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TERABIT PER SECOND PACKET SWITCH 

' . :rfibicaJ Field 
. ~~~~'ti.~- . .. -· 

~' ,- · · The invention relates to large telecommunication switches and more 

5 ·1'9tticu1arly to large telecommunication switches that use data packets in order to 

communicate at aggregate throughputs at the one terabitper second level. . 

;dmription of the Prior Art 

Telecommunications have long used digital switching to encode, multiplex, 

transmit and decode audio frequencies in order to carry the millions of telephone 

10 voice calls of the world. Telecommunication switches for voice calls have grown 

to very large sizes to keep pace with demand. Most of the switching systems that 

route and control voice call traffic are called circuit switches, which means that for 

each call a type of bi-directional circuit, usually audio is set up between the calling 

party and the called party. The circuit that is set up has the bandwidth and 

15 transport timing necessary to simulate a face-to-face conversation without 

distortion or time delays that are objectionable to the parties. 

An alternative to circuit switching is called packet switching. For packet 

switching, the calling party is responsible for converting the information into one 

or more packets. This information could be encoded voice, it could be encoded 

20 computer data, or it could be encoded video. A number to guide the packet to its 

destination, i.e. the called party, is typically included in a packet header . The 

packet switching network then has the task of routing each packet to its respective 

destination without undue distortion or delay. The called party usually has the 

equipment to receive the packets and decode the information back into an 

25 aJ>proprlate form. 

The extremely rapid growth of packet switching traffic canying voice, 

co~er (LAN/WAN) , facsimile, image and video data to an ever widening 

variety of locations, along with the proposals of the Information Infrastructure, has 

challenged both the present packet switch system architectures and protocols. 
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Many vendors and service providers have joined forces to define a global 

standard that permits packet switching services to be provided in a ubiquitous 

fashion. The result of this coordinated effort by the industry has been the rapid 

development and deployment of an Asynchronous Transfer Mode (ATM) as a 

S standard means of efficiently routing and transporting Q.ata packets that have 
n 

stochastically-distributed arrival rates accor4ing to the recent ATM standard. 

ATM is thus a packet-oriented standard, but unlike most of its data packet 

predecessors (X.25, frame relay, etc.), ATM uses short, fixed-length, 53-byte 

packets that are also known as cells. A TM also uses a very streamlined form of 

10 el.Tor recovery and fl.ow control relative to its predecessors. In fact, the A TM 

standard essentially elimina~s most error protection and fl.ow control at the link 

level, leaving these functions to higher level protocols at the edges of the network. 

This approach permits rapid routing of the short cells with minimal network delay 

and jitter, making ATM compatible with voice, data and video services. ATM has 

15 been embraced by the computer, LAN, and WAN industries, so a seamless packet 

communication from the source computer through LANs, W ANs, and the public­

switched network is already a reality. 

If this level of connectivity becomes available to the average consumer and 

if advanced broad band services that combine voice, broadband data and video are 

20 similarly available at reasonable prices, then the volume of A TM traffic that may 

· be generated in the future is virtually limitless. As a result, the number and size of 

the switches and cross-connects required to route the projected A TM packet traffic 

may also grow by phenomenal rates within the next decade. ATM switches and 

cross-connects for toll and gateway applications may require aggregate bandwidths 

25 ranging from 155 gigabits per second (1000 inputs at SONET OC-3 155 Mbps 

rates) to 2.4 terabits per second (1000 inputs at SONET OC-48 2.4 gigabits per 

second rates). Additionally, if demand for broadband services to the home and 

LAN/WAN connectivity through the public-switched network grows as some 

experts believe, then local telephone exchange carriers may install A TM switches 
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and cross-connects for z_netropolitan area network (MAN) applications having 

·aggregate bandwidths ranging from 100 Gigabits per second to 775 Gigabits per 

second. 

By necessity, most of the current architectural researcli and 

S ·hardware/software development for ATM switches has ~oncentrated on switches .,.. ' 

with much smaller aggregate bandwidths which meet the more near-term needs of 

the marketplace. For example, most projections within the LAN/WAN community 

require aggregate bandwidths ranging from 150 Mbps to 12 Gigabits per second, 

and most of the published proposals within ~e telecommunications industry call 

10 for·aggregate bandwidths ranging from 20 Gigabits per second to 160 Gigabits per 

second. Most of these A TM packet switching architectures do not scale up to 

larger sizes. Scaling up present A TM switching architectures produce systems that 

are cost prohibitive, size prohibitive, and/or physically unrealizable because of 

limits of the tmderlying technology. 

15 For example, very common designs for large, high-throughput switches use 

a multi-stage interconnection network containing multiple stages of switching 

nodes (node-stages) interconnected by stages of links (link-stages) to provide 

multiple paths between input ports and output ports. Clos, Banyan and Benes 

networks are examples of such networks. A multiple stage network design can 

20 yield networks with very high levels of performance (low blocking probabilities, 

low delay, high degrees of fault tolerance, etc.), and may result in low system­

level costs, because network resources (nodes and links) are time-shared by the 

many different paths that can be set up within the network. Physically realizing a 

multistage network for a large throughput ATM packet switch is, however, a 

25 problem because of the time and processing power required by routing 

determinations. 

Any large, high-throughput ATM switching architecture must address two 

:fundamental issues that profoundly effect the overall performance of the resulting 

A TM switch. The first of these issues is cell loss due to blocking within the 

30 internal links of the distribution network (also known as the switching fabric), and 
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the second is cell loss due to contention for output ports by two or more ATM cells 

that pass through the switch at the same moment in time. The first issue can 

usually be solved by designing a network with sufficient switching fabric {nodes 

alid'links) such that multiple paths exist between input ports and output ports. As a 

5 restalt, if two or more ATM cells attempt to use the same shared resource (nodes or 
"k 

links) within the switching fabric, each of the cells can usually find a path, thereby 

eliminating most of the internal network blocking problem. The second issue 

requires some type of method and apparatus for handling cells simultaneously 

arriving at the same output port. 

10 A general technique for a switch to handle cells destined for the same 

output port is analyzed in an_article, A Growable Packet Switch Architecture, IEEE 

Transactions on Communications, February, 1992, by Eng et al. and in another 

article The Knockout Switch, ISS AT&T Technical Papers, 1987, by Yeh et al. 

This general design technique, as shown in Fig. 1, segments a packet switch into 

15 two distinct parts. An Nx(FN) distribution network (which provides for N input 

ports) and a bank of K mxn output packet modules (which provide for a total of 

M=Kn output ports). Given that each of the links emanating from the distribution 

network is required to be terminated at one of the inputs to one of the output packet 

modules, it can be seen that the equation FN=Km must be satisfied. In the switch 

20 shown in FIG. 1, the switching fabric is a memory-less Nx(FN) fanout switch 

whose function is to route an arriving A TM cell to any of them inputs on the 

output packet module connected to the cell's desired output port. The output 

packet module is a mxn switch with buffers that are available for storing cells that 

must be delayed when two or more cells contend for a particular output port. If the 

25 aniving traffic is uniformly distributed across all output ports and if the buffers 

within the output packet modules are sufficiently large, then the ratio m:n can 

always be chosen large enough to force the cell loss probability within the network 

to be below any desired cell loss probability level. In fact, if the network size (N) 

is large and if R represents the switch loading, then the cell loss probability of a 

30 network with mxn output packet modules as shown by Eng et al is given by: 
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m 

P(cell loss)=[l-m/(nR)] [ 1- L {(nR)1e(-nR)}I k!]+(nR)"'e(-nR)I m!. 
k-0 

Existing small packet switches have acceptable cell loss probabilities of 

·approximately 1 o-12, so any loss probability smaller than existing units are 

corisidei'ed acceptable. ... 
5 Besides the ATM cell losses because of internal contentions, in an A TM 

-packet switch where all of the N cells arrive simultaneously at the inputs of the 

distribution network, the cells must be processed at each stage and path hunts must 

be processed before the next group of N cells arrives at the netWork input ports. If 

for example, the incoming transmission lines support SONET OC-48 2.5 Gigabits 

10 per second bit-rates, then the group of N A TM cells that arrive together must be 

processed and sent on to the next stage of the pipeline every 176 nano seconds (the 

duration of an A TM cell on a 2.5 Gigabits per second link). For large values ofN, 

a substantial amoiint of processing power is therefore required to complete the path 

hunt operations for all N cells. (For an N=256, then at least 1.45xl09 path hunts 

15 must be completed every second, which corresponds to an average processing rate 

of one path hunt every 684 pico seconds). Present commercial microprocessors 

can process approximately 100 million instructions per second. If each path hunt 

took only one fustruction, these 1.45xl09 path hunts would required the total 

processing power of at least 15 such microprocessors. Thus, a path hunt controller 

20 based on something other than a single commercial microprocessor will be 

necessary for a large ATM packet switch. 

Two approaches to solving the path hunting problem can be envisioned. 

One approach uses in-band, i.e. self-routing, control techniques to perform the 

required path hunts. For in-band control techniques, the connection requests are 

25 prepettded to the ATM data cells and routed through the switch along the same 

paths used by the following ATM payload. This approach typically requires 

processing elements to be distributed throughout all of the nodes in the network. 

This results in relatively complicated hardware within each node of the network in 

order to perform localized path hunting operations (on only the cells that pass 
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through that node) when determining how to route the arriving connection requests 

and ATM cells. The second approach uses out-of-band control techniques whereby 

the controller and switch fabric are logically separated with this architecture. 

Connection requests are routed to the path hunting controller before the control 

5 sigttals resulting from the path hunt are injected into the switch fabric to set the 
lli:" 

paths. This second approach requires that the out-of-band controller have 

tremendous processing power, (as mentioned above), because of the many path 

hunt operations that must be performed. in a very short period of time . 
.• 

Since the path hunt operations in switches that use in-band control 

10 techniques are only based on local~d traffic information and not on global 

information with respect to ~I of the switch traffic, the connections resulting from 

in-band path hunting may not always be routed in optimal fashion. As a result, 

systems using in-band control techniques often require more switch fabric (stages 

and nodes) to provide the same operating characteristics as a less expensive switch 

15 based on out-of-band control techniques. In addition, out-of-band control A1M 

switch architectures share many similarities with the partitioning of many existing 

telecommunication switching arid cross-connect products that have centralized 

controllers, so the development of a system based on a function architecture should 

yield fewer design problems than an architecture based on newer architectural 

20 approach. Thus, an out-of-band control A TM switch should benefit from lower 

overall hardware costs and have more standard architectural partitioning. On the 

other hand, the difficulties associated with performing path hunts in an out-of-band 

controller for N arriving ATM cells and the time required by a standard partitioned 

out-of-band controller to perform N path hunts tends to argue in favor of a newer 

25 in-band control switch architecture. For example assuming a single path hunt 

requires at least one read from a busy-idle memory and one write to a busy-idle 

memory, N path hunts require 2N accesses to memory. IfN=256, then the 

controller must make 512 memory accesses every 176 nano seconds, so the 

average memory access time must be 340 pico seconds. Since 340 pico seconds 
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memories are not commercially available, a path hunt scheme different than the 

present standard architectural portioning is required for any out-of band controller. 

The high probability that large ATM switches will be required coupled with 

the uncertainties and shortcomings of present ATM architectUres demonstrate a 

S strong need in the art for a packet switch architecture thit will operate with 

throughputs at the terabit per second levels and yet may be built using components 

manufactured by existing semiconductor technologies. Further, this architecture 

needs to be flexible to provide a telecommunications network that can evolve as 

customers change from non-ATM based communications t9 ATM based 

10 communications. 

Summacy of the Invention . 

Briefly stated, in accordance with one aspect of the invention, an advance 

over the prior art is achieved by providing an ATM packet switch architecture 

having line cards with one A TM cell period storage, a single stage, reduced 

15 interconnects switch fabric, an out-of-band controller, and output packet modules. 

In accordance with an other aspect of the invention, an advance over the 

prior art is achieved by providing a packet switch for a switching 

telecommunication packet from any of a number of input lines to any of a number 

of output lines. This packet switch includes a number of input interfaces, each 

20 having an input port connected to a respective input line of the number of input 

lines and an output port. Each of the output ports is fanned out to F input ports, 

where F of a switching network, which has I input ports and P output ports. F is 

the fan-out number, which is an integer greater than 1, I is a number that is an 

integer multiple of the number of input lines, and P is a number that is an integer 

25 multiple of the number I of the input ports. The switching network is partitioned 

into a number, C, of pipes, where C is an integer having a value equal to P divided 

by I. A number output modules, which together have a number of output module 

inputs, are connected to P output ports of the switching network. Each of the 

output module inputs is connected to a respective output port of the P output ports 

30 of the switching network. The output modules together have a number plurality of 
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ouiputs, each of these output module outputs is connected to a respective output 

line of said number of output lines. Each pipe of the C pipes has a path from each 

of the number of inputs lines that is connectable to a respective output line of the 

plurality of output lines. Also, the packet switch includes an out-of-band path 

5 hunter for hunting a path for a telecommunication pack~ from its respective input 

interface to its desired output line. 

In accordance with another aspect of the invention, the packet switch can 

increase the likelihood of successfully hunting a path through the switching 

network by providing each pipe with a switching pattern from its input ports to its 

10 output ports that is independent from the switching patterns of the other pipes. 

Furthermore, the packet switch increase the likelihood of successfully hunting a 

path through the switching network by providing preference to predetermine an 

order for packets to be selected for connection through the packet switch. 

Brief Description of the Drawing 

15 FIG. I is a block diagram of a generali7.ed growable packet switch; 

FIG. 2 is a slightly re-drawn Fig. I. 

FIG. 3 is a block diagram of a growable packet switch in which the switch 

fabric is partitioned into L multiple pipes according to the present invention. 

FIG. 4 is a block diagram, similar to Fig. 3, of a specific embodiment of the 

20 present invention having four pipes (L=4) and showing a configuration for the 

pipes. 

FIG. 5 is a simplified block diagram of the embodiment shown in FIG. 4 

which shows greater details of the controller. 

FIG 6. illustrates the timing sequences of requests to the controller shown 

25 in FIG. S. 

FIG. 7 is a simplified block diagram of an embodiment of an output 

module. 

FIG. 8 is an illustrative example of rolling and its operation in a plan view 

of an amusement park and its satellite parking lots. 
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FIG. 9 shows plots of calculated values of various ATM cell loss 

probabilities both with and without the assignment of preferences. 

FIG. 10 is a simplified block diagram of a representative switch controller 

and its link controllers. 

S FIG. 11 is a detailed logic diagram of a link controller. 
""' 

FIG. 12 is a state table for the link controller shown in FIG. 11. 

FI Gs. 13A-13D when joined together show the operation of a switch 

controller in response to a sequence of requests. 

FIG. 14 illustrates the rolling of path hunting reque~ts through a switch 

10 having four pipe controllers according to the present invention. 

FIG. 15 shows a plot.of cell loss probability versus the percentage of faulty 

links in an ATM switch system according to the present invention. 

FIG. 16 is a simplified block diagram of a controller according to the 

present invention. 

15 FIG. 17 is a block diagram of an embodiment of the present invention 

20 

which carries both STM communications and ATM communications. 

FIG. 18 is a block diagram, similar to Fig. 4, of a specific embodiment of 

the present invention having independent connections between each of the input 

interfaces and each of the four pipes (L=4) according to Galois field theory. 

DetaUed Description 

Referring now to FIG. 2, a large, generalized switch 10 for A TM 

communications, is shown in block diagram form. ATM switch 10 has a number 

of input interfaces 120 - 12N-J, a switch fabric 14, and buffered output modules 

25 160 -16V-1 · For ATM operation, input interfaces 120 - 12N-l , are high speed 

digital amplifiers that serve as a matching networks and power amplifiers for 

fanning out information received on their inputs to multiple input ports of the 

switch fabric 14. Each of the input interfaces 120- 12N-1 also needs a capability 

to store one ATM cell, as will be explained below. Similarly for A TM operation, 

30 buffered output modules I 60-l 6y _ 1 are concentrators that are buffered to reduce 
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packet loss when two or more packets are directed to and contend for the same 

output of outputs OutQ-OutN-1 · 

Switch fabric 14 includes a fanout F where each of the outputs from the 

input interfaces 12o-12N-l is fanned out to F inputs within switch fabric 14, such 

5 that if A TM switch 10 is an NxN switch then switch fabric 14 will have FN 
# 

internal inputs and FN outputs to output modules 16o-16y. J. Output Modules 

l 60-l 6y .1 have a fanin or concentration factor of F in order to convert the FN 

outputs of the switch fabric 14 to N output module outputs Outo-OutN'-1 · Each 

output module l 60-l 6y .1 stores arriving ATM packets in FIF9 queues, and then 

10 routes the ATM packets at the front of each of these FIFO queues to their desired 

outputs Oui()-OutN-1 when t'3.e output ports are available. 

Switch fabric 14 is a general distribution network which may be a network 

of switches, specifically crossbar switches, to provide multiple paths from each of 

its input ports I7o-17N-1 to each of its output ports 19o-19f'N-1 · However, it 

15 becomes highly impractical to make an NxN switch out of a single crossbar to 

operate as the switching component of switch fabric 14 when the size ofN exceeds 

32. Thus, some other way is needed to realize the general architecture shown in 

FIG. 2. 

Referring now to FIG. 3, an ATM switch 1 OA that is both practical and 

20 possible for N inputs where the size of N is at least 256, is shown. Multiple paths 

from each input 17o-17N-1 through the switch fabric 14A are provided to prevent 

blocking. These multiple paths are partitioned into groups called pipes with each 

pipe providing exactly one path between each input port 17o-l 7N-l and each 

output port 19o-19FN-1 within the network. Thus, switch fabric 14A is made up 

25 of multiple pipes 18o-l 8L-l · The output modules l 60-l 6y .1 are essentially the 

same as the output modules shown in FIG. 2. 

Switch fabric 14A, is a single stage, memoryless, and non-self routirig 

network. Since the switch fabric 14A is not unconditionally non-blocking as a full 

NxN crossbar switch would be, a controller 20 is included to hunt for a path 

30 through the four pipes for each ATM cell. Since each of the pipes 180-183 



11 

contains a path that could transport the ATM cell, the real purpose of the controller 

20 is to find a path that is not blocked. 

For ATM switch IOA, if the number ofinput lines, N is equal to 256 and if 

each input line is operated at a standard 2.5 Gigabits per second data rate, its 

5 aggregate throughput will be 0.640 terabits per second. Scaling or growing such an 
"k 

ATM switch by a factor of two to 512 input lines and output lines should be 

straightforward and result in aggregate throughputs of greater than 1 Terabits per 

second. Scaling to an A TM switch size of 1024xl 024 has been calculated to be 

within the present technology, and the archi~ture of the P!esent invention is 

10 believed to be extensible even further as the speed of commercially available 

components increases and ~ new, faster technologies are developed. 

