Architectural Choicesin Large
Scale ATM Switches

Jonathan Turner and Naoaki Yamanaka
WUCS 97-21

May 1, 1997

Department of Computer Science
Campus Box 1045

Washington University

One Brookings Drive

St. Louis, MO 63130-4899

ABSTRACT

The rapid development of Asynchronous Transfer Mode technology in the last 10-15 years has
stimulated renewed interest in the design and analysis of switching systems, leading to new ideas
for system designs and new insights into the performance and evaluation of such systems. ASATM
moves closer to realizing the vision of ubiquitous broadband ISDN services, the design of
switching systems takes on growing importance. This paper seeks to clarify the key architectural
issues for ATM switching system design and provides a survey of the current state-of-the-art.
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ABSTRACT

The rapid development of Asynchronous Transfer Mode technology in the last 10-15 years has
stimulated renewed interest in the design and analysis of switching systems, leading to new ideas
for system designs and new insights into the performance and evaluation of such systems. ASATM
moves closer to realizing the vision of ubiquitous broadband ISDN services, the design of
switching systems takes on growing importance. This paper seeks to clarify the key architectural
issues for ATM switching system design and provides a survey of the current state-of-the-art.

1. Intoduction

Switching systems are central components in communications networks and serve two central
purposes. First, they allow areduction in overall network costs by reducing the number and/or cost of the
transmission links required to enable a given population of users to communicate. Second, they enable
heterogeneity among terminals and transmission links, by providing a variety of interface types. ATM
networks have introduced a range of new issues into switching system design, but the principal ones arise
from two key features of ATM. Thefirst isits support of multi-rate virtual circuits with statistical
multiplexing for efficient transmission of multimedia and data traffic. The second isits support for
multicast virtual circuits which enable efficient transmission of information from a source to many
receivers. At the same time, switching systemsfor ATM, must address the fundamental issues of
scalability, reliability and cost-effectiveness. The pressure of the competing requirements on switching
systems, together with new opportunities created by advances in underlying technologies, have helped to
spark aremarkable period of creativity in switching system design.

Asthetitle of the paper suggests, we attach considerable importance to the issue of scalability in
ATM switch design. While one can build communication networks of arbitrary size using switching
systems of limited capacity, it turns out to be far more cost-effective to use switching systems that have
sufficient capacity to handle traffic from tens or hundreds of thousands of individual users. ASATM
networks are more widely deployed and approach the sort of ubiquitous usage that tel ephone networks
enjoy, there will be acompelling need for high capacity systems. Just as telephone switches require
capacities of 1-10 Gb/sto provide cost/effective service to large user populations, ATM switches
supporting applications using thousands of times the bandwidth of traditional voice services, will need



terabit per second capacities. Thisin turn demands
IPP CP OPP switch architectures with linear or near-linear scaling
OTI  characteristics.

There have been several prior surveys of ATM

switching that provide useful insightsinto thisfield. The
> I >  papers by Ahmadi and Denzel [AHM89] and Tobag
[TOB90] provide good coverage of the state-of-the-art
as of the 1990 time frame. The paper by Zegura
[ZEG93] introduces a systematic method for comparing
architectural alternativesin a quantitative fashion and
+D+£ mi > uses it to demonstrate substantial differencesin the

cost/performance of different switch architectures. In
addition, the book by DePrycker [DEP95] includes a
survey of arepresentative set of ATM switching system
designs and the collection of papers by Dhas, Konangi
and Sreetharan [DHA91] provides a good introduction to the literature.

Figure 1. Simple Bus-Based Switch

This paper seeks to place the key architectural issues raised by the design of ATM switching
systems into perspective. While we do not provide a comprehensive survey, we have sought to capture
the major ideas that have emerged from the switching research community in the last decade, and to fit
them into a framework that facilitates the comparison of different system designs. We group systemsinto
three major categories: single stage switching systems, buffered multistage systems and unbuffered
multistage systems. The succeeding sections of the paper are organized by these categories and within
each section, avariety of sub-categories are detailed.

2. Single Stage Switching Systems

Most ATM switches today use one of several single stage switching techniques. Single stage
switches are relatively simple, but are limited in the number of ports and total throughput that they can
support effectively. This section surveys the major categories of single stage switches and discusses the
key design and performance issues.

