multicasting, all bits in        the column bitmask are initially set to
ONE with the result that all columns and rows receive the message.
Alternately, a subset of columns may optionally be selected by setting only
a subset of the bitmask elements to        ONE. The omitted columns are set
to ZERO. The method provides for a one-to-many multicast capability, 25
where all rows and only selected columns receive the message. Alternately,
if only one of the upper 224 and       lower 226 marker bits is initially
set to ONE and the other set to ZERO, then only the upper rows or lower
rows       at level 0 receive the message. Therefore, setting the upper 224
and lower 226 marker bits and the column       bitmask bits 228
independently to ZERO or ONE advantageously directs the multicast message
to a subset of       the targets.   30             At level 0 a multicast
message moves right on each row, circulates left, and eventually traverses
all        columns. For a given row, each bit in the bitmask is used to
mark whether the message has been sent downward        at the respective
column. If a message is not blocked from below and the bit representing the
column is 1, then        a copy of the message, advantageously without the
bitmask, is sent downward. As described for FIGURE 15B,        only the
traffic bit 202 and the payload 206 exit the switch. At the same time, a
copy of the message is also sent 35   right with the column position in the
bitmask set to ZERO, indicating that the column destination has been
-48 -         satisfied. If the message is blocked from dropping, the
message continues moving right and the bitmask is not        changed. A
blocked message circulates and eventually passes through the blocked cell
again. When all bits in        the bitmask are ZERO, indicating that all
targeted columns have received the message, the message is no        longer
transmitted right at level 0.   5             The foregoing describes a
structure and technique for multicasting a message from one input port to.
all rows at level 0, and from each row at level 0 to all columns, thereby
satisfying the desirable requirement of        one-to-all transmission. A
one-to-many transmission to all rows of selected columns is also described.
Furthermore, multicast messages and non-multicast message routing
advantageously occur within the same        switch simultaneously.  



10                                             2D. 3D. AND 4D SYSTEMS
The topologies and methods of message flow control scale in an unlimited
fashion so that the useable       throughput and efficiency of an
embodiment of Switch 100 is not determined by an upper limit on the size of
the switch. As the size of switch approaches infinity, the preferable ratio
of input ports to total possible inputs       (as discussed for FIGUREs
20A, 20B and 20C) is probabilistically in the range of 1:3 to 1:6. In
practice, the 15   limit to the maximum size of any embodiment of Switch
100 is the pin count of the device. Thus, the       maximum size of a
single-integrated circuit chip implementation is pin limited. Switches are
desirably       constructed that have significantly more I/0 ports than
would be set by the technology limitation. Multiple chip
implementations provide a structure and technique for scaling the number of
ports essentially without practical       limit. Three methods are given
below, referred to as second dimensional (2D), third dimensional (3D), and
20   fourth dimensional (4D) interconnection methods.
Referring to FIGUREs 25A, 25B and 25C, the layout of messages for "nD"
multi-chip switches is       shown. A message 2502 for a 2D switch has two
headers 208 and 2508. A message 2504 for a 3D switch has 3       headers
208, 2508 and 2510. A message 2506 for a 4D switch has 4 headers 208, 2508,
2510 and 2512.                 Referring to FIGURE 26A in conjunction with
FIGUREs 1, 3 and 25A, a 2D switch 2600 is formed 25   by connecting two
stacks 2610 and 2612 each containing a plural number C of single-chip
implementations       2602 of Switch 100. In a preferred embodiment of 2D
Switch 2600, C is the number of rows at level 0. The two       stacks are
connected by a special arrangement of bus connection 2604. The outputs 2604
of a chip 2620 in the       first stack 2610 each connect to one input of
each chip 2632, 2634, 2636 and 2638 in the second stack 2612.       Header
208 of message 2506 determines to which output 2604 the message is
directed. A message entering at 30   any input port 2622 is transported to
the input port of any chip in the second stack 2612. As discussed for
FIGURE 10, header 208 is removed when message 2502 passes through a chip
2620 in the first stack 2610.                  A message 2502 entering an
integrated circuit chip 2630 in the second stack processes header 2508
exactly as header 208. Thus header 2508 is equivalent to header 208
discussed previously, for messages       entering the second stack 2612. A
message entering at any input in connection bus 2604 is desirably
- 49 -        transported to the target output 2640. Referring also to
FIGURE 26B, the resulting conformation of the two       stacks 2610 and
2612 (interconnected as described above) is here referred to as a 'twisted
cube', indicating that       one stack is twisted 90 degrees with respect
to the other. In a suitable 2D embodiment of Switch 100,       connection
bus 2604 includes the set of all output ports 154 and respective busy
signal ports 376 at the same  5   row address 2206 with FIFO buffers 152
omitted. To simplify timing considerations, a given output column
port 154 at stack 2610 is connected to input port 104 at the same column in
the second stack 2612, and       similarly for busy signal 376 connected to
same-column port busy signal 304. Given two stacks containing a
plural number C of integrated circuit chips, the total number of output
addresses 2620 is C[err].                  Regarding FIGURE 27 in
conjunction with FIGURE 25B, a 3D interconnection switch is shown. 10
Applying the same interconnection method described for connection bus 2604
to the layout illustrated in       FIGURE 27, one of skill in the art is
enabled to assemble the higher-dimensioned switch. The 3D switch
includes three tiers 2710, 2720 and 2730, each tier containing C stacks of
C integrated circuit chips. In a       preferred embodiment of 3D Switch
2700, C is a number of rows at level 0 of a chip. The 3 row headers 208,
2508 and 2510 of message 2504 determine the output address 2720 of the
message. The total number of output 15   addresses is C3.  



Regarding FIGURE 28 in conjunction with FIGURE 25C, a 4D interconnection
switch is shown.       Applying the same interconnection method described
for connection bus 2604 to the layout illustrated in       FIGUREs 28, one
of skill in the art is enabled to assemble the higher-dimensioned switch.
The 4D switch       includes two square matrixes 2810 and 2820, each matrix
containing C[err] twisted cubes 2600. In one 20   embodiment of 4D Switch
2800, C is the number of rows at level 0 of a chip. The four row headers
208, 2508,       2510 and 2512 of message 2506 determine the output address
2220 of the message. The total number of output       addresses is C4.
SPLIT-HEADER SWITCH                 A primary design objective for a switch
used in a high-speed system, such as a supercomputer 25 network, is low
latency. The flat-latency system of control and topology discussed in
FIGUREs 18A, 18B, 18C       and 19, and the high-speed timing control
discussed in FIGUREs 16A and 16B, as well as combinations       thereof,
serve to reduce latency or time-of-flight of a message through an
embodiment of Switch 100. In cases       discussed so far, all header bits
of a message enter an embodiment of Switch 100 before the first payload bit
can       enter, which indicates that the length of the header (for a given
I/O speed) determines the absolute minimum 30   latency. FIGUREs 29A and
29B describe a split-header embodiment that reduces this time by a factor
of two       and also reduces the time for the payload to transit the
switch by a factor of two.                  Referring to FIGURE 29A, a
message 200 is externally "splits into two messages 2902 and 2904,
each message having half the original length. Alternate header bits 204 are
formed into the respective headers       of the split messages
respectively. The header bits in even numbered positions 2910 become the
header of
- 50 -        message A 2902, and similarly the odd-numbered bits 2912
become the header of message B 2904. The paylad       204 is divided into
two halves, which respectively form the payloads 2914 and 2916 of the two
messages.                  Referring to FIGURE 29B in conjunction with
FIGUREs 1 and 20A, a split-header switch is shown       including sections
T 2924 and U 2926. Each section is made at alternate levels of master 2930
and slave 2032 5   control arrays. With the exception of the internal
details of the control cells, a section is identical to Switch 100
shown in FIGURE 1. Master control-array level 2930 contains control arrays
120 as previously described,       with the addition of control flow bus
2922. Control bus 2922 contains R paths where R. is the number of rows at
that level. The input line of each control path is connected to the latch
output of each master control cell and       transfers or copies the latch
setting to an identically situated slave control cell at the same level.
Control flow 10   buses 2922 transfer the settings of all latches in all
master control cells at one level. The output line of a control       path
is connected to the latch in the slave control cell. The logic gates in a
master control cell process the       header and set the latch in that
cell. The slave control cell omits the logical gates that process the
header and       the logical elements that remove the first header bit.
Message A 2902 enters the top level of section T 2924 of switch 2900 at
2926 at the same time that 15   message B 2904 enters section U 2926 at
input port 2928. The first header bit 2910 is removed from message A
when the message moves downward to the next lower level. Message B moves
synchronously with message A.       Thus message B moves downward or right
at the same time that message A moves. At the next lower level,
message B enters a master control cell and the movement is copied by
message A by copying latch settings       from master to slave. When
message B moves downward, the first header bit 2912 is removed. Referring
also 20   to FIGURE 12A, the timing of switch 2900 is allows movement of
both bits in a single clock period 1110. 