Referring now to FIG. 4, a specific embodiment of an ATM switch IOA is 

shown. In this specific embodiment ATM switch 1 OA has two hundred fifty six 

input interfaces 120-12255 which are connected to two hundred fifty-six ATM 

15 input lines Ino-In255. The outputs of the input interfaces are connected to the 

input ports 17o-17N-1 of the switch fabric 14A. The switch fabric 14A contains a 

total of sixty-four 16x16 crossbar switches lSo-1563 which are partitioned into 

four pipes l 80-l 83. The fanout F is equal to four which if the number of output 

ports = FN results in 1024 output ports 190-191023· The output ports 190-191023 

20 are respectively connected to the inputs of sixteen 64xl6 output packet modules 

160-1615. The sixteen 64xl6 output packet modules are connected to two hundred 

fifty six outputs Ou1:()-0ut255. Those skilled in the art will recognize that other 

combinations of components could have been used, for example thirty two 32x8 

output modules could have been used instead of the 64x16 output modules shown 

25 in FIG. 4. 

A TM switch 1 OA also has a controller 20 which has the tasks of hunting 

and finding an available pipe through the switch fabric 14A for each A TM packet. 

The controller 20 uses the fact that the switch fabric 14A is partitioned into four 

pipes to break the pipe hunting tasks into four parallel pipe hunting tasks that are 
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each temporally shifted by an acceptable amount. Details of one embodiment of 

such a controller 20 are shown in FIG. 5. 

For the 0.640 Terabits per second, N=256 embodiment mentioned 

previously and shown in FIGs. 4 and 5, the controller 20 may"be contained on 

5 approximately eight printed circuit boards. Controller 29 would accept up to 256 

sixteen-bit request vectors from up to 256 line input interfaces 120-12255 and 

perform path hunts on each of these request vectors within each 176 nanosecond. 

ATM cell interval to create the 1024 sixteen-bit connect vectors used to established 

connections within the switch fabric l 4A. This requires that controller 20 operate 

10 with a processor clock rate of at least 46 Mbps. This moderate clock rate permits 

the logic within the controll~r 20 to be implemented with off-the--shelf CMOS 

EPLD's or similar devices, thus making the cost of the controller 20 (in large 

quantities) very reasonable. 

The movement of request vectors from the input interfaces 120-12255 to 

1 S the controller 20 and the movement of connect vectors from the controller 20 to the 

crossbar switches ISo-1563 of the switch fabric 14A is a challenging task, because 

large amounts of control infonnation must be transported every 176 nano seconds 

ATM cell interval. For example, in an ATM switch containing 256 input 

interfaces, 256 16-bit request vectors must be transported to the controller 20 every 

20 176 nano seconds, leading to an aggregate bandwidth of 23 Gigabits per second 

between the input interfaces sub-system and the controller 20 sub-system. In 

addition, 1024 16-bit connect vectors must be transported to the switch fabric 14A 

every 176 nano seconds to control the crossbars switches 150-1563· This requires 

an aggregate bandwidth of 93 Gigabits per second between the controller 20 sub-

25 system and the switch fabric l 4A sub-system. This 93 Gigabits per second connect 

vector information can be compressed into 29 Gigabits per second (given that only 

one input can be routed to an output during each ATM cell interval) by standard 

compression techniques. However, since this control information should be 

delivered with high reliability, all of the control connections or control links 

30 between these sub-systems should be dually redundant (not shown in FIG 4), so 
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there is actually 46 Gigabits per second of data moving between the input 

interfaces cards and the controller 20 and 58 Gigabits per second of data moving 

between the controller 20 and the switch fabric 14A. Preferably, high-speed serial 

links 22 will be used to transmit this control information. For such a case, input 

5 interfaces 120-12255 would be grouped by fours such tlJ..at only sixty-four serial 

links would be required to move request vectors from the input interfaces 120-

12255 to the controller 20, and 128 serial links would be required to move the 

resulting connect vectors from the controller 20 to the pipes l 80-l 83 (assuming the 

aforementioned data compression techniques are applied to.the connect vectors). 

10 While the use of out-of-band control techniques does require the additional 

hardware cost of these high-speed serial control links 22, these links 22 cause very 

little increase the overall system hardware cost Considering that the 256-input 

ATM switch lOA ofFIGs. 4 and 5 already has 1024 high-speed serial links 

required to route ATM cells between the input interfaces 120-12255, and the 

15 switch fabric 14A (when the fanout of four is included) and 1024 more high-speed 

serial links are used to route ATM cells from the switch fabric outputs 190-191023 

. to the output packet modules 160-1615. Thus, the addition of the 192 serial links 

22 for routing of the control information increases the total number of high-speed 

serial links within the system by merely nine percent. 

20 Applying the calculations of Yeh et al. from the article "The Knockout 

Switch11 the ATM cell loss probability of the ATM switch lOA shown in FIGs. 4 

and 5 is 4.34xio-3, assuming that the connections of the inputs are symmetrical 

and not independent as will be described later in this application. This cell loss 

probability falls short of the acceptable ATM cell loss probability of less than 

25 lxto-12 mentioned previously. 

To reduce the ATM cell loss probabilities, controller 20 applies a temporal 

spreading technique known as rolling, which provides many statistical advantages. 

Rolling involves and fulfills three fundamental goals that are aimed at providing 

more evenly distributed traffic loads. These goals are: (1) spatially distribute the 

30 traffic evenly across all pipes 180-183 so that one pipe will only carry its 
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proportional :fraction of the traffic load, (2) spatially distribute the traffic evenly 

across all of the 16x16 crossbar switches lSo-1563 within each pipe 180-183 so 

that each of the crossbar switches is equally loaded, and (3) temporally distribute 

the traffic that arrives in a given ATM cell p~riod across two ATM cell periods so 

5 that the traffic load can be effectively decreased in an occasional A TM cell period 
"k 

when an unusually high volume of traffic exists and is destined for a particular 

output packet module. This effective lowering of the traffic load is accomplished 

by delaying some of the A. TM cells arriving during a congested A TM cell interval. 

The cells are delayed until the next consecutive ATM cell interval when the traffic 

10 load competing for the popular resources, i.e. connections to popular output packet 

modules, will most likely be _lower, so the delayed cells should have a higher 

probability of being routed in the next ATM cell interval. Since the· switch fabric 

14A is memoryless, the ATM cells that must wait for the next ATM cell interval 

are stored in their respective input interfaces 120-12255. 

15 In addition to satisfying these three fundamental goals of packet traffic 

control to distribute the load, rolling also satisfies two further very important ATM 

system goals. First, goal (4) is that the ATM switch lOA must guarantee that ATM 

cell ordering can be simply maintained when an A TM stream is re-constructed at 

an output packet module l 60-t 615 even if rolling causes some of the A TM cells 

20 within the stream to be delayed differently than others. Secondly, goal (5) is that 

rolling must also guarantee that the controller 20 will attempt to route every ATM 

cell through each of the four paths to its desired output packet module, but each of 

the successive path hunt attempts must occur in a more lightly-loaded 16xl6 

crossbar switch so that the first attempt occurs in a 16xl 6 crossbar switch with 

25 many previously-routed ATM cells (and very few available paths to output packet 

modules) while the fourth and final path hunt attempt occurs in an 16xl6 crossbar 

switch that is virtually empty (thereby providing many available paths to output 

packet modules). The rolling technique is similar to spatial path hunt techniques 

that pack as many calls as possible in one portion of a spatial network, which by 

30 forcing near 100% occupancy in parts of a system results in the remainder of the 
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calls having a very high probability of being successfully routed through the 

remainder of the system if usage is below 100%. Thus, rolling in its fourth and 

final path hunt attempt provides a very high probability of an A TM cell 

successfully being routed. Goal (5), by packing many ATM.cells in one portion of 

S the network, superficially seems to conflict with goal (1 l that requires the traffic be 

spatially distributed across the network. However, as will be explained below, 

temporal spreading provided by the rolling technique permits the network to 

simultaneously satisfy both goals (1) and (5). 

Assuming that each of the 256 input ports 17o-17N~1 of FIG. 4 has an 

10 ATM cell that needs to be routed through the distribution network, and assuming 

that the switch fabric 14A is .composed of four pipes 180-183, then the out-of-band 

controller 20 may be required to perform 256x4= 1024 unique path hunts for the 

ATM cells before the cells can be routed. To distribute the ATM cells evenly 

across all four pipes, the 256 ATM cells requesting connections, the rolling 

15 technique divides the requests into four groups of equal size. The first group will 

have path hunts p~rformed for its ATM cells in pipe 180 first, then in pipe 181, 

then in pipe 182, and finally in pipe l 83. The second group will have path hunts 

performed forits ATM cells in pipe l 81 first, then in pipe l 82, then in pipe l 83, 

and finally in pipe l 80. The third group will have path hunts performed for its 

20 A TM cells in pipe l 82 first, then in pipe l 83, then in pipe l 80, and finally in pipe 

181. The fourth group will have path hunts performed for its ATM cells in pipe 

183 first, then in pipe 180, then in pipe 18i, and finally in pipe 182. This ring-like 

ordering of the path hunts guarantees that the routed A TM cells are distributed 

evenly across all four pipes. In addition, if the ATM cells within each of the four 

25 equally sized groups are selected such that the A TM cells within a single group can 

be routed into exactly four of the 16 inputs on any 16x16 crossbar switch, then the 

routed ATM cells will also be evenly distributed across all of the 16x16 crossbar 

switches. 

Referring now to FIOs. 5 and 6, a timing diagram for a rolling technique 

30 according to the present invention is described. To satisfy goals (1), (2), and {5) 
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simultaneously, the out-of-band controller 20 uses the time delay/time distribution 

described in goal (3), and these ATM cell delays required by goal (3) must be 

provided during each A TM cell interval. In all cases, when a group of A TM cells 

is passed around the ring-like structure of controller 20 from pipe l 83 to pipe l 80, 

5 the controller 20 re-assigns the cells to the next A TM cell interval (period) which ... 
requires that the ATM cells be delayed by one cell period. Because of this re­

assignment and delay, each cell group encounters a very lightly-loaded set of 

16x16 crossbar switches for its fourth and final path hunt. An additional advantage 

of this rolling technique using re-assignment and delay of ATM cell intervals is 

l 0 that it also allows more than 64 simultaneously arriving A TM cells to be routed 

through the switch fabric 14~ to any single output packet module 160-1615 (even 

though there are only 64 connections or links from the switch fabric l 4A to each 

output packet module 160-1615). This occurs with the rolling technique because 

all of the A TM cells do not need to be routed during the same A TM cell interval. 

15 Thus, the rolling technique when used in the out-of-band controller 20 results in 

extremely low cell loss probabilities both within the switch fabric 14A and the 

output modules l 60-l 615, even during a transient cell interval that has an 

extraordinarily high traffic load. 

The one ATM cell period delays incurred by some of the A TM cells as they 

20 are routed through the switch fabric l 4A would normally lead to the conclusion 

that there would be difficulties in satisfying goal( 4) of maintaining proper cell 

ordering. However, the ring-like ordering of the path hunts within the out-of-band 

controller 20 guarantees that delayed cells in a stream of ATM cells will always be 

routed through lower-numbered pipes than non-delayed cells (where pipe 180 is 

25 the lowest-numbered pipe and pipe 183 is the highest-numbered pipe). This 

informationt coupled with the fact that ATM cells are delayed by at most one cell 

period, ensures that proper cell ordering will be maintained if the cells are extracted 

from the switch fabric l 4A and loaded into first-in-first-out queues 1740-17463 

(shown in FIG. 7) of each output module of the output modules 160-1615 in the 
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order of the lowest numbered pipe to the highest numbered pipe: pipe 180, pipe 

181, pipe 182, and pipe 183. 

Referring now to FIG. 7, the output module l 60 (and the fifteen other 

output modules l 61-l 615) may be a 64xl 6 embodiment of the concentrator 

5 described in U.S. Patent No. 5,412,646, entitled 11ASYNCHRONOUS TRANSFER .. 
MODE SWITCH ARCHITECTIJRE", issued May 2, 1995, by Cyr et al. and 

commonly assigned to the assignee of the present invention. This U.S. patent is 

hereby incorporated by reference. The output module 160 in FIG. 7 is a specific 
. 

case of the generalized ~ncentrator shown in FIG. 4 of the _above-referenced 

10 patent of Cyr et al. Since the output modules 160-1615 are well described in the 

above referenced application:, in the interest of brevity they will not be further 

described here. 

To provide a better understanding the equation of the rolling technique, a 

real-life analogy will be described with respect to FIG. 8, which is a plan view of 

15 an amusement park system 500. Consider the problem of transporting a large 

number of people from amusement park parking lots 511, 512, 513, or 514 to the 

amusement park 520 using trams to shuttle the people between the two points. 

_Tram system 530 is composed of four tram shuttle trains each with a predetermined 

route, which is analogous to the four pipes of switch fabric 14A. Each tram shuttle 

20 train contains sixteen cars (representing the 16x16 crossbar switches within a 

particular pipe), and each shuttle car is equipped with sixteen seats (representing 

the output links emanating from a single 16x16 crossbar switch). In this analogy, 

each customer (representing an ATM cell) arrives in one of four parking lots 511, 

512, 513, or 514 surrounding the amusement park 520. As a result, each customer 

25 is instantly placed in one of four groups, and since the parking lots 511-514 are the 

same size, each group contains an equal number of customers on the average. The 

customers in any single parking lot 511, 512, 513, or 514 must then divide up and 

stand in one of sixteen lines, where each line is associated with a respective car of 

the tram shuttle train. The amusement park 520 is sub-divided into sixteen 

30 different theme areas (The Past Land, The Future Land, etc.), and each of the 
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sixteen seats of a particular tram car is labeled with the theme area to which that 

seat's occupant will be given admission. Before arriving in the parking lot, each 

customer must randomly chose one of the sixteen theme areas (representing the 

sixteen output packet modules 160-1615) where he or she wishes to spend the day. 

5 Customers must then find an available seat associated with their desired theme area 
'k 

on one of the four trams that passes by the loading area 531, 532, 533, or 534 of 

their parking lot. If a customer has not found an available seat after four trams 

have passed by, then he or she is not permitted to enter the amusement park during 

·th.at day {This harsh condition represents the loss of an ATM cell due to blocking 

10 in all four pipes of the distribution network, a small but finite possibility). 

The first tram that stops at the loading area that the customer can try has 

already visited three other parking lot loading areas, so the customer's pre-specified 

seat may be full. However, if the customer does find his or her seat to be vacant on 

that tram, then the tram will deliver him or her straight to the amusement park 520. 

1 S If the customer fails to get on the first tram, he or she must wait and try the second 

tram which has already visited two other parking lot loading areas. If the customer 

is successful at finding his or her pre-specified seat on the second tram, that tram 

will deliver the customer to the amusement park 520 after one more parking lot 

stop. If the customer fails to get on the first tram and the second tram, then he or 

20 she must wait and try the third tram which has only visited one other parking lot 

loading area. If the customer is successful at finding his or her seat on the third 

tram, that tram will deliver him or her to the amusement park 520 after two 

additional parking lot stops. If the customer fails to get on any of the first three 

trams, then the customer must wait and try the fourth and final tram. Fortunately, 

25 this tram has not visited any parking lots yet, so the arriving tram is empty, and the 

customer 's seat will be taken only if another customer in his/her parking lot line is 

also trying for the same seat. The system 530 satisfies goal (5), because each of 

the successively arriving trams is more lightly-loaded than the previous one. Thus, 

a controller 20 rolling ATM cells indeed can fulfill goals (1), (2), and (5). 
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The rolling technique if used by itself improves the A TM cell loss 

probability of ATM switch lOA from 4.34x10-3 to approximately 10-l l. Using 

the analysis techniques of the article "A Growable Packet Switch Architecture" the 

cell loss probabilities for an ATM. switch lOA that has independent connections to 

5 inputs of the switch fabric 14 according to Galois field theory and also has an out-
•~ 

of-band controller 20 that incorporates rolling techniques can be analytically 

modeled and calculated. Each of the 16x16 crossbar switches in pipe 180 receives 

an offered traffic load equal to Ra=RJ4+Rres, where Rres is defined to be the 
. 

fraction of the 16 inputs to a 16xl6 crossbar_ switch that~ blocked in pipe 183 

10 and routed to pipe I So for a re-attempt. For a first attempt at solving for the cell 

loss probability, let us assume that Rres=RJ16. Thus, the cell loss probability of a 

· single 16x16 crossbar switch in pipe 180 can be determined using tlie equation of 

Enget al. 

m 

P(cell loss)= [1 -m/(nRJ] [1-L {(nRtl e(-nRL)}I k!]+(nRLre<-nRi)Jm!; 
k=O 

IS where m=l, n=l, and the switch loading is given by Ra=RJ4+Rifl6. Using these 

assignments, the resulting cell loss probability for a fully-loaded (RL=l.O) pipe 180 

16x16 crossbar switch can be calculated to be: 

P( cell loss in pipe 180)= l .3xl o-1. 

Thus, the fraction of the 16 inputs to a 16x16 crossbar that are passed to the second 

20 pipe after the first attempt is given by: 

fl-2=Ra x P(cell loss in pipe 180) = (3.13xI0-1) (1~3xI0-1) = 4.06xI0-2. 

By symmetry, this should have also been the same as the fraction of inputs 

that are passed from pipe l 83 to pipe 180, so the residue assumption of 

RJ16=0.062 above was incorrect. By refining this assumption and perfonning a 

25 second attempt, and now assuming that Rres=Ri/32. Thus, the cell loss probability 

of a single 16xl 6 crossbar switch in pipe l 80 can be determined again using the 

equation of Eng et al., where m=l, n=l, and the switch loading is given by 

Ra=Ri/4+Ri/32. Using these assignments, the resulting cell loss probability for a 

fully-loaded (RL=l.O) pipe 180 16x16 crossbar switch is calculated to be: 
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P( cell loss in pipe l 80)= 1.2xl o-1. 

Thus, the fraction of the 16 inputs to a l 6xl 6 crossbar that are passed to the second 

pipe after the first attempt is given by: 

fl-2 =Rax P{cell loss in pipe 180) = (2.8lxt0-1) (1.2xto-l) = 3.37xlo-2. 

5 This calculation result is very close to the assum2d value of 

Rres=RJ32=3.13xto-2, so the assumption is considered to be satisfactory. The 

blocked cells are sent to pipe l 81 for subsequent path hunting, and they encounter 

a negligible number of A TM cells from previous attempts. Thus, the 16xl 6 

crossbar switch in pipe 181 can be modeled for analysis as a growable packet 

10 switch, with m=l, n=l, and Ra= fl-2, and the resulting cell loss probability of 

this model is 1.4x10-21. The fraction of the 16 inputs to the 16x16 crossbar in pipe 

181 that are passed to the pipe 182 is 4.2x10-4. Similar arguments can be used to 

show that the resulting cell loss probability for cells entering pipe 182 is 1.9xto-4, 

and the resulting fraction of the 16 inputs to a 16x16 crossbar passed to pipe 183 is 

15 7.9xJ0-8. The resulting ATM cell loss probability in pipe 183 is 3.7xJ0-8, and the 

fraction of the 16 inputs to a 16x16 crossbar not routed in pipe 183 (and therefore 

not routed in all four pipe attempts) is 2.9xlo-15. Thus, through the use of the 

rolling techniques within the out-of-band controller 20, the ATM cell loss 

probability of an A TM switch 1 OA with independent connections at the inputs of 

20 its switch fabric l 4A can be decreased from an unacceptable ·value of 1.4 7xl o-6 to 

an acceptable value of2.9x10-15. 