2.1. Busss

The most common form of switching system is built around a simple passive bus, asillustrated in
Figure 1. Arriving cellsfirst pass through an Input Transmission Interface (1T1), which converts the
(typically optical signal) to aparallel electronic form. Thisinvolves recovering timing information from
the encoded signal and presenting the decoded signal to the subsequent components. The Input Port
Processor (I1PP) implements the input processing functions at the ATM level. Thistypically involves
synchronizing the arriving data stream to the internal timing of the switch, checking for ATM header
errors and performing a routing table lookup based on the arriving cell’s VPI and VCI. Given this
information, the lookup yields an outgoing port number and anew VPl and VCI which replace the
original values of these fields as the cell is forwarded on the outgoing link. To transfer data to outputs,
IPPs contend for access to the bus (using one of a variety of bus-contention techniques) and then transmit
cellson the busin parallel form, using all w signal lines. Along with the received data, the IPP transmits
the number of the output port on which the cell isto be forwarded. The Output Port Processors (OPP)
compare the output port numbersin cells observed on the bus to their own addresses and buffer matching
cellsin aqueue prior to transmission. The OPP may implement a simple fifo, a collection of several fifos
with differing priorities or per virtual circuit queues. It may also implement one or more congestion



control mechanisms to improve queuing performance in the
Yy ) presence of bursty datatraffic. The Output Transmission

— % % <« |nterfaces (OTI) encode data for transmission and convert it
RI RI to optical form for transmission to distant switches and
~—| [T R s _IM [ terminals.
- % = % < In addition to the data path components emphasized in
- [ ~ T o Figure 1 aswitch must also have a Control Processor (CP)
vV KA which configures the | PP routing tables in response to user
: : requests. The CP istypically implemented as a general-
+' v $- A purp_os; proceso;] Wit(;] th(_e aEpropri gtehsoftw:rl_e to 'perform
terminal-to-switch and switch-to-switch signaling, in
> % RI RI % €~ addition to switch control and maintenance functions. In
~<—{ ([ _[I[I1] |- some systems, the CP is connected directly to the bus and

{ A I may also have a separate control bus connecting it to the
memory implementing each of the routing tables.

Alternatively, the CP may be connected to the system
through one of its external ports, and communicate control
information using ATM cells carried on a designated
VPI/VCI. Thisrequires that the |PPs and OPPs have the ability to interpret and respond to control cells
appropriately. In larger switching systems, multiple control processors may be required. The most
straightforward approach in this case is use a conventional shared memory multiprocessor.

Figure 2. Ring-Based Switch

To provide non-blocking communication, a bus supporting n ports, operating at adatarate of R bits
per second each, must provide a bandwidth of at least Rn bits per second. If the clock frequency used for
the busisr Hz, the bus width, w, must be at least Rn/r. For example, a system supporting 16 OC-3 links
with an internal clock rate of 40 MHz, requires abus width of about 64 bits. Notice that as the number of
portsin a system increases, both the number of ports connecting to the bus and the width of the bus must
increase. Thisyields a quadratic growth characteristic, making it uneconomical to implement very large
systems. Another problem with bus systemsis that as the number of ports connecting to a busincreases,
the capacitive loading on the signal lines grows, reducing the maximum clock frequency that can be
achieved (that is r shrinks with the capacitive loading). This means that the bus width must grow faster
than the port count in order to maintain sufficient bus bandwidth. There are techniques to reduce or
eliminate the impact of this capacitive |oading effect, but they are more complex to implement.

For smaller capacity switches (up to afew Gb/s), the bus-based architecture is very common. A
typical commercia system isthe ForeRunner ASX-200 made by Fore Systems [FOR97]. TranSwitch
produces and sells an integrated circuit that implements the | PP and OPP functions and the required bus-
interface logic for a bus-based switch. A detailed description can be found in reference [TRA96].