Thus, bits move downward at the rate of two levels per clock period. At the
next lower level, message A again       enters a master control cell. As
the messages move downward to the bottom level messages A and B alternately
pass through master control cells and lose header bits. Each of the
messages of the pair lose one bit for every       two levels and one clock
period.   25             The concept of copying the state of all latches in
all control cells at a level may be extended to more       than the two
sections. For example, if message 200 is split into 3 or 4 or more messages
in the manner       described for FIGURE 29A, then the time of flight for
the set of split messages is divided by the resulting       number of
messages. Each level has only one master control section. Other sections
are slaves. The master       station is rotated among all sections at
descending levels.   30
OPT7CALMESSAGELAYOUT                 FIGURE 30A shows the layout of an
optical message. The first bit 202 announces the presence of a
message and is used as a timing bit Header bits (Hl, H2, ..., H)  3002
serve the same function in the optical       message as in the electronic
message 202. In one embodiment, the header bits 3002 are spaced one after
another in the optical header in a fashion similar to the spacing in the
electronic header 204. In another 35   embodiment the header bits all
occupy the same physical space in the fiber and thus occur at the same time
but                                                                       -
51-        use n different colors, a technique called wavelength division
multiplexing (WDM). In this scheme, n different       available wavelengths
(1[err], 1[err], ... , 1[err]) are employed. The presence of light in the
wavelength slot l[err], conveys the       same information as the presence
of light in the time slot Hk. In another embodiment a mixed scheme is
applied. For example, n/2 wavelengths may be used to occupy two time slots.
The optical payload 3010 carries  5   the data and serves the same purpose
in the optical message as electronic payload 206 does in the electronic
message 200. FIGURE 30A illustrates the information in the payload being
carried in multiple time slots and        wavelengths. Dead time 3008 is
provided to allow the electronics to catch up with the optics and to
account for       jitter in the optical signal propagating in the optical
fiber.                                                   OPTICAL CONTROL
CELL  10          Referring to FIGURE 30B in conjunction with FIGURE 30A an
embodiment of an electro-optical        control cell 3030 is shown. Data in
the form of an optical message 3000 enters cell 3030 through input lines
NW 3036 and S 3038. Data leaves the cell through output lines SE 3034 and N
3032. If the cell is not on the        uppermost level, then a message M
leaving the cell through output port N 3032 will enter input port S 3038 of
the cell directly above. If the cell 3030 is on the lowest level, data
leaving output port 3034 will exit the switch. 15   If the cell 3030 is not
on the lowest level, the data leaving the cell though output line SE 3034
will enter        another cell through input port NE 3036.
The operation of cell 3030 is similar to the operation of cell 1300. Cell
3030 is a cell at level J of the        switch. AND gate 3040 has output of
ONE only where timing bit 202 arrives at the AND gate 3040 during the
time window in which latch set 3002 is high. Timing bit 202 is the first
bit of the header of the message that 20   enters the cell through input
port 3036. Timing bit 202 comes through the fiber tap 3066 and is converted
to        electronics by O/E element 3062. Latch set pulse 3002 arrives at
gate 3040 from timing source 3042. When        AND gate 3040 transitions
from ZERO to ONE, delay element 3044 sets latch L 3046 to ONE after a time
delay 4 3016, which is the time period between timing bit 202 and header
bit 3002. Latch 3046 is a positive-        edge, sample-and-hold circuit,
that in conjunction with gates 3040 and 3050, captures and holds the value
of 



25   header bit 3002. Latch 3046 serves therefore as a static one-bit
register.                   Concurrently, a small portion of the optical
signal entering cell 3030 at input line S 3038 is directed to        O/E
conversion element 3048 by passive fiber tap 3064. Element 3048 has two
functions. One function is        detection of the optical first header bit
202 from a message entering the switch through input 3038. If no bit is
detected, element 3048 has output value ZERO. If a header bit 202 is
detected, element 3048 generates a high 30   electrical signal (ONE) for
the time duration d[err] 3008 which is the time used for the entire optical
header to pass        a given point. Latch 3046 generates a high pulse
(ONE) only in the case where either the timing bit of the        message
entering through input 3038 is ONE or the header bit for level J is ONE.
Cell 3030 is a cell connected        to an upper row set 716 of a cell at
the next lower level. A cell connected to a lower row set 718 at the next
lower level has gate 3050 replaced with gate 3052.
- 52 -                 During the time that the header bits are converted
to electronics and the electronic devices set electro-       absorption
modulators 3054 and 3056, message M is stored in delay loop 3060. Message M
progresses from       delay loop 3060 to 3dD splitter 3058. Splitter 3058
delivers identical copies of message M to the electro-       absorption
modulators 3054 and 3056. Only one of the electro-absorption modulators
3054 and 3056 is  5   transparent at a given time. Therefore light is
allowed to leave cell 3030 through only one of the output ports       3032
and 3034. The elements 3054 and 3056 remain in a fixed state set by latch L
3046 until latch 3046       changes state, at least until the next latch
set signal 3002 arives.                 Cell 3030 is constructed using
electro absorption modulators. One skilled in the art would be able to
modify the cell to replace the electro absorption modulators with
semiconductor optical amplifiers or lithium 10   niobate gates.
OPTICAL INPUT CELL                 Referring also to FIGURE 30E, control
cells 3030 are located at all levels of switch 3070 except for       the
top, or input level. FIGURE 30C depicts an electro-optical input cell 3092
that is located only at the input       level of switch 3070. Optical
message E 3000 is assembled externally at a time that the traffic bit 202
enters the 15   switch at input cell 3092 in synchronization with other
messages. In particular, the timing is such that if        external message
E enters cell 3092 at input 3037 concurrent with another message B entering
the cell at line S        3038, and electro-optic switch 3054 is set
transparent, the trafficrbits of each message reach fiber 3034 at the
same time. In distinction to an electronic message in a clocked shift
register 1100, the nature of a data stream        or message 3000 in an
optical fiber is that data is not held static until a later time when the
data is released. An 20   optical message 3000 is always in motion.
Therefore, input cell 3092 always accepts a properly timed message
3000 at input 3037.                   In the case of a message B 3000 from
the downward direction at 3038, message B is detected by        elements
previously discussed and latch 3046 is set to ONE prior to the arrival of
external message E at        modulator 3054. As a consequence of message B
entering cell 3092 the modulator 3054 is set not transparent, 25   external
message E is absorbed, and an electronic busy signal on line BN 3033 is
sent upward to the external        device which indicates to that the
message was not accepted by switch 3070. The external device may
subsequently construct another message E for injection at the next
latch-set 3002 cycle.                   Alternatively, when external
message E 3000 enters cell 3092 at input 3037 and no message arrives at
line S 3038, message E passes through electro-optic switch 3054 to exit
cell 3092 at the top level and enters a 



30   control cell 3030 at level 3. Busy signal on line BN 3033 indicates to
the external device that the message was        accepted by the switch.
In one embodiment the level 0 cells of switch 3070 receive optical control
signals indicating that room        exists in the output device for a
message. In this embodiment the cells at level 0 are identical to the cells
3030        at other levels. In another embodiment the level 0 control
cells of the switch receive electronic control signal to
- 53 -        indicate that the output device cannot accept an message 200.
In this embodiment, level 0 cells are slightly       different from cells
at level 1, in that fiber input 3038 and the associated O/E converter 4048
are replaced with       an electronic-only connection.
OPTICAL SWITCH   5          FIGURE 30E shows the interconnection of fibers,
control cells and other components of an optical       switch 3070. This
figure is similar to FIGURE 17. Additionally, switch 3070 may have
additional columns not       shown and not all of the columns need to be
equally spaced so that the length of fibers 3086 between a pair of
adjacent columns is not the same for all columns. Messages enter at the top
3072 and exit at the bottom 3076.                 Referring also to FIGURE
17, a message moving right on a row may preferentially drop downward or 10
to continue right until the message reaches a control cell allowing the
message to eventually move downward.       Optical message M 3000 exiting
control cell A 3030 and preferentially moving right will exit cell A at
line N       3080 where line N connects to the cell B to the upward level
at line S 3038. Optical message M always will       exit cell B at line SE
3034 along diagonal path 3082. Cell B is connected at line SE to cell C at
the next       column at next lower row so that cell C is directly to the
right of cell A. The purpose of the apparent round- 15   about journey is
that the message M can provide timely information to block another message
N at cell B which       might preferentially move from cell B to cell C.
Message M, at the lower level, has priority over a message at a
higher level, as discussed in the description of FIGUREs 8A and BB. In
effect the message flow, sequence of       movement, and blocking that
occur in optical switch 3070 is the same as for electronic messages 200
moving       through an identically configured switch 1700.  20
A 3dD splitter 3058 at each control cell in combination with the relatively
smaller loss of light energy       at fiber taps 3066 and 3064 cause an
attenuation of the optical signal amplitude. To compensate for the signal
loss, an amplifier and regenerator 3090 is inserted between certain
columns. The regenerator 3090 performs       two functions: amplifying the
optical signal 3000 to adequate strength for further processing, and
shaping or       regenerating the binary information carried in the fiber,
improving signal to noise quality. In another 25   embodiment employing
semiconductor optical amplifiers or lithium niobate gates, the signal
degrades through       the system and regeneration is needed.
A message M may span more than one column at a given time. In fact, the
first bits of a message may       be exiting the switch before the last
bits of the message have entered the switch. In one embodiment of the
switch 3070, output lines from the right are directly connected to input
lines at the same level on the left. In 30   this embodiment, the entire
message advantageously fits on a level, ensuring that the first bit of a
message does       not loop around a row and collide with another portion
of the message. This characteristic applies to both the       electrical
and optical implementations. Note that all messages are typically not the
same length.                 The timing control of switch 3070 is such that
messages arrive at all cells of a given level and column       at the same
time. As an illustrative example consider an embodiment of FIGURE 30E with
three columns and    