A preference technique may be used in conjunction with the rolling 

technique described above to decrease the cell loss probability of an ATM switch 

IOA even further. Referring back to FIG. 8 and the amusement park analogy, some 

25 fonn of arbitration was required at the tram loading areas to detennine which of the 

customers in the line will be given a particular seat on the tram when more than 

one customer is requesting the same seat. Similarly, the out-of-band controller 20 

must provide an arbitration scheme for selecting which of the arriving ATM cells 

will be assigned a particular link whenever two or more cells request access to the 



21 

same link. The arbitration scheme used can have an advantageous effect on the 

ATM cell loss probabilities. 

One possible arbitration scheme is a random scheme to determine which of 

the A TM cells is assigned the link. The random selection scheme is the scheme 

5 assumed for the analysis of the rolling technique presented above. However, other 
"k 

arbitration schemes are possible, and one particular arbitration scheme that has 

advantageous results is called the preference scheme. The preference arbitratio~ 

scheme assigns a preference weight to each of the A TM cells in a particular 

grouping. A TM cells with higher preference weights are gi".en precedence over 

10 ATM cells with lower preference weights whenever two or more cells request 

access to the same link. As a result, an effective hierarchy is created within the 

groupings of ATM cells. 

The creation of a hierarchy may superficially seem to produce undesirable 

characteristics within the switch fabric l 4A, because customers with high 

15 preference weights will be offered better service than customers with low 

preference weights. In fact, the one customer with the highest preference weight 

within each group can never have his or her A TM cell blocked by another 

customer's ATM cell. Although this may seem unfair, a detailed analysis of the 

effects of imposing this hierarchy indicates that it actually leads to improved 

20 performance, i.e. lower cell loss probabilities, for all customers- even for the 

customer at the bottom of the hierarchy with the very lowest preference weight. 

The results of this analysis are summarized in FIG. 9, where the probability 

of loss of an A TM cell ; i.e., the probability of a cell not being assigned to an 

available path, is shown as a function of the number of path hunts that were 

25 attempted in different pipes by the out-of-band controller 20. In this analysis, it 

was assumed that the group sizes were four- i.e., up to four ATM cell~ could 

simultaneously compete for access to the same link. As a result, four different 

preference weights were assigned to create a hierarchy for the four input ports 

associated with each group. The preference weight associated with a particular 

30 input port is assumed to be a fixed constant that does not vary with time. The · 



22 

resulting plots 901, 902, 903 and 904 in FIG. 9 indicate that the cell loss 

probability decreases as more path hunts in more pipes are performed; but it also 

shows that the inputs with the lower preference weights 903, 904 have higher cell 

loss probabilities than the inputs with higher preference weights 901, 902, as might 

5 be expected. Super-imposed on these plots is a similar plot 910 which indicates 
~ 

the probability of not being served when a random selection arbitration scheme is 

used instead of the hierarchy arbitration scheme. The surprising and unexpected 

results are that after path hunt attempts in four different pipes, the random selection 

arbitration scheme prodilces cell loss probabilities which are higher than the 

10 average of the cell loss probabilities for the hierarchy arbitration scheme. In fact, 

the plot 910 oftb.e random s~lection arbitration scheme shows an average cell loss 

probabilities for all of the input ports which are notably higher than the plots 903 

and 904 which are the average cell loss probabilities for even the input ports with 

the lowest preference weights within the hierarchy arbitration scheme. This 

15 phenomenon can be explained by the fact th.at after three sets of path hunts in three 

different pipes, the distribution of ATM cell requests entering the fourth pipe is 

very different depending on whether the random or preferences arbitration scheme 

is used. In the random selection arbitration scheme, there is a small but equal 

probability that all of the ATM cells are requesting a path. However, in the 

20 hierarchy arbitration scheme, most of the ATM cells with high.er preference 

weigh.ts will be requesting a path with a probability of practically zero, while the 

A TM cell with the lowest preference weight will be requesting a path with a 

si7.able probability, because that particular ATM cell may have been denied access 

to links in all three of its previous path hunt attempts. However, a single request 

25 arriving with a high probability at the fourth and last path hunter in the controller 

will lead to more routed A TM cells than many requests arriving with low 

probability, because the single request can always be satisfied since contention for 

an output link will never occur. 

As a result, it seems apparent from the plots in FIG. 9 that by assigning 

30 preference weights to the input ports and by using a hierarchy arbitration method to 
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resolve link contention and route paths in the out-of-band controller, the worst-case 

cell loss probability of the switch fabric 14A can be decreased from 2.9xto·l5 that 

was achieved by the introduction of the rolling technique to an even lower value of 

2.4x10-l6. It is worth noting that input ports that are assigned higher preference 

5 weights will encounter even lower cell loss probabilities,..as indicated in FIG. 9. 

Referring back to FIG. S, in order to provide a physical embodiment of the 

rolling and preference methods, the A 'IM switch lOA is segmented in to four basic 

sub-systems. These four sub-groups consist of the input interfaces 120-12255, the 

output modules 160-l 615, the switch fabric ~ 4A, and the o~t-of-band controller 20. 

10 The input interfaces 120-12255 within.the network provide the necessary 

interfaces between the incoming transmission links and the links connected to the 

switch fabric l 4A and the out-of-band controller 20. As a result, the input 

interfaces 120-12255 must provide a tennination for the input transinission line. 

For example, if the input transmission line is a SONET link, then the input 

15 interface must provide for clock recovery, link error detection, SONET pointer 

processing and frame delineation, ATM cell extraction, and an elastic storage 

function to synchronize the arriving ATM cells to the system clock within the 

distribution network. The extracted A TM cells are then loaded into a FIFO buffer 

of the input interface. The input interface must also read A TM cells from the FIFO 

20 buffer and extract the ATM header from the cell. The VPWCI field of each ATM 

header is then used as an address into a translation table located on the input 

interface. The output of the translation table provides a new VPI/VCI field and the 

address of the output packet module to which the A TM cell is to be routed. The 

new VPINCI field is written into the A TM cell as a replacement for the old 

25 VPINCI field, while the output module address is routed as a request vector to the 

out-of-band controller 20 for the controller fabric 14A. Since the amount of 

processing time required by the out-of-band controller 20 is a fixed value, the input 

interface simply holds the A TM cell in a buffer until the out-of-band controller 20 

has completed its path hunt and has relayed the results into the switch fabric 14A. 

30 Once the switch fabric 14A is loaded with the new switch settings to appropriately 
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route the ATM cell, the input interface can inject the ATM cell into the switch 

fabric 14A and it will be automatically routed through the switch fabric 14A to its 

desired output module l 60-l 615. It should be noted that each input interface 120-

12255 actually is provided with one link to each of the four pipes 180-l 83 of the 

5 switch fabric 14A. In addition, the use of rolling (i.e. temporal spreading) within 
.... 

the switch fabric 14A may require a copy of the ATM cell to be injected into each 

of the four links during any one of two consecutive ATM cell intervals. & a 

result, the timing within the input interfaces 12o-122ss must be tightly coupled 
. 

and synchronized to the timing of the rest of the sub-systems within the ATM 

10 switch 1 OA. 

Each of the two hund:red fifty six input interfaces 12o-122ss in FIG. 5 are 

numbered with an address ranging from 0 to 255, but each input interface is also 

assigned an alias address given by a letter between A and P. These alias addresses 

are used to identify which input port the input interfaces will connect to within the 

15 switch fabric l 4A. The actual set of four crossbar switches to which a particular 

input interface is connected is detennined by Galois field techniques. These 

techniques guarantee independence between all of the inputs on any 16xl6 

crossbar switch of any pipe. 

Each of the sixteen output modules 160-1615 in FIG. 5 is labeled with 

20 addresses ranging from AA to PP, and each output module performs an important 

function within the ATM switch lOA. Each of the output modules 160-1615 

within FIG. 5 provides terminations for a respective set of sixty-four links 

emanating from the switch fabric 14A. Each output module I60-I615 also 

provides two basic functions: it provides a small degree of space switching to route 

25 each ATM cell arriving on one of the sixty-four inputs to the desired one of the 

sixteen output ports, and it provides buffering of ATM cells to handle the problems 

associated with multiple packets that are simultaneously destined for the same 

output Outo-Out255. 

There are many ways for these two functions to be implemented. The most 

30 straight-forward approach would probably construct a shared memory switch that 
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could perform sixty-four memory writes and sixteen memory reads within an A TM 

cell interval (176 nano seconds). The memory could then be treated as sixteen 

disjoint linked lists (one for each output Outo-Out255) along with a seventeenth 

linked list containing idle memory locations. Although simple, this approach 

5 requires eighty memory accesses every 176 nano secondj, so it would demand 

memories with 2.2 nano seconds access times. An alternate approach would split 

each 64xl6 output module 160-1615 into a 64x16 concentrator and a 16xl6 shared 

niemory switch. The concentrator would be a memory system that provides for 

sixty-four writes and sixteen reads every ATM cell interval, _but the m~ory size 

10 could be small (and memory speeds could be fast) since the buffering required for 

output contention problems is not provided in this memory. In addition, the 64x16 

concentrator could be implemented as a single linked list spread out across sixty­

four distinct memory chips. As a result, each memory chip would require only one 

write and up to sixteen reads for every ATM cell interval. The 16xl6 shared 

15 memory switch only performs thirty-two memory accesses every A TM cell 

interval, so slower (and larger) memories could be used, and the buffering for 

output contention problems could be provided in this shared memory portion of the 

output module. Thus, this latter arrangement is the more practical alternative for 

an output module. 

20 The switch fabric 14A is essentially a group of small circuit switches that 

provide the required connectivity between the input interfaces and the output 

modules in response to the control signals generated by the out-of-band controller 

20. In the embodiment of the ATM switch lOA shown in FIG. 5, the switch fabric 

14A is composed of sixty-four 16x16 crossbar switches, where disjoint groups of 

25 sixteen switches comprise a pipe. The four pipes are labeled pipe l 80, pipe l 81, 

pipe 182, and pipe 183, and the sixteen 16x16 crossbar switches within a given 

pipe are labeled switch 0-15. The crossbar switches must be capable of receiving 

the control signals generated by the out-of-band controller 20 and must re 

configure all of the switch settings during a guard-ba.Q.d interval between 

30 consecutive ATM cells. Each 16x16 crossbar switch supports sixteen inputs 
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labeled input A through input P, and each 16xl6 crossbar switch also supports 

sixteen outputs labeled output AA to output PP. It was noted above that each input 

interface connects to a different 16xl6 crossbar in each of the four pipes 180-183, 

but it should now be noted that an input interface that connects to input X in pipe 

S 180 is required to be connected to input X in the other ~ee pipes l 81-l 83 as well, 

where Xis an element of the set {A,B, ... ,P}. The actual connections between the 

input interfaces 120-12255 and the crossbar switches within the switch fabric 14A 

are determined using Galois field theory techniques that were referenced above. 

These techniques guarantee independence between input ports for routing within 

10 switches in each pipe of the switch fabric 14A. FIG. 5 also illustrates that output 

YY from each of the sixty-fQur crossbar switches is routed to one of the sixty-four 

inputs on the 64xl6 output module labeled YY, where YY is an element of the set 

{AA,BB, .. ,PP}. 

The basic function of the out-of-band controller 20 for the switch fabric 

15 14A is to determine through which of the four pipes 180-183 a particular ATM cell 

may be routed. Once the out-of-band controller 20 has successfully determined a 

pipe through which the A TM cell is to be routed without being blocked, the task of 

setting up the path through the pipe is simple, because by the de:fip.ition of a pipe, 

there will exist only one path within the pipe between the input port of the arriving 

20 ATM cell and the desired output module. As a result, the fundamental path 

hunting task of a switching network is essentially reduced to the simpler task of 

pipe hunting in the ATM switch 1 OA. 

The out-of-band controller 20 still requires a large busy-idle table to 

identify the status of each of the intennediate (FN) links between the 16xl 6 

25 crossbar switches of the switch fabric 14A and the output modules 160-1615 as 

busy and unavailable or idle and available. However, this large busy-idle table 

may be sub-divided into many small busy-idle tables that the controller 20 can 

access in parallel, and thereby perform many pipe hunting operations in parallel. 

There are many ways to implement the controller 20 for a large switch having the 

30 general growable packet switch architecture. In the extreme case, four levels of 
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parallelism may be applied to the architecture of the controller 20 to perform pipe 

hunting. One embodiment that uses three levels of parallelism will be described in 

· detail, first and then a fourth level of parallelism for the controller 20 will be 

discussed. 

5 The first level of parallelism is obtained by pro~ding each of the four pipes ,,.. 

180-183 with a respective pipe hunt controller 240-243. This level of parallelism 

allows pipe hunting to be carried out in all four pipe hunt controllers 240-243 

simultaneously. The second level of parallelism is obtained by providing switch 
. 

controllers 260-2663, with sixteen switch co~trollers wi~ each pipe hunt 

10 controller 240-243. A unique switch controller 260-2663 is respectively associated 

with each of the 16x16 switc.hes within each pipe of the switch fabric 14A. As a 

result, pipe hunting operations can be carried out in. parallel within all sixteen of 

the switch controllers of each pipe hunt controller 24()-243. The third level of 

parallelism is obtained by permitting each of the switch controllers 260-2663 to 

1 S perform parallel processing over all sixteen of the output links attached to its 

respective 16x16 crossbar switch. Effectively, each of the switch controllers 260-

2663 reads sixteen busy-idle bits from its busy-idle memory in parallel, performs 

parallel pipe hunting operations based on those sixteen bits, and then writes the 

sixteen resulting busy-idle bits into its respective busy-idle memory in parallel with 

20 the other busy-idle memories. A representative switch controller 260 of the sixty 

four switch controllers 260-2663 is shown in FIG. 10. The concurrent processing 

of sixteen busy-idle bits is accomplished by providing switch controller 260 

sixteen unique link controllers AA-PP, each of the link controllers AA-PP is 

assigned the task of processing busy-idle bits for one intermediate link between its 

25 portion of the switch fabric 14A and its respective output modules. In the 

embodiment shown in FIG. 10, the large busy-idle memory required to control 

switch lOA has been divided into many single bit memories, busy-idle flip-flops, 

with each single bit, busy-idle memory being logically and physically associated 

with its respective link controller AA-PP. 
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The general data flow for request vectors generated by the input interfaces 

120-12255 is shown in Fig. 5. For example, input interface 120 in Fig. 5 routes its 

request vector to pipe hunting controller 240 where it is poked into the pipe 

hunting ring (i.e. controller 20), and the rolling scheme requires the request vector 

S to be looped through pipe hunt controller 24i, pipe hun~ controller 242, and pipe 
r. 

hunt controller 243 as it circulates around the ring. In general, each of the input 

interfaces 120-12255 produces one request vector, and each request vector will 

contain a number of bits equal to the number of output modules within the system. 
·• 

The request vector from a single input interface in FIG. 5 is thus a six.teen-bit data 

10 word, where each bit of the request vector points to one of the sixteen output 

modules. If an ATM cell within a input interface "is requesting a connection to an 

output port on the i-th output module, then bit i within the request vector will be set 

to a logic "1" and all other bits within the request vector will be set to a logic "O". 

When the controller 20 receives this particular request vector from the input 

15 interface, it can then identify that a path is required between the source input 

interface and the i-th output module. 

The entire sixteen-bit request vector from a input interface is routed via a 

respective control connection 210-21255 to one of the four pipe hunt controllers 

240-243, and the controller ·20 pokes the vector into one of the sixteen switch 

20 controllers associated with that particular pipe hunt controller. As shown in FIG. 

10, the six.teen bits of the request vector are injected into a switch controller and 

are distributed across all sixteen of the link controllers within that particular switch 

controller. Each link controller is associated with a single link between the 

crossbar switches and the output modules, and it essentially processes one bit of 

25 the sixteen-bit request vector. This finite state machine circuitry that is associated 

with a single link controller consists of one flip-flop (the single-bit memory 

required to store the busy-idle bit associated with this link controller's link) and 

four logic gates. A state table description of the link controller operation is given 

in FIG 12, where the state variable is defined by the busy-idle bit. The link 

30 controller hardware provides for one request vector input bit, designated request-in; 
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one request vector output bit, designated request-out; and one connection vector 

output bit, designated connect. The request vector input bit is a logic 11 l11 if the 

input desires a connection through the link associated with this link controller­

otherwise, it is a logic 11011
• The request vector output bit is a logic "1" if the logic 

5 11 l11 input request vector bit was not satisfied by this pm:ficular link controller-,.. 
otherwise, it is a logic "O". The connect vector output bit is a logic 11 l11 if the logic 
11111 input request vector bit was satisfied by this particular link controller indicating 

the ATM cell will be routed to its desired output module through the link 

associated with this link controller- otherwise, it is a logic ".011
• The busy-idle fl.ip-

10 flop in Fig. 10 is reset to the logic "0" (idle) state at the beginning of each ATM 

cell slot, so the first request yector bit that enters the link controller with a logic "1 11 

request is assigned the link (creating a logic "1" corinect vector bit and a logic 11011 

output request vector bit) and sets the busy-idle flip-flop to the logic "I" (busy) 

state. Any subsequent request vector bits that enter the link controller during this 

15 particular ATM cell slot will be denied a connection through this link (forcing a 

logic 11011 output on the connect vector bit and creating an output request vector bit 

that is identical to the input request vector bit). A time-lapsed view of several 

consecutive sixteen-bit request vectors passing through a single switch controller is 

shown in Fig. 12, along with the resulting states of the busy-idle bits stored within 

20 the switch controller. The resulting output request vectors and output connect 

vectors illustrate the general operation of each of the pipe hunt controllers 240-243. 

The use of rolling within the controller 20 requires a very precise temporal 

ordering of two fundamental events: poking and busy-idle flip-flip clearing. The 

timing diagram of PIG. 13 illustrates the synchronization and data fl.ow that might 

25 be used for the logic within the controller 20. As indicated by the timing diagram, 

the flow of data around the ring of controller 20 is from pipe controller 240 to pipe 

controller 241 to pipe controller 242 to pipe controller 243 and back to pipe 

controller 240. Request vectors generated by input interfaces with alias addresses 

A, B, C, and D are poked into pipe controller 240. Request vectors generated by 

30 input interfaces with alias addresses E, F, G, and Hare poked into pipe controller 
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241. Request vectors generated by input interfaces with alias addresses I, J, K, and 

L are poked into pipe controller 242. Request vectors generated by input interfaces 

with alias addresses M, N, 0, and P are poked into pipe controller 243. The poking 

times and busy-idle bit clearing times take place at different moments within each 

5 of the pipe hunt controllers 240-243. From the point of-view of any pipe 

controller, the request vector bits flow through the pipe controller in alphabetical 

order (A to P) if one ignores the busy-idle bit clearing times. This ordering 

guarantees that the aforementioned advantages of preferences will be realized 

within the controller 20, because the request vector generated from a input 

10 interface with alias address A will always be given precedence over the request 

vectors generated from input interfaces with alias addresses B, C, and D, etc. 