2.2. Rings

Figure 2 shows a single stage system implemented using aring. This system contains the same
components as the bus system described above, but replaces the bus with a ring-based interconnect. Each
IPP and OPP has an associated Ring Interface (RI), which is responsible for inserting data onto the ring
and removing data from the ring. The simplest ring protocol for ATM switches uses atime slotted
approach in which cells are sent on the ring synchronously during specified time slots, and a busy/idle bit
is used to indicate the availability or unavailability of a giventime sot. An IPP with a cell to send waits
for the start of atime slot in which the busy/idle bit indicates that the time slot is available, changes the
value of the bit to make the time slot busy and then transmits the cell within the time sot. OPPs compare



the output port number of
transmitted cells to their

64
I own address and copy
I S N 32 matching cells off the ring,
L T changing the value of the
— \\ 16 busy/idle bit to indicate that
g link rate/ the slot is now available.
eak rate
01 \\ 4 P Ring systems, like
cell logs rate=0.1 \ \ \ \ buses, have quadratic
2 growth characteristics, but
\ \ \ \ \ unlike buses, they are not
01 ) 1 1 further limited by capacitive
' , . loading effects. Because all
buffer size/burst size data transmission is point-to-
point, one can typically
Figure 3. Contour Plot of Cell Loss Rate operate rings with higher
(peak-to-avg=10, offered l0ad=0.6) clock frequencies than bus

systems implemented using

the same technology. This
can become a significant factor in systems with large numbers of ports. Rings do introduce some
additional latency, relative to buses, but for switching applications these latencies are typicaly fairly
modest. For example, aring supporting 16 OC-3 links with aring clock rate of 80 MHz and alatency of
two clock ticks per ring interface would have alatency of under one microsecond, which is about one
third the time required to transmit the cell on the external OC-3 link.

While rings are popular in local area networks and have advantages over busesin switch design,
they are not often used for this purpose. One system that does use aring for switching is described in
[TAKS8T7].

2.3. Queuing Issuesin Single Stage Switches

ATM networks are designed to handle a variety of different types of applications, including
applications with time-varying data rates. For applications in which the peak data rate is much larger than
the average datarate, statistical multiplexing is used to share the link bandwidth most efficiently among
the competing data streams. In single stage systems based on buses and rings, the queuing occurs
primarily at the OPPs. The amount of memory needed for efficient statistical multiplexing is highly
dependent on the ratio of the link rate to the peak transmission rate of individual streams. If thisratiois
high enough (say 20-to-1 or more), small buffers are sufficient. If theratio is small, the total buffer
requirement at an OPP is approximately 10 times the size of the average sustained data burst. Note, by
burst size we mean the size of an application-level burst of data, not the size of atransport level packet.
For an application such as interactive, high resolution image retrieval, burst sizes of 1 MB are typical,
leading to required buffer capacities of up to 10 MB, if the data transfer rates are high, relative to the link
rates.

Figure 3 isacontour plot showing how the cell loss rate varies as a function of the ratio of link rate
to peak virtua circuit rate, and as afunction of the ratio of burst size to buffer size. This plot was
produced by simulation of on-off bursty traffic with exponentially distributed holding timesin the on and
off states and an average traffic intensity equal to 60% of the link’ s capacity. Similar plots can be
produced for different holding time distributions, such as a*“heavy-tailed” distributions like the Pareto



distribution. The effect of changing to a Pareto distribution isto shift the place where the contours
intercept the horizontal axisto the right. There is no change in where the contours intercept the vertical
axis.

For systems in which large buffers are needed to obtain efficient statistical multiplexing, delay can
become a significant factor. This|leads to a requirement for multiple priority levels, to allow rea-time
traffic with limited rate variability to obtain access to the link without substantial queuing delays. Asa
result, switches will often have two or more service class specific queues in the OPP. Some systems go
further and provide per virtual circuit queues to ensure fair access to the output link for competing bursty
data sources. This adds some complexity to the output port processor but can be important for good
performance when the ratio of link rate to peak virtual circuit rate is small. Thisis most often the case
when the link rates are relatively low (150 Mb/s or less). Higher bandwidth links can often get by with
smaller amounts of buffering and less sophisticated buffering techniques.

2.4. Shared Memory

In bus or ring based switches in which large queuing memories are provided at the output ports to
ensure good statistical multiplexing performance, one observes that the average memory utilization is
usually quite low. This suggests that there is an opportunity for reducing the overall system cost by
sharing the memory among the various output ports, instead of dedicating it to each output. This can be
done by introducing a large shared memory connected to the bus or ring containing per-link or per-VC
gueues implemented as linked lists. Because thisimplies that cells must pass first from the input portsto
the shared memory and from there to the outputs, the bus/ring bandwidth must be doubled for
nonblocking switching and the memory bandwidth must be at |east as large as the bus/ring bandwidth.
While this can be difficult to achieve in larger, high speed systems, the cost-reduction available through
the sharing of the memory can be substantial. In typical cases, the amount of memory needed in a shared
buffer system isjust two to three times larger than the amount needed for a single output port in the case
of dedicated buffering. So in a 16 port OC-3 switch, we could reduce the buffer memory requirement by
afactor of 5to 8, at the cost of increasing the parallelism of the bus/ring from 64 to 128 and using a
memory subsystem with an aggregate bandwidth of at least 600 MB/s.