- 54 -        four levels with control cells and an additional level with
input cells. The distance between column 0 and       column I is equal to
the distance between column 1 and column 2 but less than the distance from
column 2 to       column 0. The switch is designed to canry messages of two
lengths, short messages S. and long messages M.       The right-hand output
ports 3085 are connected directly to the input ports 3083 on the same row.
In addition,  5   short message S fits between two nodes on the same row.
Thus for a cell A on row R, level W, and column C,       and a cell B on
row U, level W, and column C+l, if message S travels from cell A to cell B,
then at the time t       when the first header bit of message S arrives at
cell B, the last message bit of message S has already left the       node
at cell A.                 In another example, a message stays on a given
level long enough to pass through four nodes. A clock 10   X that ticks
irregularly and visits states 0, 1, and 2. At a reference time t(0), the
clock X starts and reads 0.       Short messages are inserted into column
one input cells 3030 at time 0. A sort message S is inserted into the
switch at column 0 at time 0. The message is not deflected and has a first
header bit that arrives at a level 3       cell in column 1 at time ti. The
message S remains on level 3 and has a first header bit that arrives at a
level 3       cell in column 2 at time t2. The message S remains on level 3
and has a first header bit that arrives at a level 3 15   cell in column 0
at time t3. A delay time DI is defined to be t[err] - t[err]. A delay time
D2 is defined to be t[err] - t[err]. The       clock X transitions from
state ZERO to state ONE at time D1 and from state ONE to state TWO at time
2*D1       and from state TWO to state ZERO at time 2*DI + D2. The time
durations extend in this fashion so that the       clock will transition
from state ZERO to state ONE at time 2*Dl +D2.                 A simple
rule is applied for inserting messages into the switch. When the clock
transitions to state t, 20   short messages are inserted the input control
cells in column t. If short messages can be inserted into an input
control cell in column C at time t, then a long message can be inserted
into a column C input control cell at       time t+ Dl. Thus the short
messages are aligned and the long messages are aligned. The remainder of
the       switch timing depends on the length of the fibers between the
cells and the length of the delay loops. The fiber       and delay loop
lengths can be adjusted so that messages arrive at a given cell 3030 to
input ports NW 3036 and 25   S 3038 in such a way that the electronics
operate the switches correctly. The delay loops 3060 are made a
suitable size so that a message passing though this loop arrives at the
electro-optic switches 3054 and 3056        after the switches have
switched. Finally, delay loop 3068 is adjusted so that messages arriving
from either port        exit the cell at the same time.
HYBRID ELECTRONIC/OPTICAL CONTROL  30             Referring to FIGURE 29B,
a master/slave relationship efficiently moves data through a switch. A
switch 2900 performs a control function in which master and slave
implementations incorporate the same        topology and message flow
system so that the master can drive the slave. The slave acts passively in
regard to        the messages passing through. Where the master and slave
are functionally identical with respect to message        flow but timing
differences exist, the timing differences are adjusted to provide a
successful master/slave 35   embodiment of Switch 100. In particular, for
the objective of the lowest possible latency for messages that have
- 55 -        a relatively long payload 206, advantages are gained by
controlling a fast, very-high bandwidth optical switch 



with an electronic switch that processes only the message header.
The hybrid electronic/optical combination advantageously exploits the best
features of both       technologies to synergistically produce an ultra-low
latency, very-high bandwidth switch. Referring to 5   FIGUREs 30A and 30B,
an optical message 3000 has a relatively long dark time 3008 and long
header 3004,       containing "fat" (longer duration) optical bits 3002
that are processed by the opticallelectronic devices within       the
control cell 3030. In other words, the payload 3010 portion of optical
message 3000 is a small fraction of       the full message length. The wide
header bits and dark time 3008 are essential to account for jitter in the
optical timing. Costs per control cell 3030 are reduced by avoiding usage
of expensive higher speed detectors 10   and electro-optic switches. The
time for header and control processing is adjusted by delay loops 3060 and
3068, on the order of a meter in length. Furthermore, the unproductive
delay of the delay loops is repeated at       every control cell. On the
other hand, when all latches 3046 in switch 3070 are preset before the
optical payload       3010 enters, no delay loops are used and the control
cells are arranged in close proximity, yielding much more       than an
order of magnitude decrease in time-of-flight or latency of the optical
payload through the switch.  15          Referring to FIGUREs 30B and 31,
the high-speed electro-to-optical converters 3048 and 3062 of       control
cell 303 are expensive and suitable fast-switching electro-absorption
modulators are also costly. An       optical slave cell 3100 eliminates
both E/O converters and uses lower speed electro-optic switches 3124. Cell
3100 is about an order of magnitude lower in cost that cell 3030 an order
of magnitude higher in speed. An       electronic switch of the same
topology and message flow processes only the message header including the
20   traffic bit 202 and row header 204. Since no payload is handled, no
data output ports 154 are used on the       electronic switch.
Using fast logic as described in the discussion of FIGURE 16B, all the
latches of the electronic switch        1620 in a given column are set one
clock period after the last header bit has entered the switch. For example,
a        10 level switch with 11 header bits running, at 500Hz takes about
20 nanoseconds to set the latches 3116. 25   Referring to the split-header
switch of FIGURE 29B and using high-speed technology, the setting time
drops       to 10 ns. Concurrent with the header bits moving down through
the electronic switch, the state of each latch       1616 is copied
externally to optical slave cells 3100. Note that because the latches at
one row and level are set       in sequential, left-to-right fashion, the
settings of one or more rows are transmitted by a single output pin 3114.
A timing strobe signal 3110 for each control array 3112, including each row
and column intersection, is used 30   both to generate the latch state
signal and to copy the signal 3124 to the optical slave cell latch 3128.
Latch       3128 sets one electro-optic switch 3130 or 3132 transparent and
the other not transparent. Electro-optic       switches 3130 and 2132 have
ample time to change state before the optical payload arrives, so that less
costly       devices are used.                 Referring to FIGURE 32, in
one embodiment of a hybrid electronic/optical switch 3200, the same 35
layout rules used for FIGURE 17 are used for both the electronic and
optical sections. To account for
- 56 -        differences in timing, the electronic headers first enter the
electronic switch and the latch states are transmitted       3114 to the
optical section 3100. When all latches are set, the optical payload is sent
through, and because the       fibers, excluding the delay loops 3060 and
3068, are very short, the payload exits after moving through a very
short total path length. If regeneration is used, the extra path length is
added. As soon as the tail of the optical 5   payload has entered the top
level of the optical section, new electronic headers are sent into the
electronic       section. Depending on the relative latency of each
section, some overlap of electronic and optical processing is
desirable, thereby decreasing the dead time between messages entering the
faster section.                 Referring to FIGUREs 31 and 32, the
interconnection of control flow is shown for two levels and two
columns of a hybrid electronic/optical switch 3200 derived from switch 1700
of FIGURE 17. Latch settings d 