The benefits derived from forced independence between the inputs on a 

particular l 6xl 6 crossbar switch produce a slight increase in the complexity of the 

pipe hunter circuitry. Because of the independent connections between the input 

15 interfaces and the switch fabric 14A, which independence is assured by the use of 

Galois field theory, a request vector from a single input interface must be 

appropriately routed to several different switch controllers in each of the stages in 

the pipe hunting ring. The mixing nature of the Galois field theory generated 

connections requires each input interface 120-12255 to be connected to a different 

20 set of 16x16 crossbar switches within the switch fabric 14A, and as a consequence, 

it also requires request vectors generated on different input interfaces to be routed 

through entirely different sets of switch controllers within the controller 20. Since 

request vectors are time-multiplexed on links within the controller 20, all of the 

request vectors (within a particular ATM cell slot) that are expelled from a 

25 particular switch controller in one pipe hunter stage must (by definition) be routed 

to different switch controllers in the next pipe hunter stage. To provide this 

dynamic routing of the request vectors, each pipe hunt controller 240, 241,242, and 

243 is connected to a respective small switching network 300, 30i, 302 and 303, 

shown in FIG. 5. Alternatively, simple multiplexers may be used instead of 

30 switching networks 30o, 301, 302 and 303, thereby greatly decreasing costs for the 
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controller 20. Fortunately, the required configurations of these small switching 

networks 30o, 30i, 302 and 303,(or multiplexers) are cyclic with a period equal to 

the ATM cell period, and the required configurations can be determined a priori 

and can therefore be "bard-coded" into the small switching networks (multiplexers) 

S during the design of the circuitry of the controller 20. -n 

As mentioned previously, ATM switch lOA shown in FIG. 5 might be 

scaled such that the number ofinput lines were 512, 1024 or even higher. For 

those size switches, assuming that the input lines are carrying 2.5 Gigabits per 

second data rates, the aggregate throughput .would be over. 1.0 Terabits per second. 

10 For switches of that size, a fourth level of parallelism may be needed to provide 

sufficient processing power for the controller 20 to hunt for all the paths through 

all the pipes in real time. For A TM switches with 512 and 1024 input lines, the 

data rates on connections within their respective controllers are 204 Mbps and 386 

Mbps, which is considerably higher that the 113 Mbps rate of the 256 input line 

· 15 version of A TM switch 1 OA. 

The basic idea behind the fourth level of parallelism is a modification of the 

previously described controller 20 design which requires that request vectors be 

routed through the pipe hunter stages in parallel. In particular, all of the request 

vectors that are poked into a particular pipe are routed through the pipe hunter 

20 stages together, and these request vectors are said to comprise a poke group. In the 

embodiment shown in FIG. 5, this approach to the design of controller 20 creates 

four poke groups of sixteen-bit request vectors, so each poke group contains sixty­

four bits. The four poke groups can be labeled with a concatenation of the four 

alias labels on the request vectors. As a result, the four poke groups for the re-

2S designed pipe hunter of PIG. 5 are called ABCD, EFGH, IJK.L, and MNOP. It is 

important to note that whenever a single sixty-four bit ABCD poke group is being 

routed through one of the switch controllers in pipe controller a of FIG. 5, there is 

also a sixty-four bit ABCD poke group being routed through each of the other 

fifteen switch controllers in pipe controller 240. As a result, there are a total of 

30 1024 request vector bits associated with sixteen ABCD poke groups that are being 
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routed through pipe 180 at a single instant of time. The modified controller 20 

processes the request vectors for all N input ports (by passing them through all four 

pipe hunt controllers 240-243) every eight clock cycles, and since this task must be 

completed within a single 176 nano second A TM cell interval, the required clock 

5 rate within the controller 20 is 46 megabits per second ~gardless of the size 

(aggregate throughput) of the NxN ATM switch. As a result, since the controller 

20 must perform eight processing steps (regardless of the network size), the 

process is said to be an 0(1) path hunt. algorithm. During the execution of this 

0(1) path hunt algorithm for the N=256 input ATM switch lOA of FIG. 5, the 

10 equivalent of 16,384 link controller path hunts and 16,384 link controller path hunt 

checks are performed every l 76 nano second, so if each path hunt is considered to 

be an instruction execution and each path hunt check is considered to be an 

instruction execution, then the controller 20 can be viewed as a parallel processor 

capable of sustaining a 186 giga-instructions per second processing rate. The 

15 trade-off for maintaining a reasonable data rate in the controller 20 (regardless of 

size) is an increase in link controller logic complexity and an increase in signal 

connections passing between successive stages of the controller 20 as the size is 

increases. ATM switch designs with aggregate throughputs in excess of 1 Terabits 

per second will require between 4096 and 32,768 signals at 46 megabits per second 

20 to be routed between successive stages of the controller, i.e. between pipe hunt 

controllers 240-243. 

In addition to increasing the nwnber of signals between pipe hunt controller 

stages, the use of parallelism within the controller 20 also requires a slight increase 

in the hardware requirements for each link controller, because each link controller 

25 must now support a parallel path hunt on four bits within the poke group. The 

extra hardware added to the controller 20 by the fourth level of parallelism should 

be offset by the resulting lower processing rate. 

In addition to large throughputs and low data losses, an important and 

essential attribute for any switching product that will be used in the public 

30 switched network is fault tolerance, in order to provide a very high level of 
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availability. A switching system that is fault-tolerant must display most, if not all, 

of the following attributes: 1) the ability to detect that a fault exists, 2) the ability to 

locate and identify the faulty component, 3) the ability to avoid the faulty 

component by detouring traffic through alternate paths within: the network, 4) the 

5 ability to provide an acceptable level of performance (~I loss probability) even in 

the presence of a small percentage of faulty components, and S) the ability to 

permit maintenance personnel to easily repair the faulty component (e.g., by 

swapping a board), and 6) the ability to provide an acceptable level of 
.• 

performance, i.e. cell loss probability, even when the faulty ~omponent is being 

10 repaired. -These attributes typically require some level of redundancy within the 

switch paths to satisfy the requirements of attributes 3 and 4, and they also require 

redundancy at a next level higher within the network fabric and controller to satisfy 

the requirements of attributes 5 and 6. 

A large benefit of using out-of~band control techniques within an ATM 

IS switch is derived from the fact that existing fault-tolerance techniques that have 

been applied for years in circuit switches can be re-used in the A TM switch 1 OA. 

As a result, all six of the above fault-tolerance requirements can be easily satisfied 

within the general architecture of ATM switch lOA. For example, FIG. 15 shows a 

plot of a simulation of the cell loss probability within the architecture of PIG. 5 

20 when faulty links are added to the switch fabric 14A. It can be seen that while the 

cell loss probability increases as fault links are added, up to O.S percent of the links 

can be faulty before the cell loss probability exceeds the maximum acceptable 

level of lxto-12. This is a direct result of the fact that the architecture in FIG. 5 

provides four paths between each input port and output port. Faulty paths can be 

25 rapidly identified by parity or CRC checks at the output modules I 60-I 615. If an 

error is detected, the controller 20 already knows what path the corrupted A TM cell 

had been routed through, so it can check the path by sending an "interrogation 

ATM cell" through the switch fabric 14A. If the interrogation ATM cell is also 

corrupted, then the path should be taken out of service by writing the busy-idle bit 
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for the path to the maintenance busy state, which is not cleared even when the 

global clear is sent at the end of each ATM cell period. 

Although the present A TM standard does not define or require a service 

that supports variable length cells or packets, the evolutionary tendencies of the 

5 telecommunication industry are towards ATM cells wi~ lengths that differ from ,. 
the initially defined 53-byte standard. This change may evolve as a result of the 

satisfaction {or dissatisfaction) that different users may find as they begin to 

experiment with different applications being transported over the ATM packet 

lines and networks. For example, the very fact that the current ATM cell length 

10 represents a compromise between the voice and data communities indicates that 

there may be some customer~ in the future who are not entirely satisfied with the 

offered cell size. Should such customers become organized, it is possible that 

another cell length {other than 53 bytes) may be requested. For example, the 

CATV industry is already considering cell sizes greater than 53 bytes for 

15 transporting MPEG-2 digital video streams. Although larger packets might be 

routed inside multiple 53 byte ATM cells, the resulting bandwidth inefficiencies 

may ultimately lead to the desire for a new cell length standard. Thus, it is 

desirable to have an A TM switch architecture that can adapt to changes in cell or 

packet length. 

20 With only a few minor modifications to the input interfaces 120-12255 and 

the controller 20, operation of A TM switch 1 OA with cells of arbitrary cell lengths 

is provided. This is accomplished by allowing arbitrary length that are an integer 

multiple of the basic cell period, which can be 53 bytes or some other desired 

length. The A TM switch 1 OA may be modified so readily to support arbitrary cell 

25 lengths primarily because ATM switch 1 OA is essentially a circuit switch, i.e. an 

arbitrarily long message switch, with the update capability of a very fast out-of­

band path hunt processor. For fixed cell length operation described previously, the 

controller 20 of the switch 1 OA performs path hunts for cells that arrive on 

potentially all of the N input ports, and it must then set up the N paths for all of 

30 these routed cells. At the end of the 176 nano second cell interval, all of these N 
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paths are globally tom down, making all of the network connections idle for the 

next cell interval when the entire process is repeated. If variable length cells are 

permitted, then it should be apparent that the global tear-down of all N paths at the 

end of a cell interval is no longer permitted. In fact, all of the paths from one cell 

5 interval must be left established in the next cell interval, and individual path tear-.., 
downs must be implemented whenever the termination of a cell is identified by its 

respective input interface 120-12255. Thus, to modify ATM switch lOA to handle 

variable length cells requires that each input interface 120-12255 be modified to be 

capable of identifying the start and end of each cell, either with fixed and unique 

10 start and end patterns, a unique start pattern coupled with a cell length identifier 

contained within the cell, or some other type of indication. Each modified input 

interface must then be capable of sending two different types of request vectors to a 

modified controller 20': one to request a path set-up and one to request a path tear­

down. This can be accomplished by adding a single bit to the 16-bit request vector 

15 shown in FIGs. 13A-13D, where the additional bit is used to indicate whether the 

request is a set-up request or a tear-down request. Upon reception of the request 

vector, the controller 20' routes the request vector through all four of the pipe 

controllers 240-243 (as before), but the link controllers must now be capable of 

both setting and resetting the busy-idle flip-flops in response to the different types 

20 of request vectors. In addition, the link controller associated with a particular 

output link must also maintain a memory indicating which input presently has a 

path established to its output link, because only that input is permitted to tear down 

the path to the output link. The hardware required for all of these functions within 

a link controller is illustrated in FIG. 16. It should be noted that the inclusion of 

25 variable length cell routing within the distribution network requires that the 

processing rate within the controller 20' be increased by a factor of two, because it 

is possible that every input may require a single path set-up and a single path tear­

down every ATM cell interval. It should also be noted that the inclusion of 

variable length cell routing does not preclude the implementation of any of the 

30 other features of the switch lOA that have been mentioned previously. 
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The use of variable length cells within the switch fabric 14A also requires 

that the output modules l 60-l 615 be modified to route cells with different cell 

lengths. The lengths of the buffers would have to be increased to accommodate at 

least four times the longest cell or packet that can be communicated. 

S The rapid acceptance of A TM within the LAN and WAN communities 
.... 

indicates that ATM may a1ready be developing a strong foot-hold in the private­

switched network environment. As a result, it may be only a matter of time before 

there is a strong demand for A TM services in the public-switched network 
.• 

environment. However, when or if that strong demand occurs is uncertain. There 

10 is some question within the telecommunications industry of the ability of A TM to 

efficiently provide services ~t are inherently constant-bit-rate services (voice and 

video}, and also the ability of ATM networks to effectively route traffic in a 

network where the traffic is highly correlated rather than random. Because of this 

uncertainty, ATM service providers and ATM switch vendors must proceed 

15 cautiously. A switch based on the switch fabric l 4A is a sensible system in such 

uncertain times because the architecture is flexible enough to provide both packet 

switching (ATM} and circuit switching (STM) communications at the same time. 

Such a switch lOB is shown in FIG. 17. Since STM switching is a form of circuit 

switching, and since the switch fabric 14A is essentially a circuit switch with v_ery 

20 fast path hunting capabilities, the switch fabric 14A is well suited for the routing of 

STM traffic. A slightly different controller 620 is required for STM traffic, and the 

input interfaces 612 and output modules 616 provide time-slot interchanger 

functions required by circuit switching equipment, but the single stage switch 

fabric 14A can remain unaltered in a combination STM and ATM switch, or in a 

25 wholly STM switch. Simulations have been written to analyze the operation of the 

switch fabric 14A in a wholly STM environment, where an N=256 ATM switch is 

modified to implement an N=l28 STM switch. The resulting blocking probability 

of this N=l28 STM switch has been calculated from this simulation to be less than 

lxio-9. This is a very acceptable value in a circuit switched environment where 

30 packet loss is not an issue. Thus, switch lOB can vary the percentage ofSTM 
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traffic it carries up to 100 per cent. This flexibility greatly reduces or eliminates 

the possible financial consequences of the uncertainty in the demands of customers 

for future ATM and STM services. 

The switch fabric 14A is essentially technology-independent. An 

5 embodiment using free-space digital optics as the inter~onnection technology 
n 

within the switch fabric is contemplated. The 16x16 crossbar switches within the 

switch fabric 14A will be implemented with PET-SEED device arrays. Such an 

approach may provide many benefits within the switch fabric 14A, because the 

resulting design based on optical interconnections may hav~ lower levels of signal 

10 crosstalk, lower chip counts due to increased device integration, lower signal skew, 

and lower overall power dissipation, which results in simpler thermal management 

techniques within the switch fabric 14A. 

The packet cell loss of the switch fabric 14A is decreased by the use of a 

more complicated mapping function. Referring to FIG. 18, a methodology is 

15 identified that uniquely assigns each input port to a single input on one of the 

16x16 crossbar switches in each of the pipes l8Bo-l8B3 of switch fabric 14B so 

that two input ports will connect to a common 16xl 6 crossbar switch at most once 

in the entire switch fabric, thereby guaranteeing independence of the inputs. The 

mathematics of finite field theory, i.e., Galois field theory, provide the desired 

20 methodology and by applying mapping functions based on Galois field theory 

between the input ports of the fabric 14B and the 16x16 crossbar switches 170-0 to 

170-15, 171-0 to 171-lS, 172-0 to 172-15 and 173-0to173-15 independent 

connections may be determined. 

To determine independent connection for the switch fabric 14B, assume 

25 that input port (I) can be represented by the eight-bit binary number (i7, i6, is, i4, 

i3, i2, i 1, io}, and assume that the 16xl 6 crossbar switch S8 (I) to which it is routed 

in pipe e , e.g. pipe 0 through pipe 3 corresponding to pipe 18B0 through 18B3, 

can be represented by the six-bit binary number (s5, s4, s3, s2, si. so)9 . Usin~ 

Galois field theory, many different sets of acceptable mapping functions that 

30 guarantee independence of input ports may be identified. One possible set of 
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acceptable mapping functions for pipes 18B0 - 18B3 for input (i7, i6, is, i4, i3, i2, 

io) is given below: 

(s5, s4, s3, s2, s1, so) O=(O, o, i3, i2, it, io) 

5 (s5, s4, s3, s2, s1, so) 1=(0, 1, i1 XOR i3, i6 XO~ i2, is XOR ii, i4 XOR 
'" 

io) 

(ss, s4, s3, s2, si, so) 2=(1, 0, i1 XOR i2, i6 XOR it.is XOR io XOR i1, i4 

XOR i1) 

(s5, s4, s3, s2, si, so) 3=(1, 1, i1 XOR it. i6 XOR io XOR i1, is XOR i1 

10 XOR i2, i4 XOR 12). 

In addition, network input (i7, i6, is, 4, i3, i2, ii, i()) is connected to inlet i1, i6, is, 

4) on each of the 16x16 crossbar switches to which it is routed. When these link 

mappings, which are based on Galois field theory, are employed, the resulting set 

15 of interconnections between the input ports and the 16x16 crossbar switches of the 

switching fabric 14B are Galois connections. The results of the above mapping 

function when applied to the system shown in FIG. 18, are listed in the following 

pages. The connections listed are between switch fabric inputs 0-25S and four 

input ports on the four 16xl 6 crossbar switches in respective pipes l 8Bo-l 8B3. 