MMC Networks makes a set of chips that can be used for shared memory switches. A detailed
architectural description of a shared memory switch using these devices can be found in [MMC96].

2.5. Crossbars

The last major class of single stage switch is the crossbar, showing in Figure 4. A crossbar
comprises an array of crosspoints, which when closed, connect a horizontal data path to a vertical data
path, thereby creating a connection between an input port and an output port. Crossbar-based systems can
be significantly less expensive than bus or ring systems with equivalent performance because the
crossbar allows multiple data transfers to take place simultaneously between digjoint input/output pairs.
This means that each |PP (OPP) need only have the ability to send (receive) data at the rate of itsinput
(output) link times a small constant (called the speed advantage), whilein abus or ring system, it must
be able to send (receive) data at n timesthe link rate. The overall bandwidth of the crossbar must be at
least as large as the comparable bus or ring, but each IPP and OPP need not interface directly at the full
system bandwidth, allowing the overall system cost to be significantly reduced.

The speed advantage required in a crossbar system depends on the nature of the traffic and the
desired queuing behavior. If the queuing is to be done primarily at the outputs, the speed advantage must
be large enough so that contention for outputs, caused by the natural random timing of cell arrivals, does
not cause too many cells to accumulate at input ports. For bursty traffic with peak rates that are small



relative to the link rates, a modest speed

— L advantage (say 2) is sufficient. For larger
—| B “I[I[] > Peak rates, the speed advantage may need to
be increased to prevent significant queuing at
the input ports. References [GEN94, DOI92,
Y AM94] describe crossbar-based switches
that use a speed advantage to reduce or
eliminate output contention. The knockout
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==== switch described in [Y EH87] also addresses
—> B=EH P _[ITI0] | output contention by increasing the
It T bandwidth of the data path from the crossbar

to the OPPs. In this case however, thereis no
central controller. Instead, there is a knockout
concentrator for each output, which accepts
Figure 4. Crossbar-based Switch cells from any of the inputs and concentrates
them onto a smaller number of outputs
(typically 8), whichin turn feed into the output buffer in the OPP.

Control

Some switch designers seek to avoid the requirement for an output speedup by providing cell buffers
at each crosspoint of the crossbar. If sufficient buffering is provided in the crossbar, head-of-line
blocking can be avoided in the |PPs and the buffers storing cells for any particular output compete for
that output’ s bandwidth, independently of al other outputs. Examples of such designs can be found in
[NOJ87, OKI197, TOM93, TOM95, TOM 95, TOM92]. Because this approach dramatically increases the
complexity of the crosspoints, the number of which grows quadratically with the number of switch ports,
it becomes prohibitively expensive (in comparison to aternative designs) for al but the smallest
configurations.

Another way to avoid the need for a speed advantage in the crossbar isto queue at the input ports
instead of at the outputs. However, to achieve efficient system operation, one cannot use asingle fifo
input queue, since this leads to head-of-line blocking. There are several alternativesto a single input
gueue. The most effective is to maintain a separate linked-list queue for each output port, or each virtual
circuit. Another benefit of input buffering isthat it does allow a certain amount of buffer sharing,
reducing the memory requirements, relative to a system using output queuing or crosspoint queueing.
Examples of designs of this sort can be found in [LOC95, KAT96a, KAT96b, MCK96a, MCK96b,
SCH91].

The control of crossbar systemsis significantly more complex than for bus or ring systems.
Typically, IPPs signal to a central crossbar controller, which output or outputs they have cells for, and the
controller matches inputs to outputs so as to maximize the number of cells that can be switched in the
upcoming data transfer cycle, configures the crosspoints appropriately and informs each selected | PP of
which output it has been connected to. The IPPs may include a priority for each requested output
(typically these are dynamic priorities that depend on the number of cells that each IPP has waiting for
the requested output). In this case, the controller seeks to maximize the sum of the priorities of the cells
selected for transmission. The problem that must be solved by the controller isa maximum matching
problem. While exact algorithms for both the weighted and unweighted versions of the problem are
known, they are computationally too expensive to use in most switching applications. Consequently,
various approximate matching algorithms are generally substituted. While these produce good resultsin
typical situations, they can produce matchings that are significantly sub-optimal in the worst-case.