10   3106 along each row of the electronic section are transferred via
control line 3114 to like-located latches 3100       in the optical
section. Timing strobe 3112 is used to multiplex the latch settings out of
one output pin.                  When timing synchronization of the
electrical master is very different from the timing of the optical
slave, buffers can be utilized to store the switch settings provided by the
electronics until the optical slave needs       the settings. Associated
with each optical cell are two long shift registers with compartments A and
B. The 15   optical master sends data to compartment A. If compartment B is
empty, the bit flows from compartment A to        compartment B. When the
optical cell is ready for data, the optical cell extracts the data from
compartment B.                  Three different applications are discussed.
A first application discusses the case in which only a single message fits
in the shortest row of the        optical switch. When an input device to
the switch sends data to a target, the device injects the header into the
20   electronic master switch. The device may have to wait to inject data
because of a blocked condition. As soon as        the first bit of header
is accepted by the electronic master, the construction of the optical
message begins along        with the setting of the gates. When the optical
message enters the switch array, all switches are set. While the
message is traveling through the switch array, other messages are converted
from electronic form to optical        form prior to injection. Additional
other messages are also regenerated. Additional other messages have exited
25   from the switch and are also converted from optical form to electronic
form. Therefore, the total time traveling        through the optical switch
is completely hidden by the concurrent processes.                  A second
application exploits parallel electronic copying and is employed when
several messages        occupy a single row of a level of the optical
switch. Additional buffering of latch settings may be used. In the
second version of the switch each row of the optical switch contains up to
K messages. The optical switch does 30   not perform wormholing. The
optical switch contains K columns. The electronic portion of the circuit
includes        K electronic copies of the optical switch. Each of the
copies runs in a wormhole fashion. The columns in the        optical switch
are labeled C[err], C[err],.... C[err] The electronic switches are labeled
N[err], N[err],... N[err] At time 0,        electronic switch n sends data
to optical column n of the one optical switch. At time t, electronic switch
n sends        data to optical switch t+n mod K. The latch settings may use
buffering.
- 57 -                 A third application supports several messages on
each level of the optical switch. Wormhole routing is       used, and
buffering is used in the switch to satisfy timing requirements. The switch
includes K copies, No, N[err],          Nx.1, of the electronic switch and
one optical switch with K columns C[err], C[err],... C[err]. Electronic
switch NJ has       a set of two-long buffers associated with each cell in
the optical switch. In each of the electronic switches, 5   wormhole
routing of headers occurs. At time 0, switch No begins to process headers
and sends its switch       settings to the optical cells. At time D, switch
N, begins to process data and send switch settings to optical       cells.
In general, at time JD, switch N, begins to process data and send the
settings to the optical switch. Each       time an electronic switch begins
to process headers, optical messages are beginning the construction
process. At       time K-(D+1) optical messages associated with electronic
switch NI are launched and this process continues as 10   waves of data are
sent through the optical switch.                 While the invention has
been described with reference to various embodiments, it will be understood
that these embodiments are illustrative and that the scope of the invention
is not limited to them. Many       variations, modifications, additions and
improvements of the embodiments described are possible. For example,
those skilled in the art will readily implement the steps necessary to
provide the structures and methods disclosed 15   herin, and will
understand that the process parameters, materials, and dimensions are given
by way of example only       and can be varied to achieve the desired
structure as well as modifications which are within the scope of the
invention.       Furthermore, the switches are described in directional
terms of "left", "right", "upward" and "downward". This       terminology
is included only to assist in the understanding of the illustrative
embodiments. No actual       directionality is implied. Furthermore, many
different types of devices may be connected using the interconnect 20
structure including, but not limited to, workstations, computers,
terminals, ATM switches, telephonic central 



office equipment, Ethernet and IP switches, and the like.
The description and claims occasionally make reference to an interconnect
structure which is arranged        in multiple dimensions. This reference
to dimensions is useful for understanding the interconnect structure
topology. However, these dimensions are not limited to spatial dimensions
but generally refer to groups of 25 nodes which are interconnected in a
particular manner. Variations and modifications of the embodiments
disclosed        herein maybe made based on the description set forth
herein, without departing from the scope and spirit ofthe        invention
as set forth in the following claims.
-68-                                                  AMENDED CLAIMS
[received by the International Bureau on 19 June 1998 (19.06.98);
new claims 24-69 added; original claims unchanged (20 pages)]   I
1. An interconnect apparatus, comprising:  2            a plurality of
nodes; and  3            a plurality of interconnect lines in an
interconnect structure selectively coupling the nodes in a  4
hierarchical multiple level structure arranged to include:  5
a plurality of J+l levels with I an integer greater than 0 in an hierarchy
of levels arranged from  6                             a lowest destination
level Lo to a highest level Lj, the interconnect structure  7
transmitting a plurality of multiple-bit messages entering the interconnect
structure  8                             unsorted through a plurality of
input ports, an individual message M of the plurality  9
of messages being self-routing and moving through nodes using wormhole
routing in  10                            which only a portion of the
multiple-bits of a message are in transit between two  11
nodes, the multiple-bit message extending among multiple nodes, the
individual  12                             message M moving in a plurality
of ways including four ways which are sufficient for  13
the message M to exit the interconnect structure through an output port
designated by  14                            the message M, the four ways
being:  15                             (1) the message M enters a node in
the interconnect structure from a device external  16
to the interconnect structure, the message M designating one or more  17
designated output ports;  18                             (2) the message M
moves through a node in the interconnect structure without  19
buffering to a designated output port; 20                             (3)
the message M moves through a node on a level Lk of the interconnect
structure 21                                     without buffering to a
different node on the same level Lk; and 22                             (4)
the message M moves through a node on a level Lk of the interconnect
structure 23                                     without buffering to a
node on a level Li nearer in the hierarchy to the 24
destination level Lo than the level Lk.   1            2. An interconnect
apparatus as claimed in Claim 1, wherein a node Nk on the level Lk has a
plurality 2   of interconnections including: 3            a direct data
input interconnection from a node NBk on the level Lk; 4            a
direct data output interconnection to a node NDk on the level Lk; 5
a direct data input interconnection from a node Ncm on a level Lm where m
is greater than k, or from a 6                    device Dc external to the
interconnect structure; and 7            a direct data output
interconnection to a device DE external to the interconnect structure, or a
direct data 8                    output interconnection to a node NE on the
level Li where k is greater than i so that the level Li 9
is closer in the hierarchy to the destination level Lo.   1            3.
An interconnect apparatus as claimed in Claim 2, wherein: 



-69-  2             among devices having a direct interconnection to the
node N[err], a precedence relationship exists for 3
sending data to the node N[err] so that: 4                     a node
N[err] on the level L[err] having a direct interconnection to the node
N[err] has precedence over 5                              a device D[err]
where the device Dc is a node N[err] on the level L[err] or a device Dc
external 6                              to the interconnect structure; 7
the precedence relationship for a message M[err] to be sent from the node
N[err] to the node N[err] S                              and a message Mc
to be sent from the device Dc to the node N[err] in a same time 9
interval results in the message M[err] being sent and the message Mc
prevented from 10                              being sent.   1
4. An interconnect apparatus as claimed in Claim 1, wherein the
interconnect structure: 2             carries messages and control signals;
3             includes a node NE including: 4                     a direct
message input interconnection for receiving a message MA from a node NA;
and 5                     a direct message input interconnection for
receiving a message M[err] from a node N[err]; and 6             the node
NA has a control logic and a control input interconnection for receiving a
control signal CA 7                     from the node NF, the control
signal CA enforcing a precedence of the direct message input 8
interconnection from the node NF to the node NE over the message input
interconnection from 9                     the node NA to the node NE so
that 10                     the node N[err] sends a message M[err] to the
node NE and sends a control signal CA designating a 11
blocking condition to the node N[err], 12                     the node NA
control logic receives the control signal CA designating the blocking
condition 13                              and responds to the control
signal CA by blocking transmission of the message M[err] 14
destined to arrive at the node NE at the same time as the message M[err],
causing the 15                              blocked message MA to be
alternatively sent to a node ND where the node N[err] is 16
distinct from the node NE and the node N[err] is distinct from the node NA.
1            5. An interconnect apparatus as claimed in Claim 1, wherein
the interconnect structure: 2             carries messages and control
signals; 3             includes a node NE including: 4
a direct message input interconnection for receiving a message MA from a
node NA, the 5                              message MA having a header, and
6                     a direct message input interconnection for receiving
a message M[err] from a node N[err]; and 7             the node NA has a
control logic and a control input interconnection for receiving a control
signal CA 8                     from the node N[err], the control signal CA
enforcing a precedence of the direct message input 9
interconnection from the node N[err][err] to the node N[err] over the
direct message input interconnection 10                     from the node
NA to the node N[err] so that a message MA arriving at the node NA in the
absence 11                     of a blocking control signal CA in a same
time interval causes the node NA control logic to use           