20 The list is organized in the following manner. Each input #Q-2S5, which 

corresponds to a respective output of input interfaces 120-12255, is fanned out to 

four switch input ports all having the same switch input port number. However, 

these four switch input ports (which all have the same number) are each on a 

different numbered 16x16 crossbar switch for each respective pipe. For example, 

25 input #21 connects to input port S of 16x16 crossbar switch #1 of pipe 18Bo, input 

port~ of 16x16 crossbar switch #4 of pipe l8B1, input port S of 16x16 crossbar 

switch #11 of pipe 18B2 and input port 5of16x16 crossbar switch #6. Thus, all of 

the independent connections according to the embodiment of the present invention 

shown in FIG.Sare listed in the following pages. 
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input#: 0 input#: 128 
switch input port #: 0 switch input port #: 0 
pipe 0 switch#: 0 pipe 0 switch #: 8 
pipe 1 switch #: 0 pipe 1 switch #: 8 

s pipe 2 switch #: 0 pipe 2 switch #; 8 
pipe 3 switch #: 0 pipe 3 switch #: 8 

input#: 1 input#: f29 
switch input port #: 1 switch input port #: 1 

10 pipe 0 switch #: 0 pipe 0 switch #: 8 
pipe 1 switch #: 1 pipe 1 switch #: 9 
pipe 2 switch #: 2 pipe 2 switch #: l 0 
pipe 3 switch#: 4 pipe 3 switch#: 12 

15 input#: 2 input#: 130 
switch input port #: ~ switch input port #: 2 
pipe 0 switch #: 0 pipe 0. switch #: 8 
pipe 1 switch#: 2 pipe 1 switch#: IO 
pipe 2 switch#: 4 pipe 2 switch #: 12 

20 pipe 3 switch #: 8 pipe 3 switch #: 0 

input#: 3 input#: 131 
switch input port #: 3 switch input port #: 3 
pipe 0 switch#: 0 pipe 0 switch #: 8 

25 pipe 1 switch #: 3 pipe 1 switch #: 11 
pipe 2 switch #: 6 pipe 2 switch #: 14 
pipe 3 switch#: 12 pipe 3 switch#: 4 

input#: 4 input#: 132 
30 switch input port #: 4 switch input port #: 4 

pipe 0 switch#: 0 pipe 0 switch #: 8 
pipe 1 switch #: 4 pipe 1 switch #: 12 
pipe 2 switch#: 8 pipe 2 switch #: 0 
pipe 3 switch#: 3 pipe 3 switch #: 11 

35 
input#: 5 input#: 133 
switch input port #: 5 switch input port #: 5 
pipe 0 switch #: 0 pipe 0 switch #: 8 
pipe 1 switch #: 5 pipe 1 switch #: 13 

40 pipe 2 switch #: 10 pipe 2 switch #: 2 
pipe 3 switch #: 7 pipe 3 switch #: 15 

45 
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input#: 6 input#: 134 
switch input port #: 6 switch input port #: 6 
pipe 0 switch#: 0 pipe 0 switch #: 8 · 

5 pipe 1 switch #: 6 pipe 1 switch#: _14 
pipe 2 switch #: 12 pipe 2 switch#: 4 
pipe 3 switch #: 11 pipe 3 switch #: 3 

'k 

input#: 7 input#: 135 
10 switch input port #: 7 switch input port #: 7 

pipe 0 switch.#: 0 pipe 0 switch#: 8 
pipe 1 switch #: 7 pipe J switch #: 1? 
pipe 2 switch #: 14 pipe 2 switch #: 6 
pipe 3 switch#: 15 pipe 3 switch #: 7 

15 
input#: 8 input#: 136 
switch input port#: 8 switch input port #: 8 
pipe 0 switch#: 0 pipe 0 switch #: 8 
pipe 1 switch #: 8 pipe 1 switch #: 0 

20 pipe 2 switch #: 3 pipe 2 switch #: 11 
pipe 3 switch #: 6 pipe 3 switch #: 14 

input#: 9 input#: 137 
switch input port #: 9 switch input port #: 9 

25 pipe 0 switch #: 0 pipe 0 switch #: 8 
pipe 1 switch #: 9 pipe 1 switch #: 1 
pipe 2 switch #: 1 pipe 2 switch #: 9 
pipe 3 switch#: 2 pipe 3 switch #: 10 

30 input#: 10 input#: 138 
switch input port #: 10 switch input port #: 10 
pipe 0 switch #: 0 pipe 0 switch #: 8 
pipe 1 switch #: 10 pipe 1 switch #: 2 
pipe 2 switch #: 7 pipe 2 switch #: 15 

35 pipe 3 switch #: 14 pipe 3 switch#: 6 

input#: 11 input#: 139 
switch input port #: 11 switch input port #: 11 
pipe 0 switch #: 0 pipe 0 switch #: 8 

40 pipe 1 switch #: 11 pipe 1 switch #: 3 
pipe 2 switch#: 5 pipe 2 switch #: 13 
pipe 3 switch #: 10 pipe 3 switch #: 2 

45 
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input#: 12 input#: 140 
switch input port #: 12 switch input port#: 12 
pipe 0 switch#: 0 pipe 0 switch #: 8 

5 pipe 1 switch #: 12 pipe 1 switch #: .4 
pipe 2 switch #: 11 pipe 2 switch #: 3 
pipe 3 switch #: 5 pipe 3 swi~ch #: 13 .,, 

input#: 13 input#: 141 
10 switch input port#: 13 switch input port #: 13 

pipe 0 switch #: 0 pipe 0 switch #: 8 
pipe 1 switch#: 13 pipe 1 switch #: 5. 
pipe 2 switch #: 9 pipe 2 switch #: 1 
pipe 3 switch #: 1 pipe 3 switch#: 9 

15 input#: 14 input#: 142 
switch input port#: 14 switch input port #: 14 
pipe 0 switch #: 0 pipe 0 switch #: 8 
pipe 1 switch #: 14 pipe 1 switch #: 6 
pipe 2 switch #: 15 pipe 2 switch #: 7 

20 pipe 3 switch#: 13 pipe 3 switch #: 5 

input#: 15 input#: 143 
switch input port #: 15 switch input port #: 15 
pipe 0 switch #: 0 pipe 0 switch #: 8 

25 pipe 1 switch #: 15 pipe 1 switch #: 7 
pipe 2 switch #: 13 pipe 2 switch#: 5 
pipe 3 switch #: 9 pipe 3 switch #: 1 

input#: 16 input#: 144 
30 switch input port #: 0 switch input port #: 0 

pipe 0 switch#: 1 pipe 0 switch #: 9 
pipe 1 switch #: 1 pipe 1 switch #: 9 
pipe 2 switch #: 1 pipe 2 switch#: 9 
pipe 3 switch #: 1 pipe 3 switch#: 9 

35 
input#: 17 input#: 145 
switch input port #: 1 switch input port #: 1 
pipe 0 switch #: 1 pipe 0 switch #: 9 
pipe 1 switch #: 0 pipe 1 switch #: 8 

40 pipe 2 switch #: 3 pipe 2 switch #: 11 
~ 

pipe 3 swit~h #: 5 pipe 3 switch #: 13 

45 
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input#: 18 input#: 146 
switch input port #: 2 switch input port #: 2 
pipe 0 switch #: 1 pipe 0 switch #: 9 
pipe 1 switch #: 3 pipe 1 switch #: 11 

5 pipe 2 switch #: 5 pipe 2 switch #:-13 
pipe 3 switch #: 9 pipe 3 switch #: 1 

"k 

input#: 19 input#: 147 
switch input port #: 3 switch input port #: 3 

10 pipe 0 switch #: 1 pipe 0 switch#: 9 
pipe 1 switch #: 2 pipe 1 switch#: 10 
pipe 2 switch #: 7 pipe 2 switch #: 15 
pipe 3 switch#: 13 pipe 3 switch #: 5 

I 

15 input#: 20 input#: 148 
switch input port #: 4 switch input port#: 4 
pipe 0 switch #: 1 pipe 0-switch #: 9 
pipe 1 switch #: 5 pipe 1 switch#: 13 
pipe 2 switch #: 9 pipe 2 switch #: 1 

20 pipe 3 switch #: 2 pipe 3 switch #: 10 

input#: 21 input#: 149 
switch input port #: 5 switch input port #: 5 
pipe 0 switch #: 1 pipe 0 switch #: 9 

25 pipe 1 switch #: 4 pipe 1 switch#: 12 
pipe 2 switch #: 11 pipe 2 switch #: 3 
pipe 3 switch #: 6 pipe 3 switch #: 14 

input#: 22 input#: 150 
30 switch input port #: 6 switch input port #: 6 

pipe 0 switch #: 1 pipe 0 switch #: 9 
pipe 1 switch #: 7 pipe l switch #: 15 
pipe 2 switch #: 13 pipe 2 switch #: 5 
pipe 3 switch #: 10 pipe 3 switch #: 2 

35 
input#: 23 input#: 151 
switch input port #: 7 switch input port #: 7 
pipe 0 switch#: 1 pipe 0 switch #: 9 
pipe 1 switch #: 6 pipe 1 switch #: 14 

40 pipe 2 switch #: 15 pipe 2 switch #: 7 
pipe 3 switch #: 14 pipe 3 switch #: 6 

45 
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input#: 24 input#: 152 
switch input port #: 8 switch input port #: 8 
pipe 0 switch #: 1 pipe 0 switch #: 9 
pipe 1 switch #: 9 pipe 1 switch #: 1 

5 pipe 2 switch #: 2 pipe 2 switch #: .10 
pipe 3 switch #: 7 pipe 3 switch #: 15 

"k 

input#: 25 input#: 153 
switch input port #: 9 switch input port #: 9 

10 pipe 0 switch #: 1 pipe 0 switch#: 9 
pipe 1 switch #: 8 pipe 1 switch#: 0 
pipe 2 switch#: 0 pipe 2 switch #: 8. 
pipe 3 switch #: 3 . pipe 3 switch #: 11 

15 input#: 26 input#: 154 
switch input port #: 10 switch input port #: 10 
pipe 0 switch #: 1 pipe 0 switch #: 9 
pipe 1 switch #: 11 pipe 1 switch #: 3 
pipe 2 switch #: 6 pipe 2 switch #: 14 

20 pipe 3 switch #: 15 pipe 3 switch #: 7 

input#: 27 input#: 155 
switch input port #: 11 switch input port #: 11 
pipe 0 switch #: 1 pipe 0 switch#: 9 

25 pipe l switch #: 10 pipe 1 switch #: 2 
pipe 2 switch #: 4 pipe 2 switch#: 12 
pipe 3 switch #: 11 pipe 3 switch #: 3 

input#: 28 input#:156 
30 switch input port#: 12 switch input port#: 12 

pipe 0 switch#: 1 pipe 0 switch #: 9 
pipe 1 switch #: 13 pipe 1 switch#: 5 
pipe 2 switch #: 10 pipe 2 switch#: 2 
pipe 3 switch #: 4 pipe 3 switch #: 12 

35 
input#: 29 input#: 157 
switch input port #: 13 switch input port #: 13 
pipe 0 switch #: 1 pipe 0 switch #: 9 
pipe 1 switch #: 12 pipe 1 switch #: 4 

40 pipe 2 switch #: 8 pipe 2 switch #: 0 
pipe 3 switch #: 0 pipe 3 switch #: 8 

45 
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input#: 30 input#: 158 
switch input port#: 14 switch input port #: 14 
pipe 0 switch #: 1 pipe 0 switch #: 9 

5 pipe I switch #: 15 pipe 1 switch #: 7 
pipe 2 switch #: 14 pipe 2 switch#: 6 
pipe 3 switch#: 12 pipe 3 swi!ch #: 4 

input#: 31 input#: 159 
10 switch input port #: 15 switch input port #: 15 

pipe 0 switch #: 1 pipe 0 switch#: 9 
pipe I switch #: 14 pipe 1 switch#: 6 
pipe 2 switch#: 12 pipe 2 switch#: 4 
pipe 3 switch #: 8 pipe 3 switch #: 0 

15 input#: 32 input#: 160 
switch input port #: 0 switch input port #: 0 
pipe 0 switch #: 2 pipe 0 switch #: 10 
pipe 1 switch #: 2 pipe 1 switch#: 10 
pipe 2 switch #: 2 pipe 2 switch #: 10 

20 pipe 3 switch #: 2 pipe 3 switch #: 10 

input#: 33 input#: 161 
switch input port #: 1 switch input port #: 1 
pipe 0 switch#: 2 pipe 0 switch#: 10 

25 pipe 1 switch #: 3 pipe 1 switch #: 11 
pipe 2 switch #: 0 pipe 2 switch #: 8 
pipe 3 switch #: 6 pipe 3 switch #: 14 

input#: 34 input#: 162 
30 switch input port #: 2 switch input port #: 2 

pipe 0 switch #: 2 pipe 0 switch #: 10 
pipe 1 switch #: 0 pipe 1 switch #: 8 
pipe 2 switch #: 6 pipe 2 switch #: 14 
pipe 3 switch #: 10 pipe 3 switch #: 2 

35 
input#: 35 input#: 163 
switch input port #: 3 switch input port #: 3 
pipe 0 switch#: 2 pipe 0 switch #: 10 
pipe 1 switch #: I pipe 1 switch #: 9 

40 pipe 2 switch #: 4 pipe 2 switch#: 12 
pipe 3 switch #: 14 pipe 3 switch#: 6 
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input#: 36 input#: 164 
switch input port #: 4 switch input port #: 4 
pipe 0 switch #: 2 pipe 0 switch #: 10 

5 pipe 1 switch #: 6 pipe 1 switch #: .14 
pipe 2 switch #: 10 pipe 2 switch #: 2 
pipe 3 switch #: 1 pipe 3 swi~h #: 9 

input#: 37 input#: 165 
10 switch input port #: 5 switch input port #: 5 

pipe 0 switch #: 2 · pipe 0 switch #: 10 
pipe 1 switch #: 7 pipe I switch#: 15 
pipe 2 switch #: 8 pipe 2 switch#: 0 
pipe 3 switch #: 5 pipe 3 switch #: 13 

15 
input#: 38 input#: 166 
switch input port #: 6 switch input port #: 6 
pipe 0 switch #: 2 pipe 0 switch#: 10 
pipe 1 switch #: 4 pipe 1 switch #: 12 

20 pipe 2 switch #: 14 pipe 2 switch#: 6 
pipe 3 switch #: 9 pipe 3 switch #: 1 
input#: 39 input#: 167 
switch input port #: 7 switch input port #: 7 
pipe 0 switch#: 2 pipe 0 switch #: 10 

25 pipe 1 switch #: 5 pipe 1 switch#: 13 
pipe 2 switch#: 12 pipe 2 switch #: 4 
pipe 3 switch #: 13 pipe 3 switch #: 5 

input#: 40 input#: 168 
30 switch input port #: 8 switch input port #: 8 

pipe 0 switch #: 2 pipe 0 switch #: 10 
pipe 1 switch #: 10 pipe 1 switch#: 2 
pipe 2 switch #: 1 pipe 2 switch#: 9 
pipe 3 switch #: 4 pipe 3 switch #: 12 

35 
input#: 41 input#: 169 
switch input port #: 9 switch input port #: 9 
pipe 0 switch #: 2 pipe 0 switch #: 10 
pipe 1 switch#: 11 pipe 1 switch #: 3 

40 pipe 2 switch #: 3 pipe 2 switch #: 11 
pipe 3 switch #: 0 pipe 3 switch #: 8 
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input#: 42 input#: 170 
switch input port #: 10 switch input port #: 10 
pipe 0 switch #: 2 pipe 0 switch #: 10 

5 pipe I switch #: 8 pipe 1 switch#:. 0 
pipe 2 switch #: 5 pipe 2 switch#: 13 
pipe 3 switch #: 12 pipe 3 switch#: 4 

"i~ 

input#: 43 input#: 171 
10 switch input port #: 11 switch input port #: 11 

pipe 0 switch #: 2 pipe 0 switch #: 10 
pipe 1 switch #: 9 pipe 1 switch#: l_ 
pipe 2 switch #: 7 pipe 2 switch #: 15 
pipe 3 switch #: 8 pipe 3 switch #: 0 

15 
input#: 44 input#: 172 
switch input port#: 12 switch input port#: 12 
pipe 0 switch#: 2 pipe 0 switch#: 10 
pipe 1 switch #: 14 pipe 1 switch #: 6 

20 pipe 2 switch #: 9 pipe 2 switch #: 1 
pipe 3 switch #: 7 pipe 3 switch#: 15 

input#: 45 input#: 173 
switch input port #: 13 switch input.port#: 13 

25 pipe 0 switch#: 2 pipe 0 switch #: 10 
pipe l switch#: 15 pipe 1 switch #: 7 
pipe 2 switch #: 11 pipe 2 switCh #: 3 
pipe 3 switch #: 3 pipe 3 switch #: 11 
input#: 46 input#: 174 

30 switch input port #: 14 switch input port #: 14 
pipe 0 switch #: 2 pipe 0 switch #: I 0 
pipe 1 switch#: 12 pipe 1 switch #: 4 
pipe 2 switch #: 13 pipe 2 switch #: 5 
pipe 3 switch#: 15 pipe 3 switch #: 7 

35 
input#: 47 input#: 175 
switch input por;t #: 15 switch input port #: 15 
pipe 0 switch #: 2 pipe 0 switch #: 10 
pipe 1 switch #: 13 pipe 1 switch #: 5 

40 pipe 2 switch #: 15 pipe 2 switch #: 7 
pipe 3 switch #: 11 pipe 3 switch #: 3 
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input#: 48 input#: 176 
switch input port #: 0 switch input port #: 0 
pipe 0 switch #: 3 pipe 0 switch #: 11 

5 pipe 1 switch #: 3 pipe 1 switch #:.11 
pipe 2 switch #: 3 pipe 2 switch #: 11 
pipe 3 switch #: 3 pipe 3 swilfh #: 11 

input#: 49 input#: 177 
10 switch input port #: 1 switch input port #: 1 

pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 2 pipe 1 switch #: 10 
pipe 2 switch #: 1 . pipe 2 switch.#: 9 
pipe 3 switch #: 7 pipe 3 switch #: 15 

15 
input#: 50 input#: 178 
switch input port #: 2 switch input port #: 2 
pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 1 pipe 1 switch #: 9 

20 pipe 2 switch#: 7 pipe 2 switch #: 15 
pipe 3 switch#: 11 pipe 3 switch #: 3 

input#: 51 input#: 179 
switch input port#: 3 switch input port #: 3 

25 pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 0 pipe 1 switch #: 8 
pipe 2 switch #: 5 pipe 2 switch #: 13 
pipe 3 switch #: 15 pipe 3 switch #: 7 

30 input#: 52 input#: 180 
switch input port #: 4 switch input port #: 4 
pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 7 pipe 1 switch#: 15 
pipe 2 switch #: 11 pipe 2 switch#: 3 

35 pipe 3 switch #: 0 pipe 3 switch #: 8 

input#: 53 input#: 181 
switch input port #: 5 switch input port #: S 
pipe 0 switch #: 3 pipe 0 switch #: 11 

40 pipe 1 switch #: 6 pipe 1 switch#: 14 
pipe 2 switch #: 9 pipe 2 switch #: 1 
pipe 3 switch #: 4 pipe 3 switch#: 12 
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input#: 54 input#: 182 
switch input port #: 6 switch input port #: 6 
pipe 0 switch #: 3 pipe 0 switch #: 11 

5 pipe 1 switch #: 5 pipe 1 switch #: 13 
pipe 2 switch #: 15 pipe 2 switch #: 7 
pipe 3 switch #: 8 pipe 3 swjp;h #: 0 

input#: 55 input#: 183 
10 switch input port #: 7 switch input port #: 7 

pipe 0 switch#: 3 pipe 0 switch #: 11 
pipe 1 switch#: 4 pipe 1 switch #: 12 
pipe 2 switch#: 13 pipe 2 switch#: 5 
pipe 3 switch#: 12 pipe 3 switch #: 4 

15 
input#: 56 input#: 184 
switch input port #: 8 switch input port #: 8 
pipe 0 switch#: 3 pipe 0 switch #: 11 
pipe 1 switch #: 11 pipe 1 switch #: 3 

20 pipe 2 switch#: 0 pipe 2 switch #: 8 
pipe 3 switch #: 5 pipe 3 switch #: 13 

input#: 57 input#: 185 
switch input port #: 9 switch input port #: 9 

25 pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch#: 10 pipe 1 switch #: 2 
pipe 2 switch #: 2 pipe 2 switch #: 10 
pipe 3 switch #: 1 pipe 3 switch #: 9 

30 input#: 58 input#: 186 
switch input port #: I 0 switch input port #: 10 
pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 9 pipe 1 switch #: 1 
pipe 2 switch #: 4 pipe2switch#: 12 

35 pipe 3 switch #: 13 pipe 3 switch #: 5 

input#: 59 input#: 187 
switch input port #: 11 switch input port #: 11 
pipe 0 switch #: 3 pipe 0 switch #: 11 

40 pipe 1 switch #: 8 pipe 1 switch #: 0 
pipe 2 switch #: 6 pipe 2 switch#: 14 
pipe 3 switch #: 9 pipe 3 switch #: 1 
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input#: 60 input#: 188 
switch input port#: 12 switch input port#: 12 
pipe 0 switch #: 3 pipe 0 switch #: 11 

5 pipe 1 switch #: 15 pipe 1 switch #: .7 
pipe 2 switch #: 8 pipe 2 switch #: 0 
pipe 3 switch #: 6 pipe 3 switch #: 14 