2.6. Multicagting in Single Stage Switches

Animportant feature of ATM networks istheir ability to support multicast virtual circuits for
communication among groups of arbitrary size. A simple one-to-many multicast enables data
transmission from a source to many receivers. Many-to-many multicasts are also possible, athough not
currently supported by standards. For switches with a moderate number of ports, multicast can be
implemented by including abit vector in the routing tablesin the | PP, with one bit for each output port.
When an IPP transfers a cell on the bus or ring, it includes the bit vector with the cell. OPP;, upon
receiving the cell, checks bit i of the bit vector and copies the cell to its output queueif the bit is set.
Otherwise it ignores the cell. This approach, while very simple, has the drawback that it resultsin every
copy of the cell having the same VPI/VCI combination. This complicates the switch control software
considerably and can lead to call blocking due to clashes on the VPI/VCI vaues. This can be corrected
by adding routing tables to each of the output ports, containing new VPI/VCI values for the outgoing
cells. Typically, these tables are indexed using a Multicast Identifier obtained from the IPP routing table.
In this case, each output routing table contains an entry for every multicast identifier, including those for
which it does not actually forward cells. This leads to inefficient use of memory (potentialy, this
approach uses nearly n times the memory required for point-to-point switching), which can be avoided by
using a Content Addressable Memory (CAM) instead of a simple lookup table.

In shared memory switches, arriving multicast cells must be included in the linked list output queues
for all the output links on which the cell isto be sent. When acell arrives at an IPP, it istransferred on
the bus or ring to the shared buffer, copied into memory and then a pointer to the stored cell isincluded
in the linked list for each of the outputs which isto get a copy. The transglation from multicast identifier
to outgoing VPI/VCI can be done when the cell is read from each output queue on which it is placed.
Again, this can be done with either a simple lookup table or a CAM.

For crosshar switches, multicast forwarding raises some more difficult issues. First, the crossbar
controller must be able to accept requests to send asingle cell to an arbitrary subset of the outputs rather
than to just a single output. This requires that an PP with a multicast cell to send provide a bit vector
indicating which outputs it needs. If two contending multicast cells have some but not all outputsin
common, efficient system operation requires immediate forwarding of as many copies as can be sent,
without waiting for those that must be held back due to the conflict. Thisin turn, means that |PPs must
keep track of which outputs a given multicast cell has been forwarded to, so that subsequent transmission
attempts target only the ones that have yet to receive a copy. In systems using input queuing, queue
management for multicast connections can be complex, if one seeks to prevent a busy output port from
slowing the transmission of copies of multicast cellsto less busy ports.

2.7. Scaling Up Using Port Multiplexing

One way to build switching systems handling larger numbers of externa linksisto multiplex
multiple external links onto a single higher speed link and then use a single stage switch whose ports
operate at the higher speed. This approach is used in anumber of ATM switches, which are designed for
external links of 150 Mb/s but which internally use single stage switches capable of data rates of 600
Mb/s. One example is the Fore Systems ASX 200 [FOR96]. For any given circuit technology, thereisa
limit to the applicability of this technique, but within its range of applicability it offers the most cost-
effective way to scale up to larger sizes.
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Figure 5. Buffered Multistage Networks

3. Buffered M ultistage Switches

Single stage switching techniques are inherently limited by their quadratic complexity growth.
While the use of ahigher speed core to handle lower speed ports provides some relief, for any given
technology, there comes a point where greater amounts of parallelism are needed to obtain higher
throughput. For systems implemented using modern CMOS integrated circuits, buffered multistage
networks are among the most attractive. An example of a buffered multistage network is shown in Figure
5. Each of the switch elements used to construct the network can store some (usually modest) number of
cellsinitsinternal buffers. Queues can be located on the input side, output side or can be shared. There
are two main classes of systems; those that use dynamic routing and those that use static routing. In
systems that use dynamic routing, each cell is routed independently, spreading the traffic as evenly as
possible among all the different paths between any given pair of input and output ports. In static routing
systems, all cellsin agiven virtual circuit follow the same path through the multistage network. Static
routing networks maintain cell ordering directly, but require explicit path selection and are far more
subject to virtua circuit blocking. Dynamic routing networks require the use of some other mechanism to
restore cell ordering, after cells emerge from the interconnection network. Typically this involves some
form of resequencing buffer.