-70-  12                      a header of the message M[err] to determine a
selected device for transmitting the message M[err], in 13
case the selected device is the node N[err] then the message MA being sent
to the node N[err].   1             6. An interconnect apparatus as claimed
in Claim 5, wherein: 2             the control logic of node N[err]
determines: 3                      whether, in a first condition, the node
N[err] has a direct output interconnection to a node N[err] on 4
the level i nearer in the hierarchy to the destination level L[err] than
the level Lk in which 5                              the node N[err] has a
pathway to a designated output port designated by the message 6
M[err]; and 7                      whether, in a second condition, the node
N[err] is unblocked by another message; and 8             the control logic
of node N[err], when the first and second conditions are satisfied, sends
the message MA 9                      to the node N[err]; and 10
the control logic of node NAk, when the first and second conditions are not
both satisfied, sends the 11                      message MA to a node ND
where node N[err] and node NDk are distinct and the node N[err] and the 12
node N[err] are distinct.   1             7. An interconnect apparatus as
claimed in Claim 1, further comprising: 2             a plurality of output
ports including a plurality of accessible output ports that are accessible
to a node 3                      N[err] on the level L[err], the accessible
output ports being accessible via a pathway through the 4
interconnect nodes; and 5             each of the accessible output ports
accessible to the node N[err] also being accessible to a node N[err] on a 6
level L[err] nearer in the hierarchy to the destination level L[err] than
the level Lk, the node N[err] 7                      having a direct output
interconnection to the node N[err].   l           8. An interconnect
apparatus as claimed in Claim 1, wherein: 2             a node NE has a
first data input interconnection from a node NA and a second data input
interconnection 3                      from a node NF; and 4             a
control interconnection between the node NA and node NF resolves contention
for sending messages 5                      to the node N[err].   I
9. An interconnect apparatus as claimed in Claim 1, further comprising: 2
a node Nc on the level Lk having a direct data output interconnection to a
node NA, on a level Li nearer 3                      in the hierarchy to
the destination level Lo than the level Lk, and having a precedence 4
relationship with respect to a message Mc which, at a time T, moves through
the node Nc and 5                      is preferentially sent to the node
NA, but is blocked from node NA by a message MB so that the 6
message Mc is deflected to a node on the level Lk distinct from node Nck; 7
a node NGk on the level Lk having a direct data output interconnection to a
node ND; on the level Li, the 8                      node ND; having a
pathway through the interconnect nodes to an accessible output port
-71-  9                      accessible to the message Mc, the message Mc
being deflected to pass through the node N[err] at 10
a time T', a first time step following the time T that a node directs
message Mc to a lower 11                 level; 12             wherein the
interconnect structure disallows the message M[err] from being in a
position to block the 13                      message Mc at the time T'.   



I             10. An interconnect structure comprising: 2             a
plurality of nodes; and 3             a plurality of interconnect lines in
an interconnect structure selectively coupling the nodes in a 4
structure, the interconnect structure transmitting a plurality of
multiple-bit messages entering 5                      the interconnect
structure unsorted through a plurality of input ports, an individual
message M 6                      of the plurality of messages being
self-routing and moving through nodes using wormhole 7
routing in which only a portion of the multiple-bits of a message are in
transit between two 8                      nodes, the multiple-bit message
extending among multiple nodes, the interconnect structure 9
including: 10                      a node NE has a first data input
interconnection from a node NA and a second data input 11
interconnection from a node N[err]; and 12                      a control
interconnection between the node NA and node NF resolves contention for
sending 13                               messages to the node N[err].   1
11. An interconnect apparatus as claimed in Claim 10, wherein the
interconnect structure: 2            . carries messages and control
signals; 3             includes a node NE including: 4
a direct message input interconnection for receiving a message MA from a
node NA; and 5                      a direct message input interconnection
for receiving a message M[err]F from a node N[err]; and 6             the
node NA has a control logic and a control input interconnection for
receiving a control signal CA 7                      from the node NF, the
control signal CA enforcing a precedence of the direct message input 8
interconnection from the node N[err] to the node NE over the message input
interconnection from 9                      the node NA to the node N[err]
so that 10                      the node N[err] sends a message M[err] to
the node N[err] and sends a control signal CA designating a 11
blocking condition to the node N[err], 12                      the node NA
control logic receives the control signal CA designating the blocking
condition 13                               and responds to the control
signal CA by blocking transmission of the message MA 14
destined to arrive at the node NE at the same time as the message M[err],
causing the 15                               blocked message MA to be
alternatively sent to a node ND where the node N[err] is 16
distinct from the node N[err] and the node N[err] is distinct from the node
NA.   1             12. An interconnect apparatus as claimed in Claim 11,
wherein the interconnect structure:
-72-    2  -       carries messages and control signals;   3
includes a node N[err] including:   4                     a direct message
input interconnection for receiving a message MA from a node N[err], the
5                              message MA having a header; and   6
a direct message input interconnection for receiving a message MF from a
node N[err]; and.   7            the node NA has a control logic and a
control input interconnection for receiving a control signal CA   8
from the node N[err], the control signal CA enforcing a precedence of the
direct message input   9                     interconnection from the node
N[err] to the node NE over the direct message input interconnection   10
from the node NA to the node N[err] so that a message MA arriving at the
node N[err] in the absence   11                     of a blocking control
signal C[err] in a same time interval causes the node NA control logic to
use   12                     a header of the message MA to determine a
selected device for transmitting the message M[err], in   13
case the selected device is the node N[err] then the message MA being sent
to the node N[err]E.     1          13. A method of moving messages through
an interconnect structure comprising:   2          interconnecting a
plurality of devices in a structure, the devices having a plurality of
message input 



3                     terminals and a plurality of message output
terminals, a plurality of interconnect lines   4
interconnecting the device with connections from a message output terminal
of a sending   5                     device to a message input terminal of
a receiving device;   6          assigning a priority among a plurality of
sending devices having output message terminals coupled to   7
the input message terminal of a single receiving device;   8
entering a message into the interconnect structure for transfer to one or
more designated output ports;   9          wormhole routing a message
through the devices so that only a portion of multiple-bits of the message
10                     are in transit between two devices, the multiple-bit
message extending among multiple 1 1                devices; 12
sending a message, without buffering, from a sending device to a receiving
device en route to the one 13                     or more output ports
using self-routing, with the sending device neither requesting of the 14
receiving device nor receiving from the receiving device, permission to
send the message to 15                     the receiving device; 16
communicating among a plurality of sending devices that send messages to a
single receiving device, a 17                     sending device with
priority for sending messages to the single receiving device having a 18
control signal output terminal connected by an interconnect line to a
control signal input 19                     terminal of a sending device
without priority, the sending device with priority sending a 20
control signal to the sending device without priority; 21
deflecting a message intended to be sent from a sending device without
priority to an intended 22                     receiving device, the
deflected message being deflected to an alternative receiving device, the
23                     alternative receiving device also being en route to
the one or more output ports.      1          14. A method of moving
messages through an interconnect structure comprising:
-73-  2             interconnecting a plurality of devices D to a node NE
using a plurality of direct node NE input 3
interconnections; 4             enforcing a precedence relationship among
the devices D having a direct input interconnection to the 5
node N[err] for sending a message to the node N[err]; 6          wormhole
routing a message MA through the devices D so that only a portion of
multiple-bits of the 7                     message are in transit between
two devices, the multiple-bit message MA extending among 8
multiple devices; 9             sending a message MA from a node NA to the
node NE in a time period T when: 10                     in the time period
T a message MA moves through a node NA having a direct input I I
interconnection to the node NE, the message MA is directed to be sent to
the node NE 12                              in the time period T[err] and
13                     no message M[err] directed to be sent to the node NE
or deflected to the node N[err] moves through a 14
node NF having a direct input interconnection to the node N[err] in the
time period T in 15                              which the node NF has
precedence over the node NA for sending messages to node 16
N[err]-   1             15. A method as claimed in Claim 14 further
comprising: 2             aborting the sending of message MA to the node NA
in the time period T if, in the time period T[err] the 3
node N, sends a message M[err] to the node N[err].   1             16. A
method as claimed in Claim 15, further comprising: 2             sending
the message MA, aborted with respect to node N[err], to a node ND, the node
N[err] being distinct 3                     from the node NA and the node
N[err]-   