K 

input#: 61 input#: 189 
10 switch input port#: 13 switch input port #: 13 

pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 14 pipe 1 switch #: 6. 
pipe 2 switch#: 10 pipe 2 switch#: 2 
pipe 3 switch #: 2 pipe 3 switch #: 10 

15 
input#: 62 input#: 190 
switch input port #: 14 switch input port #: 14 
pipe 0 switch#: 3 pipe 0 switch #: 11 
pipe I switch #: 13 pipe 1 switch #: 5 

20 pipe 2 switch #: 12 pipe 2 switch #: 4 
pipe 3 switch #: 14 pipe 3 switch #: 6 

input#: 63 input#: 191 
switch input port #: 15 switch input port #: 15 

25 pipe 0 switch #: 3 pipe 0 switch #: 11 
pipe 1 switch #: 12 pipe l switch #: 4 
pipe 2 switch #: 14 pipe 2 switch#: 6 
pipe 3 switch #: 10 pipe 3 switch #: 2 

30 input#: 64 input#: 192 
switch input port #: 0 switch input port #: 0 
pipe 0 switch #: 4 pipe 0 switch #: 12 
pipe 1 switch #: 4 pipe 1 switch#: 12 
pipe 2 switch#: 4 pipe 2 switch#: 12 

35 pipe 3 switch #: 4 pipe 3 switch#: 12 

input#: 65 input#: 193 
switch input port #: 1 switch input port #: 1 
pipe 0 switch #: 4 pipe 0 switch#: 12 

40 pipe 1 switch #: 5 pipe 1 switch #: 13 
pipe 2 switch #: 6 pipe 2 switch #: 14 
pipe 3 switch #: 0 pipe 3 switch #: 8 
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input#: 66 input#: 194 
switch input port #: 2 switch input port #: 2 
pipe 0 switch #: 4 pipe 0 switch #: 12 
pipe 1 switch #: 6 pipe 1 switch #: 14 

5 pipe 2 switch #: 0 pipe 2 switch #:. 8 
pipe 3 switch#: 12 pipe 3 switch#: 4 

input#: 67 "" input#: 195 
switch input port #: 3 switch input port #: 3 

10 pipe 0 switch#: 4 pipe 0 switch #: 12 
pipe 1 switch #: 7 pipe 1 switch #: 15 
pipe 2 switch #: 2 pipe 2 switch #: 1.0 
pipe 3 switch #: 8 pipe 3 switch #: 0 

15 input#: 68 input#: 196 
switch input port #: 4 switch input port #: 4 
pipe 0 switch#: 4 pipe 0.switch #: 12 
pipe 1 switch #: 0 pipe 1 switch #: 8 
pipe 2 switch #; 12 pipe 2 switch #: 4 

20 pipe 3 switch #: 7 pipe 3 switch #: 15 

input#: 69 input#: 197 
switch input port #: 5 switch input port #: 5 
pipe 0 switch #: 4 pipe 0 switch#: 12 

25 pipe I switch #: 1 pipe 1 switch #: 9 
pipe 2 switch #: 14 pipe 2 switch #: 6 
pipe 3 switch #: 3 pipe 3 switch #: 11 

input#: 70 input#: 198 
30 switch input port #: 6 switch input port #: 6 

pipe 0 switch #: 4 pipe 0 switch #: 12 
pipe 1 switch #: 2 pipe 1 switch#: 10 
pipe 2 switch#: 8 pipe 2 switch #: 0 
pipe 3 switch#: 15 pipe 3 switch #: 7 

35 
input#: 71 input#: 199 
switchinp 
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input#: 72 input#: 200 
switch input port #: 8 switch input port #: 8 
pipe 0 switch #: 4 pipe 0 switch #: 12 
pipe 1 switch #: 12 pipe 1 switch #: 4 

5 pipe 2 switch #: 7 pipe 2 switch #: -15 
pipe 3 switch #: 2 pipe 3 switch #: 10 

"k 

input#: 73 input#: 201 
switch input port#: 9 switch input port #: 9 

10 pipe 0 switch #: 4 pipe 0 switch#: 12 
pipe 1 switch#: 13 pipe 1 switch#: 5 
pipe 2 switch #: 5 pipe 2 switch#: 11 
pipe 3 switch #: 6 pipe 3 switch #: 14 

15 input#: 74 input#: 202 
switch input port#: 10 switch input port #: 10 
pipe 0 switch #: 4 pipe 0-switch #: 12 
pipe 1 switch #: 14 pipe 1 switch #: 6 
pipe 2 switch #:· 3 pipe 2 switch #: 11 

20 pipe 3 switch #: 10 pipe 3 switch #: 2 

input#: 75 input#: 203 
switch input port #: 11 switch input port #: 11 
pipe 0 switch#: 4 pipe 0 switch #: 12 

25 pipe 1 switch#: 15 pipe 1 switch #: 7 
pipe. 2 switch #: 1 pipe 2 switch #: 9 
pipe 3 switch #: 14 pipe 3 switch #: 6 

input#: 76 input#: 204 
30 switch input port #: 12 switch input port #: 12 

pipe 0 switch#: 4 pipe 0 switch#: 12 
pipe 1 switch #: 8 pipe 1 switch #: 0 
pipe 2 switch #: 1 S pipe 2 switch #: 7 
pipe 3 switch #: 1 pipe 3 switch #: 9 

35 
input#: 77 input#: 205 
switch input port #: 13 switch input port #: 13 
pipe 0 switch #: 4 pipe 0 switch #: 12 
pipe 1 switch #: 9 pipe 1 switch #: 1 

40 pipe 2 switch#: 13 pipe 2 switch #: 5 
pipe 3 switch #: 5 pipe 3 switch #: 13 
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input#: 78 input#: 206 
switch input port #: 14 switch input port #: 14 
pipe 0 switch #: 4 pipe 0 switch #: 12 
pipe 1 switch #: 10 pipe 1 switch #: 2 

5 pipe 2 switch #: 11 pipe 2 switch #: .J 
. pipe 3 switch #: 9 pipe 3 switch#: 1 

"k 

input#: 79 input#: 207 
switch input port #: 15 switch input port #: 15 

10 pipe 0 switch#: 4 pipe 0 switch#: 12 
pipe 1 switch #: 11 pipe 1 switch #: 3 
pipe 2 switch #: 9 pipe 2 switch #: 1-
pipe 3 switch #: 13 . pipe 3 switch.#: 5 

15 input#: 80 input#: 208 
switch input port #: 0 switch input port #: 0 
pipe 0 switch #: 5 pipe O·switch #: 13 
pipe 1 switch #: 5 pipe 1 switch#: 13 
pipe 2 switch #: 5 pipe 2 switch #: 13 

20 pipe 3 switch #: 5 pipe 3 switch#: 13 

input#: 81 input#: 209 
switch input port#: 1 switch input port #: 1 
pipe 0 switch #: 5 pipe 0 switch #: 13 

25 pipe 1 switch #: 4 pipe 1 switch #: 12 
pipe 2 switch#: 7 pipe 2 switch#: 15 
pipe 3 switch #: 1 pipe 3 switch #: 9 

input#: 82 input#: 210 
30 switch input port #: 2 switch input port #: 2 

pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe 1 switch #: 7 pipe 1 switch#: 15 
pipe 2 switch #: l pipe 2 switch #: 9 
pipe 3 switch#: 13 pipe 3 switch #: 5 

35 
input#: 83 input#: 211 
switch input port #: 3 switch input port #: 3 
pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe 1 switch #: 6 pipe 1 switch #: 14 

40 pipe 2 switch #: 3 pipe 2 switch #: 11 
pipe 3 switch #: 9 pipe 3 switch #: 1 
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input#: 84 input#: 212 
switch input port #: 4 switch input port #: 4 
pipe 0 switch#: 5 pipe 0 switch #: 13 
pipe 1 switch #: 1 pipe 1 switch #: 9 

5 pipe 2 switch #: 13 pipe 2 switch #: 5 
pipe 3 switch #: 6 pipe 3 switch #: 14 

'k 

input#: 85 input#: 213 
switch input port #: 5 ..., switch input port #: 5 

10 pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe 1 switch #: 0 pipe 1 switch#: 8 
pipe 2 switch #: 15 pipe 2 switch#: 7. 
pipe 3 switch#: 2 pipe 3 switch #: 10 
input#: 86 input#: 214 

15 switch input port #: 6 switch input port #: 6 
pipe 0 switch#: 5 pipe 0 switch#: 13 
pipe 1 switch #: 3 pipe I. switch#: 11 
pipe 2 switch#: 9 pipe 2 switch #: 1 
pipe 3 switch #: 14 pipe 3 switch #: 6 

20 
input#: 87 input#: 215 
switch input port #: 7 switch input port #: 7 
pipe 0 switch#: S pipe 0 switch#: 13 
pipe 1 switch #: 2 pipe 1 switch#: 10 

25- pipe 2 switch #: 11 pipe 2 switch#: 3 
pipe 3 switch #: 10 pipe 3 switch #: 2 

input#: 88 input#: 216 
switch input port #: 8 switch input port #: 8 

30 pipe 0 switch#: 5 pipe 0 switch#: 13 
pipe 1 switch #: 13 pipe 1 switch #: 5 
pipe 2 switch #: 6 pipe 2 switch #: 14 
pipe 3 switch #: 3 pipe 3 switch #: 11 

35 input#: 89 input#: 217 
switch input port #: 9 switch input port #: 9 
pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe I switch#: 12 pipe 1 switch #: 4 
pipe 2 switch#: 4 pipe 2 switch#: 12 

40 pipe 3 switch #: 7 pipe 3 switch #: 15 

45 
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input#: 90 input#: 218 
switch input port #: 10 switch input port #: 10 
pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe 1 switch #: 15 pipe l switch #: 7 

5 pipe 2 switch #: 2 pipe 2 switch #: .10 
pipe 3 switch #: 11 pipe 3 switch #: 3 

input#: 91 input#: ti9 
switch input port #: i I switch input port #: 11 

10 pipe 0 switch #: S pipe 0 switch #: 13 
pipe 1 switch #: 14 pipe 1 switch #: 6 
pipe 2 switch#: 0 pipe 2 switch#: 8. 
pipe 3 switch #: 15 pipe 3 switch #: 7 

15 input#: 92 input#: 220 
switch input port #: 12 ~tch input port#: 12 
pipe 0 switch #: 5 pipe O.switch #: 13 
pipe 1 switch #: 9 pipe 1 switch #: 1 
pipe 2 switch#: 14 pipe 2 switch #: 6 

20 pipe 3 switch #: 0 pipe 3 switch #: 8 
input#: 93 input#: 221 
switch input port#: 13 switch input port #: 13 
pipe 0 switch #: S pipe 0 switch #: 13 
pipe 1 switch #: 8 pipe 1 switch #: 0 

25 pipe 2 switch #: 12 pipe 2 switch #: 4 
pipe 3 switch #: 4 pipe 3 switch#: 12 

input#: 94 input#: 222 
switch input port #: 14 switch input port #: 14 

30 pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe 1 switch #: 11 pipe 1 switch #: 3 
pipe 2 switch #: 10 pipe 2 switch #: 2 
pipe 3 switch #: 8 pipe 3 switch #: 0 

35 input#: 95 input#: 223 
switch input port #: 15 switch input port #: 15 
pipe 0 switch #: 5 pipe 0 switch #: 13 
pipe 1 switch #: 10 pipe 1 switch #: 2 
pipe 2 switch #: 8 pipe 2 switch#: 0 

40 pipe 3 switch #: 12 pipe 3 switch #: 4 
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input#: 96 input#: 224 
switch input port #: 0 switch input port #: 0 
pipe 0 switch#: 6 pipe 0 switch #: 14 
pipe 1 switch #: 6 pipe 1 switch #: 14 

5 pipe 2 switch#: 6 pipe 2 switch #: .14 
pipe 3 switch #: 6 pipe 3 switch #: 14 

"k 

input#: 97 input#: 225 
switch input port #: 1 switch input port #: 1 

10 pipe 0 switch #: 6 pipe 0 switch #: 14 
pipe 1 switch #: 7 pipe 1 switch #: 15 
pipe 2 switch#: 4 pipe 2 switch#: 12 
pipe 3 switch #: 2 pipe 3 switch #: 10 

15 input#: 98 input#: 226 
switch input port #: Z switch input port #: 2 
pipe 0 switch #: 6 pipe O.switch #: 14 
pipe I switch #: 4 pipe 1 switch #: 12 
pipe 2 switch #: 2 pipe 2 switch #: 10 

20 pipe 3 switch #: 14 pipe 3 switch #: 6 

input#: 99 input#: 227 
switch input port #: 3 switch input port #: 3 
pipe 0 switch #: 6 pipe 0 switch#: 14 

25 pipe 1 switch #: 5 pipe 1 switch#: 13 
pipe 2 switch #: 0 pipe 2 switch#: 8 
pipe 3 switch#: 10 pipe 3 switch#: 2 
input#: 100 input#: 228 
switch input port #: 4 switch input port #: 4 

30 pipe 0 switch #: 6 pipe 0 switch #: 14 
pipe 1 switch #: 2 pipe 1 switch #: 10 · 
pipe 2 switch #: 14 pipe 2 switch #: 6 
pipe 3 switch #: 5 pipe 3 switch #: 13 

35 input#: 101 input#: 229 
switch input port #: 5 switch input port #: 5 
pipe 0 switch#: 6 pipe 0 switch #: 14 
pipe 1 switch#: 3 pipe 1 switch #: 11 
pipe 2 switch #: 12 pipe 2 switch#: 4 

40 pipe 3 switch #: 1 pipe 3 switch#: 9 
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input#: 102 input#: 230 
switch input port #~ 6 switch input port #: 6 
pipe 0 switch #: 6 pipe 0 switch#: 14 
pipe 1 switch #: 0 pipe 1 switch #: 8 

5 pipe 2 switch #: 10 pipe 2 switch #: 7 
pipe 3 switch #: 13 pipe 3 switch #: 5 

input#: 103 input#: 2~1 
switch input port #: 7 switch inpui port #: 7 

10 pipe 0 switch #: 6 pipe 0 switch#: 14 
pipe 1 switch #: 1 pipe 1 switch #: 9 
pipe 2 switch#: 8 pipe 2 switch #: 0. 
pipe 3 switch #: 9 pipe 3 switch #: 1 

15 input#: 104 input#: 232 
switch input port #: 8 switch input port #: 8 
pipe 0 switch#: 6 pipe 0 switch#: 14 
pipe 1 switch#: 14 pipe 1 switch #: 6 
pipe 2 switch#: 5 pipe 2 switch #: 13 

20 pipe 3 switch #: 0 pipe 3 switch #: 8 

input#: 105 input#: 233 
switch input port #: 9 switch input port #: 9 
pipe 0 switch #: 6 pipe 0 switch #: 14 

25 pipe 1 switch #: 15 pipe 1 switch #: 7 
pipe 2 switch#: 7 pipe 2 switch #: 15 
pipe 3 switch #: 4 pipe 3 switch #: 12 

input#: 106 input#: 234 
30 switch input port #: 10 switch input port #: 10 

pipe 0 switch #: 6 pipe 0 switch #: 14 
pipe 1 switch #: 12 pipe 1 switch #: 4 
pipe 2 switch#: 1 pipe 2 switch #: 9 
pipe 3 switch #: 8 pipe 3 switch #: 0 

35 input#: 107 input#: 235 
switch input port #: 11 switch input port #: 11 
pipe 0 switch #: 6 pipeOswitch#: 14 
pipe 1 switch #: 13 pipe 1 switch #: S 
pipe 2 switch#: 3 pipe 2 switch #: 11 

40 pipe 3 switch #: 12 pipe 3 switch #: 4 
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input#: 108 input#: 236 
switch input port#: 12 switch input port#: 12 
pipe 0 switch #: 6 pipe 0 switch #: 14 

5 pipe 1 switch #: 10 pipe 1 switch #:.2 
pipe 2 switch #: 13 pipe 2 switch #: 5 
pipe 3 switch #: 3 pipe 3 swi~h #: 11 

*' 

input#: 109 input#: 237 
10 switch input port #: 13 switch input port #: 13 

pipe 0 switch #: 6 pipe 0 switch #: 14 
pipe 1 switch #: 11 pipe 1 switch#: 3. 
pipe2switch#: 15 pipe 2 switch#: 7 
pipe 3 switch #: 7 pipe 3 switch#: 15 

15 
input#: 110 input#: 238 
switch input port #: 14 switch input port #: 14 
pipe 0 switch #: 6 pipe 0 switch#: 14 
pipe 1 switch #: 8 pipe 1 switch #: 0 

20 pipe 2 switch #: 9 pipe 2 switch #: 1 
pipe 3 switch #: 11 pipe 3 switch #: 3 

input#: 111 input#: 239 
switch input port #: 15 switch input port #: 1 S 

25 pipe 0 switch #: 6 pipe 0 switch #: 14 
pipe 1 switch #: 9 pipe 1 switch #: 1 
pipe 2 switch #: 11 pipe 2 switch #: 3 
pipe 3 switch #: 1 S pipe 3 switch #: 7 

30 input#: 112 input#: 240 
switch input port #: 0 switch input port #: 0 
pipe 0 switch#: 7 pipe 0 switch#: 15 
pipe 1 switch #: 7 pipe 1 switch #: 1 S 
pipe 2 switch #: 7 pipe 2 switch #: 1 S 

35 pipe 3 switch #: 7 pipe 3 switch #: 1 S 

input#: 113 input#: 241 
switch input port #: 1 switch input port #: 1 
·pipe 0 switch#: 7 pipe 0 switch #: 1 S 

40 pipe 1 switch #: 6 pipe 1 switch #: 14 
pipe 2 switch #: S pipe 2 switch #: 13 
pipe 3 switch #: 3 pipe 3 switch #: 11 
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input#: 114 input#: 242 
switch input port #: 2 switch input port #: 2 
pipe 0 switch#: 7 pipe 0 switch #: 15 

5 pipe 1 switch #: 5 pipe 1 switch #: 13 
pipe 2 switch #: 3 pipe 2 switch #: 11 
pipe 3 switch #: 15 pipe 3 switch #: 7 

input#: 115 input#: 243 
10 switch input port #: 3 switch input port#: 3 

pipe 0 switch #: 7 pipe 0 switch #: 15 
pipe 1 switch #: 4 pipe 1 switch #: 12 
pipe 2 switch #: 1 pipe 2 switch #: 9 
pipe 3 switch #: 11 pipe 3 switch #: 3 

15 
input#: 116 input#: 244 
switch input port #: 4 switch input port #: 4 
pipe 0 switch #: 7 pipe 0 switch #: 15 
pipe 1 switch #: 3 pipe 1 switch #: 11 

20 pipe 2 switch #: 15 pipe 2 switch #: 7 
pipe 3 switch #: 4 pipe 3 switch #: 12 

input#: 117 input#: 246 
switch input port #: 5 switch input port #: 5 

25 pipe O switch #: 7 pipe O switch #: 15 
pipe 1 switch #: 2 pipe 1 switch #: 10 
pipe 2 switch #: 13 pipe 2 switch #: 5 
pipe 3 switch #: 0 pipe 3 switch #: 8 