3.1. Dynamic Routing

I nterconnection networks based on dynamic routing are among the most cost-effective alternatives
for large switches. Perhaps the most popular topology for dynamic routing networks is the Benes
network, B, 4 (the subscript nisthe number of input and output ports that the interconnection network
has, the subscript d is the number of inputs and outputs of the switch elements used to construct the
network). The Benes network is constructed recursively. For n=d, it consists of asingle d input, d output
switch element. For n=d?, it has three stages, with d switch elementsin each stage and asingle link
connecting each pair of switchesin consecutive stages (the network in Figure 5 is a Benes network with
n=16 and d=4). When used to implement an ATM interconnection network with dynamic routing, the
first stage distributes arriving cells across all switches in the middle stage to balance the load. The second
and third stages route cells to the output, using an output port number inserted in the cell header by the
input port processor. This output port number isinterpreted as apair of base d digits, reducing the



routing process to a straightforward selection of one of d outputsin each of the last two stages. The
Benes network topology generalizes naturally to five, seven or more stages. To construct a network with
n=d", one first constructs d networks with n=d“*; these subnetworks form the central stages of the
network being constructed. The central subnetworks are then preceded by afirst stage with d* switch
elements, each of which islinked to all of the central subnetworks. The central networks are smilarly
followed by alast stage with d“* switch elements, each of which islinked to all of the central
subnetworks. The resulting network has 2k-1 stages, altogether. Thefirst k-1 of these stages distribute
cells to balance the overall system load, while the last k route cells using successive base d digits of the
cells' output port numbers.

The Benes network is particularly attractive for dynamic routing networks because under dynamic
routing, the average load on itsinternal links is guaranteed to be no larger than the maximum load on its
inputs or outputs. This means that excellent performance can be obtained with internal link bandwidths
that are not be substantially larger than those of the external links. As with asingle stage crossbar, some
speed advantage may be needed to handle bursty traffic with high peak data rates. Because the traffic
distribution reduces the effect of high peak rates on the Benes network’ s internal links, it is usually
sufficient to provide this speed advantage only at the very last stage of the network, on the data paths
joining the last stage switch elements with the OPPs.

One drawback of the Benes network is that it must be expanded in fairly large increments (factors of
d). When d islarger than 2, this can be a substantial constraint. Fortunately, the topology can be easily
generalized to alow expansion in smaller steps. Moreover, with some care in the design of the switch
elements, these networks can be designed to allow expansion while the system is in operation.

One issue with networks that use dynamic routing is that cells can get out of order as they pass
through the system. This requires the addition of a resequencing buffer to each OPP, to restore the
correct cell ordering. While avariety of resequencer designs are possible, the smplest approach isto use
time-based resequencing in which cells are time-stamped when they enter the interconnection network
and the OPPs use the time stamp information to determine the time cells have spent in the
interconnection network, allowing them to reorder the arriving cells back into the correct sequence. Cells
that pass through the network quickly are delayed in the resequencing buffer in order to give “slower”
cells an opportunity to catch up. This means that the resequencing buffer does introduce some added
delay, increasing the minimum latency of the system, but simultaneously reducing the cell delay
variation. For systems with up to about 1000 ports, a resequencing buffer of between 50 and 100 cells
can be sufficient to reduce the probability of out-of-sequence cellsto very low levels.

Systems using buffered multistage networks with dynamic routing have been built by Alcatel
[DEP87a, DEP87b, DEP90, HEN90, HEN92], CSELT [BOS96, COL94, CLA9%4, L1C96] and
Washington University [CHA97, TUR88, TUR94].

3.2. Static Routing

Static routing networks operate similarly to dynamic routing networks, except that all cellsina
given virtual circuit are constrained to follow the same path. The routing lookup performed in IPPs of
static routing networks, inserts a path specification into the cell headers of arriving cells, rather than just
output port numbers. The successive digits of acell’ s path specification are used to select output portsin
the sequence of switch elements that the cell passes through. A variety of interconnection topologies can
be used, including the Benes network. One of the most popular alternativesis athree stage Clos network
which issimilar to the three stage Benes network but uses asymmetric switch elementsin the first and
third stages. In particular, the switch elements in the first stage have d inputs and r outputs, while those in



the third stage haver inputsand d outputs. The r middle stage switches have an equal number of inputs
and outputs, typically d, but not necessarily.