1             17. A method as claimed in Claim 16, further comprising: 2
sending a control signal, by the node N[err] to the node NA causing the
message MA to be aborted with 3                     respect to the node NA
and enforcing the precedence relationship.   1             18. A method of
moving messages M through an interconnect structure including a plurality
of nodes 2   N and a plurality of interconnect lines L to a plurality of
output buffers B, the method comprising: 3             selectively coupling
the plurality of nodes N via the plurality of interconnect lines L so that
an 4                     interconnect line L(pq) carries data directly from
a node p to a node q; 5             determining for a message M a set of
nodes O(M) so that the output buffers B that are targets of the 6
message M are connected to the set of nodes O(M); 7             wormhole
routing the message M through the nodes N so that only a portion of
multiple-bits of the 8                     message are in transit between
two nodes, the multiple-bit message M extending among 9
multiple nodes;
-74-  10          if a first portion of the message M is located at the
node p at a time t then at the time t, moving the 11
message M on an interconnect line L(ps) so that at time t+1, the message M
is located at a 12                     node s, where the node s and the
node p are different nodes; 13          if the first portion of the message
M is located at the node p at the time t and the shortest path from the 14
node p to a node of the set of nodes O(M) includes traversal of H
interconnect lines L, 15                     determining an interconnect
line L(p,q) so that the shortest path from the node q to a node of 16
the set of nodes O(M) includes traversal of H-I interconnect lines L; 17
if at time t, the message M is not blocked from using the interconnect line
L(p,q) by another message, 18                     then at time t, sending
the message M on the interconnect line L(pq) so that at time t+1, the 19
first portion of the message M is located at the node q; and 20          if
at time t, the message M is blocked from using the interconnect line L(pq)
by another message, then 21                      at time t, sending the
message M on an interconnect line L(p,r), 22                      where the
node r and the node p are different nodes and the node r and the node q are
different 23                              nodes, and the shortest path from
the node r to a node of the plurality of nodes O(M) 24
includes traversal of no more than H interconnect lines L.   1
19. A method of moving messages M through an interconnect structure
including a plurality of nodes N 2   and a plurality of interconnect lines
L to a plurality of output buffers B, the method comprising: 3
selectively coupling the plurality of nodes N via the plurality of
interconnect lines L so that an 4                      interconnect line
L(p,q) carries data directly from a node p to a node q; 5
determining for a message M a set of nodes O(M) so that the output buffers
B that are targets of the 6                     message M are connected to
the set of nodes O(M); 7             wormhole routing the message M through
the nodes N so that only a portion of multiple-bits of the 8
message are in transit between two nodes, the multiple-bit message M
extending among 9                     multiple nodes; 10          if a
beginning portion of the message M is located at the node p at a time t
then at the time t, moving 11                     the message M on an
interconnect line L(p,s) so that at time t+l, the message M is located at a
12                     node s, where the node s and the node p are
different nodes; 13          if the beginning of the message M is located
at the node p at the time t and the shortest path from the 14
node p to a node of the set of nodes O(M) includes traversal of H
interconnect lines L, 15                     determining an interconnect
line L(pq) so that the shortest path from the node q to a node of 16
the set of nodes O(M) includes traversal of H-I interconnect lines L; 17
if at time t, the message M is not blocked from using the interconnect line
L(p,q) by another message, 18                     then at time t, sending
the message M on the interconnect line L(p,q) so that at time t+l, the 19
beginning portion of the message M is located at the node q; and 



20          if at time t, the message M is blocked from using the
interconnect line L(p,q) by another message, then 21
at time t, sending the message M on an interconnect line L(pr), where the
node r and the node 22                      p are different nodes and the
node r and the node q are different nodes, then at time t+l, 23
sending the message M on the interconnect line L(rs), where the node s and
the node p are
-75-  24                      different nodes, the node s and the node q
are different nodes, the node s and the node r are 25
different nodes, and the shortest path from the node s to the node of the
plurality of nodes 26                      O(M) includes traversal of no
more than H interconnect lines L.   1            20. A method of sending
data comprising: 2             providing an interconnect apparatus
including a plurality of nodes N and a plurality of interconnect 3
lines L connecting the plurality of nodes N in a predetermined pattern; 4
connecting the plurality of nodes N using the plurality of interconnect
lines L to include: 5                     a node NA having a direct message
input interconnection for receiving a message MA and 6
having a plurality of direct message output interconnections for
transmitting the 7                              message MA to a plurality
of nodes including a priority node Np having a top priority 8
for receiving the message MA, the priority node Np being determined by
routing 9                              information in a header of the
message MA and a position of the node NA within the 10
plurality of interconnect lines L; 11                     the priority node
Np having a plurality of direct message input interconnections for
receiving a 12                              message Mp from a plurality of
nodes including a preferred node NS which is 13
preferred for sending a message to the priority node Np, the preferred node
NB being 14                              determined by position of the node
N5 within the plurality of interconnect lines L; 15             wormhole
routing the message MA through the nodes N so that only a portion of
multiple-bits of the 16                     message are in transit between
two nodes, the multiple-bit message MA extending among 17
multiple nodes; 18          if the node NA is the same as the node Ns,
sending the message MA as the message Mp from the node 19
NA to the node Np; and 20             if the node NA is not the same as the
node N[err] and the node N[err] directs a message M[err] to the node N[err]
21                      then sending the message M[err] from the node
N[err] to the node N[err].     1            21. A method of sending message
comprising:   2             providing a network for carrying a plurality of
messages M concurrently including:   3                     a plurality of
output ports P; and   4                     a plurality of nodes N, the
individual nodes N including a plurality of direct message input   5
interconnections and a plurality of direct message output interconnections,
the   6                              individual nodes N for passing
messages M to predetermined output ports of the   7
plurality of output ports P, the predetermined output ports P being
designated by the   8                              messages M; and   9
a plurality of interconnect lines in an interconnect structure;   10
selectively coupling the nodes in a hierarchical multiple level structure
to include a plurality of J+1   II                     levels with J an
integer greater than 0 in an hierarchy of levels arranged from a lowest
12                      destination level Lo to a highest level L, which is
farthest in the hierarchy from the lowest        



-76-  13                     destination level Lo, the output ports P being
connected to nodes at the lowest destination level 14
Lo, 15            including in the network a node NA of the plurality of
nodes N; 16            wormhole routing a message M through the nodes N so
that only a portion of multiple-bits of the 17                     message
are in transit between two nodes, the multiple-bit message M extending
among 18                     multiple nodes; 19            limiting the
number of messages M that are allowed to enter the plurality of direct
message input 20                     interconnections of node NA to
eliminate contention for the predetermined output ports of the 21
node NA so that the messages M are sent through the direct message output
connections of the 22                     node NA to nodes NH that are a
level L no higher than the level of the node NA, the nodes NH 23
forming a path to the designated predetermined output ports P of the
messages M.   1            22. A method of transmitting a message through
an hierarchical interconnect structure including a 2   plurality of nodes
and a plurality of interconnect lines, the method comprising: 3
selectively coupling the nodes in an hierarchical multiple level structure
arranged to include a plurality 4                     of J+l levels with J
an integer greater than 0 in an hierarchy of levels arranged from a lowest
5                     destination level Lo to a highest level Lo; 6
entering a plurality of messages into the interconnect structure unsorted
through a plurality of input 7                     ports; 8
moving, using self-routing, an individual message M of the plurality of
messages through nodes using 9                     wormhole routing in
which only a portion of the multiple-bits of a message are in transit 10
between two nodes, the multiple-bit message extending among multiple nodes,
the message M I I                    moving in a plurality of ways
including four ways which are sufficient for the message M to 12
exit the interconnect structure through an output port designated by the
message M, the four 13                     ways including: 14
(1) entering the message M to a node in the interconnect structure from a
device 15                                      external to the interconnect
structure, the message M designating one or 16
more designated output ports; 17                              (2) moving
the message M through a node in the interconnect structure without 18
buffering to a designated output port; 19                             (3)
moving the message M through a node on a level Lk of the interconnect
structure 20                                      without buffering to a
different node on the same level Lk, the different node 21
also having a pathway to a designated output port; and 22
(4) moving the message M through a node on a level Lk of the interconnect
structure 23                                      without buffering to a
node on a level Li nearer in the hierarchy to the 24
destination level Lo than the level Lk. 25
-67-     1            23. A method of communicating messages in an
interconnect structure comprising:  2          arranging a plurality of
nodes in a structure including a plurality of hierarchical levels fro  3
highest hierarchical level to a lowest hierarchical destination level, a
plurality  4                     nodes spanning a cross-section of a level
and a plurality of nodes in a cross-section  5                     span,
the nodes having an input message connection on the same 1evel, an input  6
message connection on a higher hierarchical level, an output message
connection on  7                     the same level and an output message
connection on a lower level; 