30 input #: 118 input #:· 246 
switch input port #: 6 switch input port #: 6 
pipe 0 switch #: 7 pipe 0 switch #: 15 
pipe 1 switch #: 1 pipe 1 switch #: 9 
pipe 2 switch #: 11 pipe 2 switch #: 3 

35 pipe 3 switch #: 12 pipe 3 switch #: 4 

input#: 119 input#: 247 
switch input port #: 7 switch input port #: 7 
pipe 0 switch #: 7 pipe 0 switch #: 15 

40 pipe 1 switch #: O pipe 1 switch II: 8 
pipe 2 switch #: 9 pipe 2 switch#: 1 
pipe 3 switch #: 8 pipe 2 switch #: 0 
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input#: 120 input#: 248 
switch input port #: 8 switch input port #: 8 
pipe 0 switch #: 7 pipe 0 switch #: 1 S 

5 pipe 1 switch #: 15 pipe 1 switch #~ 7 
pipe 2 switch #: 4 pipe 2 switch#: 12 
pipe 3 switch #: 1 pipe 3 sw:ijch #: 9 
input#: 121 input#: 249 
switch input port #: 9 switch input port #: 9 

10 pipe 0 switch #: 7 pipe 0 switch #: 15 
pipe 1 switch#: 14 pipe 1 switch #: 6 
pipe 2 switch #: 6 pipe 2 switch #: 1-4 
pipe 3 switch #: 5 pipe 3 switch #: 13 

15 input#: 122 input#: 250 
switch input port #: lO switch input port #: 10 
pipe 0 switch #: 7 pipeO·switch#: 15 
pipe 1 switch#: 13 pipe 1 switch #: 5 
pipe 2 switch #: 0 pipe 2 switch #: 8 

20 pipe 3 switch #: 9 pipe 3 switch #: 1 

input#: 123 input#: 251 
switch input port #: 11 switch input port #: 11 
pipe 0 switch#: 7 pipe 0 switch#: 15 

25 pipe 1 switch#: 12 pipe 1 switch #: 4 
pipe 2 switch#: 2 pipe 2 switch #: 10 
pipe 3 switch#: 13 pipe 3 switch #: 5 

input#: 124 input#: 252 
30 switch input port#: 12 switch input port#: 12 

pipe 0 switch#: 7 pipe 0 switch #: 15 
pipe 1 switch #: 11 pipe 1 switch #: 3 
pipe 2 switch #: 12 pipe 2 switch#: 4 
pipe 3 switch #: 2 pipe 3 switch #: 10 

35 
input#: 125 input#: 253 
switch input port #: 13 switch input port #: 13 
pipe 0 switch#: 7 pipe 0 switch#: 15 
pipe 1 switch#: 10 pipe 1 switch #: 2 

40 pipe 2 switch#: 14 pipe 2 switch #: 6 
pipe 3 switch #: 6 pipe 3 switch #: 14 

45 
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input#: 126 
switch input port#: 14 
pipe 0 switch #: 7 
pipe 1 switch #: 9 
pipe 2 switch #: 8 
pipe 3 switch #: 10 

input#: 127 
switch input port #: 15 
pipe 0 switch #: 7 
pipe 1 switch #: 8 
pipe 2 switch #: I 0 
pipe 3 switch #: 14 

60 
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input#: 254 
switch input port #: 14 

pipe 0 switch #: 15 
pipe 1 switch #: .1 
pipe 2 switch #: 0 
pipe 3 switch #: 2 

!ti: 

input#: 255 
switch input port #: 15 

pipe 0 switch #: 15 
pipe 1 switch#: 0. 
pipe 2 switch#: 2 
pipe 3 switch #: 6 

15 Thus, it will now be understood that there has been disclosed a physically 

realiz.able one terabit per second or more ATM packet switch which has a large 

number of inputs and a large number of outputs. This ATM switch architecture has 

multiple pipes and uses principles of independence, preferences, rolling and 

distributed control to keep A TM cell losses very low while achieving such large 

20 data throughputs. This ATM switch architecture is flexible and can support 

variable length packets and/or STM data by adjustments to the distributed control 

system, thereby allowing evolvable STM/ATM systems. 
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What is claimed is: 

l . A packet sv.:itch for switching a telecommunication packet from l 

plurality of input tines to a plurality of output lines, comprising: 

a plurality of input interfaces, each having a.ii input port connected to a 

5 rt:spective input line of said plurality of input lines: ans each of said input imerfaces 

having an output port;· 

a. network for switching a plurality ofI net'.vork input ports to a 

plurality of P network output ports; 

each of said plurality of input interface output ports is fanned out to a 

10 respective group of F of said 1 network input ports; 

said network having a plurality ofC pipes, where C is an integer of a 

value equal to P!I; 

a plurality of output modules, said output modules together having a 

plurality of inputs, each of said output module inputs collllected to respective network 

15 output port of said plurality of P network output ports, and together having a piurality 

of outputs. each of said output module outputs connected to a respective output line of 

said plurality of ou!J?11t lines; 

each pipe of said C pipes providing one path for switching a. respective 

telecommunication packet from each of the plurality oi inputs lines which is 

20 ccmnectable- to a respective output line of the plurality of output lines; and 

25 

means for bunting a respective path through said packet switch for 

each telecommunication packet with a low probability of blocking. 

2. The packet switch as set forth in claim 1, wherein said path hu.'lting 

means comprises: 

an out of band controller. 

3. The packet switch as set forth in claim 21 wherein: 

each of said input interfaces has a store for storing a 

telecommunication packet: and 

said out-c.f-band controJler rolls ~request for a path for the 

30 ielccom.~unicatlons packet wi:iich was unable to find an unblocked path through a 

.. -
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::. -rirst pipe to an input of a pipe controller of a second pipe und the telecommunications 

packet is stored in said input interface while the controller is hunting an unbtocked 

path. 

5 

10 

4. The packet switch as set forth in claim 2, wherein: 

each of said input interfaces has a store for storing a 
"N 

telecommunication packet; and 

said out-of-band controller re>lls a request for a path for the 

telecommunications packet which was unable to find an unblocked path through both 

a first pipe and a second pipe to an input of~ pipe controll_er of a third pipe and the 

telecommunication.packet is stored in said input interface while the controller is 

hunting an unblocked path. 

5. The packet switch as set forth in claim 2, wh_erein: 

each of said input interfaces has a store fol' storing a 

telecommunication packet; and 

15 said out-of-band controller rolls a request for a pa1h for the 

20 

tclecommlll'1Jcations packet which was unable to find an unblocked path through a 

frrst pipe, a second pipe and a third pipe to an input of a pipe controller of a fourth 

pipe and the teleconunu..'lkation packet is stored in said input interface while the 

controller is hunting an unblocked path. 

6. The packet switch as set forth in claim 2, wherein said out·of-band 

controller assigns an order of preference to A 1M cells to reduce a probability of 

losing an A TM cell by internal blocking. 

7. The packet switch as set forth in claim 2, wherein said out-of-band 

controller assigns an order of preference to.ATM cells, and rolls a request for a path 

25 for a telecommunications packet which was unable to find an unblock~ path through 

a fixst pipe to an input of a pipe controller of a second pipe. 

8. The packet switch as set forth in claim 2, wherein said out-of-band 

controller assigns an order of preference to A TM cells. and rolls a request for a path 

for a teiecommunicatio.os packet which was unable to find an unblocked path through 

30 a first pipe and a second pipe to an input of a pipe controller of a third pipe. 
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9. The packet switch as set forth in claim 2, wherein said uut-of:.bai~d 

controller assigns an or<ier ofpreforence to ATM cells. and rolls a request for a path 

for a teieccmmunications packet which was unable to fmd an unblocked path through 

a first pipe. a second pipe 3D.d a third pipe to an input of a pipe contro1Ier of a fourth 

5 ~~ ~ 

10 

15 

10. A packet switch for.switching teleconununication packetS, comprising: 

a network for switching a plurality of I inputs to a plurality of P 

outputs; 

said network. having a plurality of C pipes, where C is an integer of a 

value eaual to P/l · . ' 
each pipe having a respective partem of switching its inputs to its 

outputs; 

each patlern of switching of a pipe is independent of the patterns of 

switching of the other pipes; 

a pluraiity of output modules connected to said plurality of P outputs; 

and 

means ~br hu.i-iting :i path through said packet switch for a 

telecomrmmication packet. 

11. The packet s\\titch as set forth in claim I 0, wherein said path hunting 

20 means comprises: 

25 

an out of band controller. 

12. The packet switch as set forth in claim 11, wherein said out-of·band 

controller rolls a request for a path of a telecommunication packt!t which was unable 

to find an unblocked path through a first pipe to an input of a second pipe. 

13. The packet switch as set forth in claim 11, wherein said oul·of-band 

controller roils a request for a path of a telecommunication packet which was 'UD.able 

to :md an unblocked path through both a first pipe and a second pipe to an input of a 

pipe controller of a third pipe. 

14. The packet s" .. itch as set forth in claim 11, wherein said out-of-band 

30 r.:omroller rolls a request for a path of a telecommunication packet which was unable 
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to find ~ unblocked path throug}:. a first pipe, a s~cond pipe and a third pipe to au 

input of a pipe controller of a fourth pipe. 

15. The packet s"Witeh as set forth in claim ! 1, wherein said out-of-band 

controller l!Ssigns 3ll order of preference to A11'.1 cells to ·reduce a probability of 

5 losing an ATM cell by -. internal blocking. 

16. The packet switch as set fon:h in claim 11, wherein said out-of-band 

controUer assigns an order of pre.ference :o ATM cells, =ind roils a. request for a path of 

a telecommunications packet which was unable to find an unbl~cked path through a 

first pipe to an input Jf a pipe ctmtroller of a second pipe. 

10 17. Tite packet switch as set fon:..i in clafrn 11, wherein said out-of-band 

controller assigns an order oiprcference to ATM ceUs. and rolls a request for a pach of 

a telecummunication packet which was u11able to find an unblocked path through a 

first pipe and a second pipe to an input of a pipe controi!er of a third pipe. 

18. The packet s\\itch as set fonh in claim 1 l, wherein said out-ot:.band 

15 controller assigns an order of preference to ATM ceils, and rolls a request for a path of 

a telecommwrications packet which was unable to find an unblocked path through a 

first pipe, a second pi~e and a third pipe to an input of a fourth pipe. 

19. The paclcct sv.itch as set forth in claim 11~ wherein said out-of-band 

controller controls finds and establishes paths through said packet switch for the 

20 telecomnnmication packets. 

20. .~ATM switch for switching ATM packets, comprising: 

a pluraliiy of ATM interface cards, each having a respectivi: input 

connected to an A TM telecommunication line and an output; 

a network for switching a plurality of I inputs to a plurality of P 

25 outputs; 

said netv.-ork having a plurality ofF pipes. where Fis an integer of a 

vaiuc equal to P/I; 

each of sai<l outputs of said input interfaces is fanned out by a factor of 

F and connected a respective input of each of said F pipes: 

...... 

.. 



5 

. 10 

---------·--·-·-··· 

1111111111111 If fl 1111111111 
* C l M S * 

65 

each pipe having a respective paneL'll of switching irs inputs w irs 

outputs; 

each pattern of switching of a pipe is ind~pendent of the patte.."Tis of 

switching of the other pipes; 

a plurality of output modules cormected ~o said plurality of P outputs; . ~~ 

each of said output modules having a plurality of outputs; and 

means for hunting a path from an input of one of said plurality of input 

interfaces through said A TM switch for an ATM packet to a desired output of one of 

said plurality of output modules. 

21. The ATM switch according to claim 20, wherein an input interface of 

said plurality of input interfaces has a memory that stores an ATM packet for t"\Vo 

ATM packet periods to allow said means for hunting a path to hunt a path for an ATM 

packet which was blocked during the previous A TM packet period from an input of 

one of said piUI"'dlity of input interfaces through said ATM switch for an ATM packei 

15 to a desired output of one of said plurality of output modules during the next AT~ 

packet period. 

22. The ATM switch according to claim 21, wherein said ATM packet 

which was blocked during the previous ATM packet period is communicated through 

said A TM switch to its respective desired output of its output module in proper 

20 sequence without the use of a time stamp. 

25 

23. A method for cozmnunica.ting a teiecommunication packet through a 

packet s~itch having a plurality input interf aoes, each of said input interfaces having a 

store for storing a telecommunications packet , and a plurality of pipes, said method 

.::omprising the steps of: 

a. storing a telecommunication pack~t in an input interface; 

b. hunting during a first time period a non-blocked path for said 

telecommunication packet through a first pipe to an output module which is connected 

to a dcstL.J.ation output line; 

c. if a non-blocked path is found through said first pipe skipping to step 

30 k:- otheryJise coniinuing to step d.; 

... 
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d. lf a non-blocked path is not found through said first pipe, hunting 

during a s~ond time period a non-blocked path for said telecommunication packet 

through a second pipe to the output module which is connected to the destination 

output line ; 

e. if a non-blocked path is found through §aid ~econd pipe skipping to 

step k: otherwise continuing to step f; 

f. if a non-blocked path is not found through said second pipe in the 

second time period, hunting in a third time period a non-blocke~ path for said 

telecommunication packet through a third pipe to the outpJlt module which is 

10 connected to the destination output line; 

g. if a non-blocked path is found through said third pipe skipping to 

step k, otherwise continuing to step h; 

h. if a non-blocked path is not found through said third pipe :in the third 

time period. htmting in a fourth time period a non-blocked path for said 

15 telecommunication packet 1hrough a fourth pipe to the output module which is 

connected to the: destination output line; 

i. if a non-blocked path is found through said fourth pipe skipping to 

step k, otherwise continuing to step j; 

j. if a non-blocked path is not fowid through said fourth pipe in the 

20 fourth time period, clearing said telecommunication packet. from said input interface 

and losing said telecommunication packet; 

k. communicating said telecommunication packet from said input 

interface to an output module that is connected to the desired output line; and 

l. routing said telecommunication pack.et lhrough said output module 

25 to said desired output line. 

24. A method for communicating an ATM packet through a packet switch 

having a plurality input interfaces, each of !iaid input interfaces having a store for 

5tori:ng an ATM packet, and a plurality of pipes, said method comprising th.e steps of: 

a. communicating an AThf packet from an input line to an input 

30 1merface of said plurality of input interfaces~ 
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b. derermining from a header of said ATM packet a destination outpm 

line and forwarding said destlnaiion output line determination to an out-of-band 

controller; 

c. storing said A Thf packet in said input interface; 

d. hunting during a first half of a first AT.M packet time period a non-r. 

blocked path for said telecommunication packet through a first pipe to an output 

module which is connected to the destination output line; 

e. if a non-blocked path is found through said first pipe skipping to step 

m, otherwise contfuuing to step t; 
10 I: if a non-blocked path is not found through said first pipe, hunting 

during a second half of said first ATM packet time period a non-blocked path for said 

ATM packet through a second pipe to the output module which is connected to the 

destination output line ; 

g. if a non-blocked path is found through said second pipe skipping to 

15 step m, othervvise continuing to step h; 

h. if a non-blocked path is not found through said second pipe in the 

second half of said fi~t ATM packet time period, hunting in a first half of a second 

ATM packet time period a non-blocked- path for said A TM packet through a third 

pipe to the output module which is connected to the destination output line; 

20 i. if a non-blocked path is found through said third pipe skipping to 

step m, othernise continuing to step j; 

j. if a non-blocked path is not found through said third pipe in the first 

half of said second ATM packet time periodt hunting in a second half of said second 

ATM packet time period a non-blocked path for said ATM packet through a fourth 

25 pipe to the output module which is connected to the destination output line; 

k. if a non"blockcd path is found through said fourth pipe skipping to 

step ~ otherwise continuing to step l; 

t. if a non-blocked path is not found through said fourth pipe in ~he 

founb. time period, clearing said A TM packet from said input interface and losing said 

30 A TM packet; 
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m. communicati..."lg .said A 1M packet from said store of said input 

interface to said output module that is connected to said destination output line~ and 

n. routing said A TM packet through said output module to said 

destination output line. 

5 25. A method for communicating an AT!\J p~ket through a packet switch 

10 

having a plurality input interfaces, ~ch of said input interfaces having a store for 

storing an ATM packet , and a plurality of pipes, said method comprising the steps of: 

a. communicating an ATM packet from an input line to an input 

interface of said plurality of input interfaces; 

b. determining from a header of said ATM packet a destination output 

line and forwarding said destination output line detemtlnation to an out-of-band 

controller; 

c. storing said ATM pack.et in said input interface; 

d. buntir~ during a first half of a first ATM packet time period a non-

15 blocked path for said telecommunication packet through a first pipe to an output 

module which is connected to the destination output line; 

e. if a non-blocked path is found through said first pipe skipping to step 

m, otherwise continuing to step f; 

f. if a non-blocked path is not found through said first pipe, hunting 

20 during a second half of said :first A TM packet time period a non-blocked path for said 

ATM packet through a second pipe to the output module which is connected to the 

destination output line; 

g. if n non-blocked path is found through said second pipe skipping to 

step m. otherwise continuing to step h; 

25 h. if a non-blocked path is not found through said second pipe ir1 the 

second half of said first A™ packet time period, hunting in a first half of a second 

ATM packet time period a non-blocked path for said ATM packet through a thlrd 

pipe to the output module which is connected to the destination output line; 

i. if a non-biocked path is found through said third pipe skipping co 

30 step m, othenvise continuing to step j; 

... 
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j. if a non-blO'~ked path is net found through said third pi;>e in u~~ first 

haif of s~d second ATM packet time period . .trumi.'lg in a ·second half of said ~~c-ond 

A TM packet time period a non-blocked path for said ATl\.1 packet through a fou.-Jt 

pipe t0 the output module which is connec"ted to the destination output line; 

k. if a .non-blocked path is found through_s::ild fourth pipe skipping. to 
n 

step m. othen\'ise continuing to step I; 

I. if a non-blocked path is not found through said fourth pipe in the 

fourth time period, clearing said ATM packet :5:om said input intexface and losing said 

ATM packet; 

m. commurucnting said A 1M packet from said store of said inpu: 

imerface to said output module that is connected 10 said de~tination output iine; and 

n. routh1g said A Tivf packet through said output module to its 

destination output line such that said ATM packet is in an appropriate time seq:.ience 

\.Vi th respect to any other A TM packet that received by any of said p1uraEty of b.put 

15 int~rfaccs. during said first and second ATM packet f.Ine periods. 