When anew virtual circuit is to be added from some input port x to some output port y of a static
routing network, the control processor managing the switching system must find some path through the
network with sufficient unused bandwidth on each of its links to accommodate the new virtual circuit.
For the three stage Clos network, this can require checking r pairs of links, to determineif they can
accommodate the addition of the new virtual circuit. If none of the potentia paths has enough unused
capacity, the virtual circuit request is blocked.

If one abstracts the bandwidth requirements of avirtual circuit asasingle scalar value, one can
derive conditions under which a network is nonblocking. For the three stage Clos network, blocking can
be avoided if the following inequality is satisfied.

r> 2{ pd - Bw -2
B

In this expression, B isthe ratio of the bandwidth of the external links to the bandwidth of the internal
data paths (the reciprocal of the speed advantage) and B is the ratio of the maximum rate of any single
virtual circuit to the bandwidth of the internal data paths. (For example, a system with 2.4 Gb/s external
interfaces and internal data paths of 4.8 Gb/swill have B=1/2. If the users whose virtual circuits are
routed through this switching system all have access links that operate at 150 Mb/s, then B=1/32.) If 3
and B are both %2, the number of middle stage switches needed to avoid blocking is 2d-3.

Similar results can be obtained for networks with more than three stages. In particular, a Benes
network is nonblocking for static routing if
@p)=z@-2/d)yB/B)+(2/d)1+((d-D(k-1)
where k =logy n and nisthe number of ports. In general, the speed advantage needed to make the Benes

network nonblocking is between k and 2k-1 and approaches (B/b)+2k-2 for larger values of d. This
contrasts sharply with the case of dynamic routing which requires no speed advantage to make the
network nonblocking, although, as discussed in the next sub-section, some speed advantage (generally
much smaller) is heeded for good queuing performance in both cases. In systemsthat are already
operating at the maximum clock rate that the given technology can support, increasing speed advantage
must be obtained by increasing the amount of parallelism in the system (typically by increasing data path
widths). Thisleads to a proportional increase in cost, making it advantageous to keep the required speed
advantage as low as possible.

CNET [DEV88] designed and implemented the first ATM switch using static routing. Similar
systems were later produced by NEC [SUZ89], Fujitsu [YOS96], Hitachi [KOZ91, KUW89] and IBM
[DEN91]. Virtual circuit blocking analyses for this class of systems can be found in [MEL89, MEL93].

3.3. Queuing Performance of Buffered Multistage Switches

The queuing performance of buffered multistage interconnection networks is the second key
performance issue for this class of systems. The design parameters that have the most impact on
performance are the speed advantage, the dimensions of the switch elements, their queue organization
and queue size and the presence or absence of inter-stage flow control. In general, large switch elements
with shared queues and inter-stage flow control give the best performance for a given total amount of
buffering. For uniform random traffic, a system with shared buffer switch elements with eight or more
inputs and outputs and four buffer slots per input and output, can handle fully loaded input and output
linksif the interconnection network has a speed advantage of about 1.25 or more.
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There has been only limited study of the performance of this class of systems for time-dependent
traffic, and the models used for these analyses are not completely realistic. However, there are some
general observations that can be made. Systems using a Benes network with dynamic routing can
generally handle any time-dependent traffic for which the instantaneous load does not exceed the
bandwidth of the interfaces between the last stage switch elements and the OPPs. Consequently, if one
can ensure that such overloads occur very rarely or not at all, one can be assured of excellent queuing
performance with only a small speed advantage. Determining the probability than an interfaceis
overloaded at any random instant is easy to determine for awide variety of multiplexed data streams with
time-dependent behavior, using direct numerical convolution of the individual sources' rate distributions.
In general, overload probabilities are small, even for average external link loads closeto 1, when the
ratio of the peak bandwidths of individual virtual circuitsis small relative to the interface rate. Where
this condition is not met, one must increase the speed advantage at the output interface to reduce the
overload probability to acceptably small levels. However, it is not necessary to increase the speed
advantage throughout the interconnection network. One can eliminate the possibility of overloading the
interface between the last stage and the OPP by implementing per virtual circuit flow control
mechanisms between the OPPs and the | PPs. This adds significant complexity to the |PP and OPP,
although the memory needed for the flow control state information and | PP buffering need not be
impractically large in absolute terms.