8            specifying at least one destination node for receiving a
message;  9            originating a first message at a node in the
interconnect structure;  10            wormhole routing a message through
the plurality of nodes   so that only a portion of multiple-  11
bits of the message are in transit between  two nodes, the multiple-bit
message  12                     extending among multiple nodes;  13
communicating the first message from node to node in the interconnect
structure including the  14                     steps of:  15
determining at a first node whether a second node on a lower level is en
route to a  16                             destination node;  17
determining at the first node whether the second node is blocked by a
second 18                               message; 19
advancing the first message, without buffering, to the second node when the
second 20                              node is en route to a destination
node and the second node is unblocked; 21                              and
22             otherwise traversing the message, without buffering, to a
third node on the same level as the 23                     first node, the
third node being en route to a destination node.   1            24. A
network according to Claim 1 further comprising: 2             nodes B and
C on a level L[err]that are nodes capable of receiving a message directly
from the 3                     node A on a level L[err]; 4
devices D and E, each of which is either a node on a level L[err] where N
is greater than I or a S                     device external to the
network, the node B being capable of sending a message 6
directly to the device D, the node C being capable of sending a message
directly to 7                     the device E, the device D being
incapable of sending a message directly or 8                     indirectly
to the device E, the device E being incapable of sending a message directly
9                     or indirectly to the device D.   1            25. A
method of sending messages between a plurality of nodes in a network, using
2   wormhole routing in which messages span multiple nodes, the method
comprising:
-67-1 -  3             selecting a plurality of nodes capable of sending
messages directly to a node D, the nodes 4                     having
relative positions within the network; and 5             establishing a
priority relationship among said plurality of nodes for sending messages 6
directly to the node D, the priority relationship depending on the relative
positions of 7                     said plurality of nodes.   1
26. A method according to Claim 25 further comprising: 2
establishing the priority relationship depending solely on the relative
positions within the 3                     network of said plurality of
nodes.   1            27. A method according to either Claim 25 or 26,
further comprising: 2             for a node A that is capable of sending a
message directly to the node D, defining a plurality 3
of nodes that are capable of receiving a message directly from the node A;
4             in response to a message M arriving at the node A, ranking
nodes of said plurality of nodes 5                     capable of receiving
a message directly from the node A, said plurality of nodes 6
being ranked according to a desirability as a recipient node for receiving
the message 7                     M from the node A, the desirability as a
recipient node depending on the message M.  



1            28. A method according to Claim 27, further comprising: 2
ranking the desirability of receiving the message M from the node A
depending on the relative 3                     positions within the
network of individual nodes of said plurality of nodes and 4
depending on information in a header of the message M.   1            29. A
method according to Claim 28, further comprising: 2             ranking the
desirability of receiving the message M from the node A from a most
desirable 3                     recipient to a least desirable recipient.
1            30. A method according to Claim 29, further comprising: 2
determining whether the node D of the plurality of nodes capable of
receiving a message 3                     directly from the node A is the
most desirable recipient of a message M from the 4                     node
A; 5             deciding whether node A has a highest priority for sending
a message to the node D; and 6             sending the message M to the
node D if the node D is the most desirable recipient of the 7
message M from the node A, and the node A has the highest priority for
sending a 8                     message to node D.   1            .31. A
method according to any of Claims 27 to 30, further comprising:           2
determining whether the node D of the plurality of nodes capable of
receiving messages 3                     directly from the node A is the
most desirable recipient of the message M from the 4
node A; and 5            determining a relative priority for one or more
nodes including the node A for sending 6                     messages to
the node D; 7            wherein if the node D is the most desirable
recipient of the message M from the node A and 8                     the
message M is not sent from the node A to the node D, then a node F having a
9                     higher priority than the node A for sending a message
to the node D sends a message 10                     concurrent with
sending the message M from the node A.   1            32. A method
according to any of Claims 25 to 31 further comprising: 2             for
the node A and a node G that are capable of sending messages directly to a
device D, the 3                     device D being either external to the
network or a node internal to the network: 4
determining that the node A has a higher priority than the node G for
sending a 5                             message directly to the device D;
and 6                     establishing a communication path for the node A
to send a control signal to the node 7                              G, the
control signal being indicative of the higher priority of the node A.   1
33. A method according to Claim 32 further comprising: 2
assigning the node A a higher priority than the node G for sending messages
directly to the 3                     device D, the time duration for
sending a message from the node 0 to the device D 4
being less than the time duration for sending a message from the node A to
the 5                     device D.   1            34. A method according
to either of Claims 32 or 33, further comprising: 



2             at a node, routing a message to further nodes in the network
using information in a message 3                     header and control
signal information.   1            35. A network for communicating between
a plurality of nodes using wormhole routing to 2   send messages in which a
message spans multiple nodes, the network comprising: 3            a node
A; 4             one or more nodes capable of receiving a message directly
from the node A; 5            one or more nodes capable of sending a
control signal to the node A; and 6            a node F capable of sending
a control signal to node A but incapable of receiving a message 7
directly from the node A.   1            36. A network according to Claim
35, further comprising:
-67-3 -        2            a first link coupling the node A and a node E,
the first link capable of sending a message to       3
the node E; and       4            logic at the node A, the logic capable
of determining to which node a message M is sent, the       5
logic being responsive to a control signal received at the node A and
responsive to       6                    address information in the message
M.         1            37. A network according to Claim 36, further
comprising:       2            a second link coupling the node F to the
node A, the third link capable of sending a control       3
signal to the node A; and       4            a third link coupling the node
F to the node E, the fifth link capable of sending a message to       5
the node E.   *     1          38. A network according to Claim 36 further
comprising:       2            a node A' capable of receiving a message M',
the node A being capable of receiving the       3
message M;       4            one or more nodes capable of receiving a
message directly from the node A';       5            a link from the node
A to the node A', the link being capable of sending control information;
6            logic at the node A', the logic being responsive to the
control information sent from the node       7                    A to the
node A' and capable of routing the message M' based on the control       8
information;       9            a node B capable of receiving a message
from the node A, the node A routing the message M       10
to the node B; and       11            a node B' capable of receiving a
message from the node A', the node A' routing the message       12
M' to the node B'.         1            39. A network according to Claim 38
further comprising:       2            one or more nodes capable of
receiving a message from the node B;       3            one or more nodes
capable of receiving a message from the node B';       4            a link
from the node B' to the node B, the link capable of sending control
information to the       5                    node B; and       6
logic at the node B, the logic being responsive to the control information
from the node B'       7                    and capable of routing the
message M based on the control information.         1            40. A
network according to any of Claims 35 to 38 wherein: 



2            the one or more nodes capable of receiving a message directly
from the node A include a node           3            B and a node D, the
node A having a capability to replicate a message M and send a first copy 4
of the message M to the node B and a second copy of the message M to the
node D.   1            41. An apparatus for sending messages between a
plurality of nodes in a network using 2   wormhole routing in which
messages span multiple nodes, the apparatus comprising: 3            a
plurality of nodes capable of sending a message directly to a node D; and 4
logic establishing a priority relationship among the plurality of nodes for
sending a message 5                     directly to the node D, the
priority relationship depending on relative positions in the 6
network of the nodes.   1            42. A plurality of unbuffered nodes
arranged in a network and supporting message 2   communication using
wormhole routing in which a message spans multiple nodes, the network 3
comprising: 4             one or more output ports; 5            one or
more input ports for receiving messages, a message M arriving at one of
said input 6                     ports being designated to exit the network
at one or more predetermined destination 7                     output
ports; 8            a first link at an unbuffered node A for moving the
message M through the network from the 9                     unbuffered
node A to an unbuffered node B; and 10            a second link at an
unbuffered node E for receiving the message M either directly or indirectly
11                     from the unbuffered node A, the node E being unable
to receive messages from the 12                     unbuffered node B.   1
43. A method according to Claim 42 further comprising: 2             a
third link at the unbuffered node A, the third link for sending a message
to an unbuffered 3                     node C; 4            the node A
being unable to receive messages either directly or indirectly from the
node B; 5            the node A being unable to receive messages either
directly or indirectly from the node C; 6            the node C being
unable to receive messages either directly or indirectly from the node B;
and 7            the node B being unable to receive messages either
directly or indirectly from the node C.   I            44. A scaleable
low-latency switch, comprising: 2             a plurality of switch array
elements selectively coupled to a plurality of input ports and a 3
plurality of output ports and configured to route a message from an input
port to a 4                     predetermined output port through the
plurality of switch array elements using 5                     wormhole
routing in which only a portion of the multiple-bits of a message are in
-67-  



6                     transit between two array elements, the multiple-bit
message extending among        7                     multiple array
elements, wherein:        8                     said switch array elements
are coupled into a plurality of columns C[err] and a plurality        9
of levels [err],        10                     said input ports are coupled
to a respective switch array element of a highest level L[err]        11
and configured to communicate said message to said respective switch array
12                              element of said highest level when said
respective switch array element of        13
said highest level is available;        14                     said switch
array elements in a level are configured to transmit said message to a
15                              respective switch array element in a lower
level when (a) said respective        16
switch array element in said lower level leads said message to said
17                              predetermined output port and (b) said
respective switch array element in 18                              said
lower level is available, and otherwise to transmit said message to a
19                              switch array element on the same level; and
20                      said predetermined output port is coupled to a
respective switch array element of a       21
lowest level Lo and said predetermined output port is configured to receive
22                              said message from said respective switch
array element of said lowest level       23
when said predetermined output port is available.         1             45.
The switch of claim 44, wherein:       2             said switch array
elements in a level are configured to transmit said message to a respective
3                     switch array element in the same column of a lower
level when (a) said respective       4                     switch array
element in said lower level leads said message to said predetermined
5                     output port and (b) said respective switch array
element in said lower level is       6                     available, and
otherwise to transmit said message to a switch array element on the 7
same level.           1            46. The switch of either of claims 44 or
45, wherein:         2             said switch array elements in a level
include an input control line to a respective switch array         3
element of a higher level configured to inform said respective switch array
element         4                     of said higher level that said switch
array element is not available.           1             47. The switch of
any of claims 44 to 46, further comprising:         2             a
register selectively positioned between at least two switch array elements
on a level.           1            48. The switch of any of claims 44 to
47, wherein said message is a self directed message         2    including
information regarding said predetermined output port.
-67-6 -    1             49. The switch of any of claims 44 to 48, wherein
said message is a multibit message 2   including a header portion and a
payload portion, and wherein: 3             said switch array elements are
configured to route said message based on said header portion.   1
50. The switch of any of claims 44 to 49, wherein said message is a
multibit message 2   including a header portion and a payload portion, and
wherein: 3             said switch array elements are configured to route
said message based on said header portion 4                     and to
remove one bit from said header. 