26. A method for ~ommunicating a plurality of ATM packets from .l 

plurality of input lines through a packet SV1itch having a plurality input interlaces, 

ea.ch of said input interfaces having an input connected to a respective Lll.pu.t line of 

said plurality of input lines and a store for storing a respective ATM packet of :ll!d 

20 pluraiity of ATM packets, and a plurality of pipes, said method comprisL.1g the steps 

of: 

a. communicating each ATM pack.L."1 from an input line to a respective 

input interface of said pluraUty of input inter.fuces; 

b. determining from header data of each A TM packet a respective 

25 destination output line; 

c. assigning each A TM packet a first phase preference level that is 

different from another first phase preference level; 

d. communicating said first phase preforenc.e level :tlld saiJ destination 

output iine determination to an out-of-band controller; 

... 
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e. storing each A Tht packet in its input interface until it is 

communicated through one of said plurality of pipes or cleared; 

f. hunting during a first haif of a first ATM packet time period a non­

blocked path for said telecommunication packet through a first pipe to an output 

5 module :which is connected to the destination output line; .. 
e. if a non-blocked ~ath is found through said first pipe skipping to step 

m, otherwise continuing to !>1.ep f; 

f. if a non-blocked path is not found through said first pipe, hunting 

during a second half of said first ATM packe~ time period ~ non-blocked path for said 

1 O ATM packet through a second pipe to the output module which is connected to the 

destination output line ; 

g. if a non-blocked path is found through said second pipe skipping to 

step m, otherwise continuing to step h; 

h. if a non-blocked path is not found through said second pipe in the 

15 second half of said first A'IM packet time period, hunting in a first half of a second 

ATM packet time period a non-blocked path for said ATM packet through a third 

pipe to the output module which is connected to the destination output line; 

20 

i. if a non-blocked path is fowid through said third pipe skipping to 

step m. otherwise continwng to stepj; 

j. if a non-blocked path is not found through said third pipe in the first 

half of said second A TM packet time period, hunting in a second half of said second 

ATM packet time period a non-blocked path for said ATM packet through a fourth 

pipe to the output module which is connected to the destination output line; 

k. if a non-blocked path is found through said fourth pipe skipping to 

25 step m, otherwise continuing to step l; 

l. if a non-blocked path is not found through said fourth pipe in the 

fourth time period, clearing said ATM packet from said input interface and losing said 

ATMpackei; 

m. communicating said ATM packet from said store of said input 

30 interface to said output module that is cormected to said destination output line; and 

.. _ 
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n. routing said A TM packet through said output moduie to said 

destination output lio.e. 

27. A controller for a packet switch for locating a path for each 

telecommunication packet, comprising: 

5 memor; means for storing a busy-or-idle status for eai:h connection .. 
between a single stage switch fabric and a plurality of output modules; 

said memory means jg divided into a plurality of busy-or~idle status 

tables; and 

means for accessing each of said plurality of busy-or-idle status tables 

10 concurrently for locating the path for each telecommunication packet to the desired 

output module of said plurality of output modules. 

28. A controller for a packet switch having a-switch fabric !laving a 

plurality of pipes with each pipe having a plurality of crossbar switches for locming a 

path for each telecommunication packet, comprising: 

15 a plurality of pipe hunting controllers, with each of said pipe hunting 

20 

controllers controlling a respective pipe of said piu:rality of pipes; 
' each of said pipe hunting controller.> hayjng a plurality of crossbar 

svvitch controllers, \\ith each crossbar switch of a pipe having a resp~tive crossbar 

s~itch controller; 

a plurality of storage means for storing busy-or-idle tables; 

each of said plurality of stol"'clge means is associated '"ith a respective 

crossbar switch controller of said plurality of crossbar switch controllers Jnd stores a 

respective busy..or-idlc status table therefor; and 

means for accessing each of said busy-or-idle status ~bles 

25 concu.-rrently. 

29. The comroller for a packet switch as set forth in ciaim 28, wherein 

each of said busy-or-idle tables has a plurality ofhusy~or-idie status bits with ~~ch 

busy-or-idle sta:rus hit cotTesponding to a busy-or-idle status of a respcClive ou!put -:)f 

its respective crossbar switch. 

"t..o. 
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30. The controller for a packet S\11itch as set forth in claim 29, wherein 

each of scrid crossbar s-.vitch controllers processes its pJuritlity of busy-or-idle status 

bits concurrently. 

31. The controller for a packet switch as set forth in claim 29, wherein 

5 each b~-or-idle status bit is stored in a respective output controller corresponding to 

10 

15 

"k 

the respective output of its respective crossbar switch. 

32. The controller for a packet 8'\itch as set forth in claim 31, wherein 

each output controller processes one busy-or-idle bit for controlling its respective 

output for each packet processing time. 

33. A controller for a packet switch having a switch tabric having a lurality 

of pipes with each pipe having a plurality of crossbar switches for locating a path for 

each telecommunication packet, comprising: 

a plurality of pipe hunting controllers, with each of said pipe hunting 

controllers controlling a respective pipe of said plurality of pipes; 

each of said pipe hunting controllers having a plurality of crossbar 

switch contra Hers, with each crossbar switch of a pipe bei-ng controlled by its 
-· 

respective crossbar switch controller; 

a plurality of storage means for storing busy-or-idle tables; 

each of said plurality of storage means is associated with a respective 

20 crossbar switch controller of said plurality of LTOssbar switch controllers and stores a 

respective busy-or-idle table therefor; and 

25 

means for accessing each of said busy-or-idle status tables 

concurrently; wherein each of said storage means comprises: 

means for storing a busy-or-idle bit; 

means for reading said busy-or-idle bit from said storage means; 

means for logically operating on said busy-or-idle bit vdth a request bit 

to produce a resulting busy-or-idle bit that is stored in said storage means. a request­

out bit and a connect bir; and 

.. _ 
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said conn~~t bit causes a path to be connected u"irough its respect:ve 

crossbar s\liitch if said con."lect bit is set. 

34. The controller for a packet S\\itch as set forth in claim 33. further 

comprising: 

means for forwarding said request-out bit to another ('lf said plurality of 
"k 

storage means in another pipe to hunt a path where said request-out bit is inputted to a 

respective logical operating means of said another storage means and logically 

operated 011 with another busy-or-idle bit to produce a resulting busy-or-idle bit, 

another request-out bit and another connect bit. 

35. The controller for a packet switch as set forth in claim 33, wherein 

sixteen request bits are tnll'lS.IIliited as a request vec.-tor to sixteen storage means in 

parallel. 

36. A method for controlling a packet switch· having a switch fabric 

having a plurality of pipes with each pipe having a plurality of Nx.N crossbar 

15 S\liitches, and a plurality of output modules during each packet cycle period, 

comprising the steps of: 

setting all busy-or-idle bits to idle at a beginning of each packet cycle 

period; 

reading N busy-or-idle bits from a busy-or-idie memory of a crossbar 

20 switch controller in parallet as a busy·or-idle vector; 

performing parallel pipe hunting operatioas by logically combining 

said busy-or-idle vector and a first input request vector to produce a first updated 

busy-or-idle vector:. a connect vector and an output request vector; 

storing said updated busy-or·idle vector into the busy-or-idle me~ory 

25 in parallel; and 

forwarding said connect vector to a first crossbar switch of said 

plurality of crossbar switches to set a path from an input of said switch fabric to an 

output of said switch fabric for a packet. 

37. The method of claim 36 wherein the size of each of the Nx:t\ crossbar 

30 switches is J.6Xl6. 
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33 The method of claim 36 or 31, further comprising the step of: 

forwarding said output request vector which contains any unfulfilled 

requests from said input request vector to a second crossbar S\\itch controller in 

another pipe; 

using said output request vector as a secoz;d input request vector for a 
K 

second crossbar S,.\.itch of said pi urality of crossbar switches co1mected to and 

controlled by said second t:.TOssbar switch controller; 

reading N busy-or-idle bits from a busy-or-idle memory of said second 

crossbar switch controller in parallel; 

-· 10 performing paraUei pipe hunting operations logically 

combining said busy-or-idle vector and said input request vector prodll(,-ing a second 

updated busy-nr-idle vector, s second connect vector and a second output request 

vector; 

sioring said second updated busy-or-idle vector into the busy-or-idle 

15 memory of said second crossbar switch in para.He!; .'.llld 

fonvarding said second connect vector to said 

second crossbar switch to sel a path from an input of said switch fabric to an output of 

saicl switch fabric for a packet. 

39. The method of claim 36 or 37, wherein said performing par-ctllel pipe 

20 htm.ting operations step includes the step of concurrently processing N busy-id!e bits 

by providing N link controllers within each s\'litch contruller with each link controller 

processing busy~idle hits for a respective intennediatc link between the switch fabric 

and an output module of said plurality of output modules. 

40. A network for swit-:hing a plurality ofl inputs to a plurality of P 

25 outputs, comprising: 

its o-11rputs: 

a plurality of C pipes, where C is an integer of a value equal to Pll: 

each pipe having a respective pattern of connections from its inputs to 

each pattern of connections is independen~ of any other pattern of 

30 connections; and 

". 
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said independence of the patterns causes reductions in rhc imemai 

blocking rate of network. 

41. The apparatus ai; set forth in claim 10 or 40, wherein the independence 

of each of said patterns of connections is determined according to Galois field theory. 

5 42. For use in a telecommunication switch having N input lines and N 
"k 

output lines, a switchnetwmk, which has N inputs, P outputs and a fan-out ofF with 

F being equal to a ratio of PIN, comprising: 

a plurality of crossbar switches of number X, each having IIX inputs 

and l'/FX outputs arranged in a single stage, where XfF is an integer that is greater 

10 than 1; 

15 

20 

each of said N input lines fanning out to a respective F input of .said I 

input: 

each of said P outputs is collllected to a respective input of an output 

module of a pluraiity of output modules, 

each of said output modules is a buffered concentrator concentrating F 

inputs into a respective output line; and 

the number of inputs I/X of each crossbar s\\itch of said plurality of 

crossbar switches is less than the product of a number of input !in es N and ihe value 

of the fan-in F. 

43. The switch network according to claim 42, wherein 

the number of inputs I is an integer multiple of the number of input 

linesN. 

44. The switch network according to claim 42, wherein 

each crossbar switch of said plurality of crossbar switches is a 16xl 6 

25 crossbar switch. 

45. The switch network according to claim 42, wherein said plurs.iity of 

crossbar switches are divided into F pipes with each pipe having a respective 

connection thar is connectable from an input via one of said plurality of output 

modules to each of said N output lines. 
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46. The switch network according to claim 45, wherein each of said 

crossbar switches is an eiectronic device. 

4 7. The s'"itch network according to claim 45, wherein each of said 

switches is a photonic device. 

5 48. A single Stage switch fabric partitioned in19 multiple partitions, said 

10 

switch fabric having inputs to each partition produced according to a method 

comprising the steps of: 

representing each input port (I) by an eight-bit binary number (i7, i6, 

is. i4, i3, :!2, i 1, lo) which is designated S; 

representing each 16x16 crossbar switch S13 (I) to which the input port 

(I) is connected in partition e by a six-bit binary number (35, s4, s3, $2, s1, so) 0; 

and 

connecting each input port (1) to an input on a respective crossbar 

switch S0 (I) in each of said partitions according to Galois field theory to effectively 

15 reduce the ATM cell bloc.king probability thereof. 

20 

49. The ~inglc stage switch fabric as set forth in claim 48, wherein the 

mapping functions fo~.dctcrmining the connectians according to Galois field the~ry 

are: 

(s5, s4. s3, s2, s1, so) O=(O. O, i3, i1~ i1, io); 

(s5, s4, s3, s2' s1, so) I =(O, 1, i1 XOR i3, i6 XOR·i2, is, XOR i l, i4 XOR io); 

(s5, s4, s3, s2, s1. so)2=(1, 0, i1 XOR i2, i6 XOR il, is XOR io XOR i1, ~ 

XORi7)and 

(s5, s4, s3, s2, s1) 3=(1~ I, i7 XORi1, i6 XOR io XOR i1, is XOR i7 XORi2, 

i4 XORI2)' 

25 50. A switch fabric for use in a telecommunications having a plurality of 

input lines connected to a plurality ofline interfaces and a plurality of output lines 

connected to outputs of a plurality of output module~. said switch fabric comprising: 

a plura~ity of pipes with each pipe having a plurality of inputs, 'ivith 

each of said plurality of pipe inputs connecting to a respective output of said plurality 

... 
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ofline intcrface5 such that each of said tine interfaces has a fan-out equal to the 

number of said plurality of pipes; 

each of said pipes is a single stage netWork and provides a single path 

from any line interface output to an output line via an output module of the plurality 

of output modules; 

each of said output modules having a concentration ratio that is equal 

in number to the amount of the fan-out of the line interface outputs; and 

each path between an input line and its desired o~tput line is 

sufficientJy independent from the other paths through the other pipes between that 

1 0 input line and that desired output line that the probability of intemal block is Jow 

wherein reducing the number of paths available to connect any input 

line to any output line to the same as the number of pipes substantially reduces the 

number of active devices needed for connections '\\ithout ·an cquivaient rise in the 

internal blocking probability. 

15 51. A packet switch for switching circuit switched oommunications from a 

plurality of circuit switched input lines to a plurality of circuit switched output lines 

and packet switched c~mmunications from a plurality of packet switched input lines 

to a plurality of packet switched output Jines, comprising: 

a plurality of circuit switched input interfaces, each having an input 

20 port connected to a rcspectiYe circuit switched input line of said plurality of circuit 

switched input lines, and each of said circuit switched input interfaces having an 

output port; 

a plurality of packet switched input interfaces, each having an input 

port connected to a respective packet switched input line of said plurality of packet 

25 switched input lines, and each of said packet switched input interfaces having an 

output port; 

a single stage switch fabric having a piurality of input ports with a first 

portion of said input ports connected to respective output ports of said circuit switched 

input interfaces and a second portion of said input ports connected to respective 

30 output ports of said packet switched input interfaces; 

... 
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a plurality of circuit s'\\itched output moduies, said circuit switched 

output modules together having a plurality of inputs, each ·of said circuit switched 

output module inputs connected to respective output port of said first portion of said 

single stage switching fabric, and together having a plurality of outputs, each of said 

5 circuit switched output module outputs connected to a respective circuit switched 
"" output line of said plurality of circuit switched output lines; 

a plurality of packet switched output modules, said packet switched 

output modules together having a plurctlity of inputs, each of said packet switched 
-

output module inputs connected to respective _output port of_said second portion of 

1 o said single stage swj.tching fabric, and together having a plurality of outputs, each of 

said packet switched output module outputs connected to a respective packet switched 

output line of said plurality of packet switched output lines; 

means for hunting a path through said switch fabric to a d~i.red circuit 

switched output line for communication on each ci~uil switched input line; and 

15 means for hunting a path through said switch fabric to a desired packet 

20 

switched output line for a packet on each packet switched input line. 

52. The switch as set forth in claim 51, wherein: 

said circuit switched communication path hunting means includes a 

first out of band, controller; 

said packet switched communication path ~lUlting means includes a 

second out of band, controller; 

said sVvitch fabric is partitioned into multiple pipes; and 

said out-of-band controllers roll request~ which have been denied a 

path through a first pipe to a second pipe. 

25 53. The switch as set forth in claim 52, wherein said out-of-band 

controllers roll requests which have been denied a path through a first pipe and :i 

second pipe to a third pipe. 

54. The switch as set forth in claim 52. wherein said out-ot:..band 

controllers roll requests which have been denied a path t.1trough a .first pipe. a second 

30 pipe and a third pipe to a fourth pipe. 
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55. The svvitch as set forth in clain152, wh~rein said second out·of-band 

controller assigns a.'l order of preference to communication packets. 

56. The switch as set forth in claim 51, wherein a. size of said first portion 

of said switch fabric is in a range of zero to one hundred per cent. 

5 51. The switch as set. forth in claL"Il 56, wherein a length of each 
"# 

communicat.ion packet may vary from one packet to another. 

58. The switch as set forth in claim St, 52, 53, 54~ 55, 56 or 57, wherein a 

length. of each communication packet may vary from one pack.et to another. 

59. A packet switch as set forth in claims i or I 0, further comprising 

1 O a spare pipe for on-line replacement of any one of said C pipes which 

is faulty. 

60. A groVirable packet switch for switching packets of data from a 

plurality of input lines to a plurality of output lines, comprising: 

a plurality of input interfaces, each having an input port connected to a 

15 respective input line of said plurality of input Jines, and an omput port; 

20 

a single stage distribution network. for SVvitching a plurality ofl hipUt 

ports to a plurcility of L output ports; 

each of said input interfaces having a store therein for holding a packet 

of data until the pack.et of data is routed to the network; 

each of said plurality of input interface output ports fanning out to a 

respective group of F of said I input ports of said single stage distribution network; 

said single stage distribution network having a plurality of P partitions, 

where P is an integer; 

a plurality of output modules, said output modules together ha:ving a 

25 plurd.lity of inputs, each of said output modufo inputs connected to respective ciutput 

port of said plurality of L output ports, and together having a plurality of outputs, each 

of said output module outputs connected to a respective output line of said plurality of 

output lines; 

... 
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an out-of-ba.'l.d controller having a pl~"'ality of busy-idle memory units 

equal in number to the number of partitions P, each of said busy-idle memory units 

controls the routing of data packets through its respective partition; and 

each partition of said P partitions having at least one path from each of 

5 the plur~ity of inputs lines that is connectable to a respective output line of the 

plurality of output lines. 

61. The growable packet switch for switching packets of data from a 

plurality of input lines to a plurality of output lines according to claim 60, 

wherein each data packet routing request that is made in an i-th time 

· 1 o interval is completed in either the i-th time interval or in thC next subsequent time 

interval. 

62. The growable packet switch for switching packets of data from a 

plurality of input lines to a plurality of output lines accor:ding to claim 61, wherein 

each of said output modules takes data from its FIFOs such that a cell communicated 

15 via an input line in the i-th interval that was routed in the next interval after the i-th 

interval wiJl be output to the desired output line before any other cell that is 

communicated via said input line in any interval after the i-th interval. 

63. The growable packet switch for switching packets of data from a 

plurality of input lines to a plurality of output lines according to claim 61, wherein 

20 said single stage distribution network is a single electronic crossbar switch. 

64. The growable packet switch for switching packets of data from a 

plurality of input lines to a plurality of output lines according to claim 61, wherein 

said single stage distribution network is an isomorph of a single electronic crossbar 

switch which has a plurality of partitions and each partition is a single electronic 

25 crossbar switch. 

65. The growabie packet switch for switching packets of data from a 

plurality of input lines to a plurality of output lines according to claim 6 t, wherein 

said single stage distribution n~twork has a plurality of partitions and each partition 

has a plurality of electronic crossbar switches, and each partition has at least one path 

30 connectable between each input line and eac.h output line . 

... 
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66. The growable packet switeh for switching packets of data from a 

plurality of input lines to a plurality of output lines according to claim 61, wherein 

any routing request that arrived during the i-th interval attempts to locate an available 

path in the i-th interval or in the next stibsequent interval to the i-th.intervaf. 

6.7. A growable packet switch for switching p~ets of data from a 

plurality of input lines to a plurality of output lines according to claim 61, wherein 

any routing request that arrived dwing the i-th interVal and passes from busy-idle 

memory (P-1) to b'03Y-idle memory 0 attempts to Jocate available paths through the 

remaining parti'tions during the next interval after the i-th interval. 

68. A method for controlling paths for X ATM cells entering a growable 

packet switch during an i-th arrival interval that are destined to a common mxn output 

packet module with X>m~ comprising the steps of: 

routing m of said X A TM cells during an i~th routing interval; and 

rolling the remaining X-m of said X A TIA cells into a next routing 

15 interval for routing to the output packet module • 

...... .. 