1             51. The switch of any of claims 44 to 50, wherein said
message is a multibit message, and 2   wherein: 3             said switch
array elements are configured to dedicate a routing path for said message;
and 4             said message is distributed among a plurality of switch
array elements along said dedicated 5                     routing path.   1
52. The switch of any of claims 44 to 51, wherein: 2             the number
of switch array elements in said highest level is greater than the number
of said 3                     input ports.   1             53. The switch
of any of claims 44 to 52, wherein: 2             said switch array
elements are capable of replicating said message as a replicated message
and 3                     transmitting said replicated message to a
plurality of predetermined output ports.   1             54. The switch of
any of claims 44 to 53, wherein: 2             said switch array elements
are arranged in columns with said respective switch array elements 3
in a higher level positioned above said respective switch array element in
a lower 4                     level; 5             said columns include
sub-columns and said levels includes sub-levels; and 6             said
switch array elements include a plurality of control cells where said
control cells are 7                     coupled to one of said sub-columns
and one of said sub-levels.   1             55. The switch of any of claims
44 to 54, wherein: 2             a plurality of control cells on a single
level correspond to a respective sub-column, and other 3
control cells on the single level correspond to a non-respective
sub-column.   1             56. The switch of any of claims 44 to 55,
wherein:
- 67-7 -         2             said switch array elements include a
plurality of message paths including a first port        3
configured to receive a first inbound message;        4            a busy
signal export port configured to transmit a first busy signal when said
first port is busy;        S            a second port configured to
transmit a first outbound message;        6            a third port
configured to receive a second inbound message;        7            a
second busy port configured to transmit a second busy signal when said
third port is busy;        8            a fourth port configured to
transmit a second outbound message; and        9             a processor
configured to process said first inbound message to create said first
outbound        10                     message and to process said second
inbound message to create a second outbound        1I
message.          1            57. The switch of any of claims 44 to 56,
wherein said message is an optical message, and .     2   wherein:        3
said switch array elements include electro-optical control cells.
1            58. The switch of any of claims 44 to 57, wherein said message
is an optical message, and 



2   wherein:        3            said switch array elements include hybrid
electro-optical control cells.          1            59. The switch of any
of claims 44 to 58, further comprising a plurality of second switch
2   array elements selectively coupled to a plurality of second input ports
and a plurality of second output        3   ports and configured to route a
second message related to said message from a second input port to a
4   predetermined second output port, wherein:        5            said
second switch array elements are coupled into a plurality of columns C[err]
and a plurality        6                     of levels L[err];        7
said second input ports are coupled to a respective second switch array
element of said highest        8                     level Lj and are
configured to transmit said second message to said respective second
9                     switch array element of highest level when said
respective second switch array        10                     element of
said highest level is available;        11            said second switch
array elements in a level are configured to transmit said second message to
12                     a respective second switch array element in a lower
level when (a) said respective        13                     second switch
array element in said lower level leads said second message to said
14                     predetermined second output port and (b) said
respective second switch array        15                     element in
said lower level is available, and otherwise to transmit said second
16                     message to a switch array element on the same level;
and        17            said second output ports are coupled to a
respective second switch array element of a lowest        18
leve Lo and said predetermined second output port is configured to receive
said                                                             -67-8 -
19                     second message from said respective second switch
array element of said lowest 20                     level when said
predetermined second output port is available.   1            60. The
switch of any of claims 44 to 59, further comprising a plurality of second
switch 2   array elements selectively coupled to a plurality of second
input ports and a plurality of second output. 3   ports and configured to
route a second message related to said message from a second input port to
a 4   predetermined second output port, wherein: 5            said second
switch array elements are coupled into a plurality of columns C[err] and a
plurality 6                     of levels L[err]; 7            said switch
array elements are coupled to a second switch array element; 8
said second input ports are coupled to a respective second switch array
element of said highest 9                     level Lj and is configured to
transmit said second message to said respective second 10
switch array element of said highest level when said respective second
switch array 11                     element of said highest level is
available; 12            said second switch array elements in a level are
configured to transmit said second message to 13                     a
respective second switch array element in a lower level when (a) said
respective 14                     second switch array element in said lower
level leads said second message to said 15
predetermined second output port and (b) said respective second switch
array 16                     element in said lower level is available, and
otherwise to transmit said second 17                     message to a
switch array element on the same level; and 18            said second
output ports are coupled to a respective second switch array element of a
lowest 19                     level Lo and said predetermined second output
port is configured to receive said 20                     second message
from said respective second switch array element of said lowest 21
level when said predetermined second output port is available.   1
61. A switch array element for use in a scaleable low-latency switch,
comprising: 2            a first port configured to receive an inbound
message; 3            a processor configured to process said inbound
message to create an outbound message; 



4            a buy signal export port configured to transmit a busy signal
when said first port is busy; and 5            a second port configured to
transmit said outbound message.   1            62. The switch array element
of claim 61, further comprising: 2             a third port configured to
receive an second inbound message; 3            wherein said processor is
configured to process said second inbound message to create a 4
second outbound message; 5            a second busy port configured to
transmit a second busy signal when said third port is busy; 6
and 7            a fourth port configured to transmit said second outbound
message.                                                            -67-9-
1             63. The switch array element of any of claims 61 or 62,
wherein said message including a 2   header portion and a payload portion,
and wherein: 3             said processor is configured to route said
message based on said header portion.   1             64. The switch array
element of any of claims 61 to 63, wherein said message is a multibit 2
message including a header portion and a payload portion, and wherein: 3
said processor is configured to route said message based on said header
portion and to remove 4                      one bit from said header.   1
65. The switch array element of any of claims 61 to 64, wherein: 2
said processor is a switch configured to route said message.   I
66. The switch array element of any of claims 61 to 65, wherein said
message is an optical 2   message, and wherein: 3             said switch
array elements include an electro-optical control cell.   1             67.
The switch array element of any of claims 61 to 66, wherein said message is
an optical 2   image, and wherein: 3             said switch array elements
include a hybrid electro-optical control cell.   1             68. A switch
array element for use in a scaleable low-latency switch, comprising: 2
a plurality of column ports and a plurality of level ports; and 3
a plurality of control cells, a control cell coupled to a column port and a
level port and having 4                     a first port configured to
receive an inbound message, a processor configured to 5
process said inbound message to create an outbound message, a busy signal
export 6                     port configured to transmit a busy signal when
said first port is busy, and a second 7                     port configured
to transmit said outbound message.   1             69. A method of
transferring a message from an input port to a predetermined output port 2
using a scaleable low-latency switch having a plurality of switch array
elements selectively coupled to 3 a plurality of input ports and a
plurality of output ports, said switch array elements coupled into a 4
plurality of columns C[err] and a plurality of levels L[err], comprising: 5
communicating the message from one of said input ports in a switch aray
element in a 



6                      respective switch array element of a highest level
Lj when said respective switch 7                     array element of said
highest level is available;
- 67-10 -   8            transmitting the message to a respective switch
array element in a lower level when (a) the  9
respective switch array element in the lower level leads the message to the
10                     predetermined output port and (b) the respective
switch array element in the lower  11                     level is
available, and otherwise transmitting the message to a switch array element
12                     on the same level;  13          transmitting the
message from a switch array element in a lowest level Lo to the  14
predetermined output port when the predetermined output port is
availableand  15             routing the message from the input ports to
the predetermined output port through the  16                     plurality
of switch array elements using wormhole routing in which only a portion of
17                     the multiple-bits of a message are in transit
between two array elements, the 18                     multiple-bit message
extending among multiple array elements.    