For networks that use static routing, the queuing performance in the presence of time-dependent
traffic is somewhat more problematical. In these systems, congestion can occur on any inter-stage link in
the interconnection network. There are essentially three ways to address the congestion issue. First, one
can ensure that it occursrarely by limiting both the average total traffic on any link and/or the ratio of the
link rate to the peak rates of individual virtual circuits. The second way to address congestion isto
provide sufficient buffering at each switch element to handle typical data bursts. For virtual circuits
whose peak rates are large, the buffer sizes must be at least comparable to the size of average length
bursts. For large buffers, one must have separate queues for different classes of traffic, in order to
prevent real-time traffic from being excessively delayed by bursty data traffic. The third approach to
controlling congestion in multistage networks using static routing is to employ more sophisticated flow
control mechanisms between stages. The most effective approach is to have a separate queue for each
virtual circuit that passes through the given switch element. In this approach, a switch element with a
congested output link signalsto its upstream neighbors, blocking new cell transmissions for all virtual
circuits using the congested link. These signals can be propagated backward through successive stages of
the network to the IPPs, where larger buffers are typically available for storing bursts.

References [BIA93, COL96, GIA94, JEN83, LUC94, PAT94, SZY 89, TUR93b] provide a sampling
of the literature on the queuing performance of buffered multistage networks.

3.4. Multicasting in Buffered Multistage Switches

Multistage networks using dynamic or static routing can be extended in afairly direct way to
support multicast communication. For systems that are not too large, or that involve only small multicast
connections, the set of all outputs for a cell can be encoded and placed in the cell header at an IPP and
used by switch elements to guide the process of routing and copying cells to the required outputs. In
general, multicasts for any collection of output sets that can be conveniently encoded using a modest
number of bits can be handled in thisway. For greatest flexibility, systems need to be capable of labeling
different output copies of a given multicast cell with distinct VPI/V CI values. Thisrequires that |PPs
insert Multicast Identifiers (M1) into cell headers when cells belonging to multicast virtual circuits arrive
at input ports. These are used by OPPs to select the proper outgoing VPI/V Cl values from multicast
routing tables.
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Figure 6. Multicasting in Buffered Multistage Networks

For large systems that must be able to support arbitrary multicasts, a more general techniqueis
needed. For dynamic networks, one method is to augment switch elements with multicast routing tables,
indexed by the Multicast Identifier (MI1). Switch elements use MIsto select routing table entries that
specify the set of switch element outputs an arriving cell should be forwarded to. If a Benes
interconnection network is used, routing tables are needed in the last k stages of a 2k-1 stage network.
Thefirst k-1 stages need only do dynamic load balancing, as in the case of point-to-point cells. Because
dynamic routing networks can route cells belonging to a given multicast virtual circuit through any part
of the interconnection network, the routing information must be replicated multiple times. This
redundancy increases the routing table memory requirements significantly and limits the number of
distinct multicast virtual circuitsthat it is practical to implement using this approach. The system
developed by Alcatel [DEP87a, DEP87b, DEP90, HEN90O, HEN92] uses this method.

Similar techniques can be used for static routing networks, as shown in Figure 6. In this case routing
tables are needed at every stage of a multistage network. Asin the case of dynamic routing networks, an
MI can be used to determine the set of output ports a given multicast cell should be forwarded to.
Alternatively, the routing table entries may be selected using arriving cells' VPI/VCI vaues, and the
entries can specify both the set of outputs to receive copies and the VPI/V CI values to be assigned to the
outgoing copies on each of that switch element’ s outgoing links. This latter approach can require fewer
total routing table entriesin large configurations but is somewhat more complex to manage.

For static routing networks, the introduction of multicast can have alarge impact on virtual circuit
blocking performance. The best possible blocking performance is obtained in these networks when the
branching required for multicast connections occurs as close as possible to the OPPs. This minimizes the
use of interconnection bandwidth by multicast connections. Unfortunately, under worst-case conditions,
endpoint additions and deletions can lead to a situation in which many multicast virtual circuits branch at
early stages, making it more difficult to add new connections or augment existing multicast connections.
To prevent blocking, one must increase the interconnection network’ s speed advantage by alarge factor.
For the Clos network, the following inequality must be satisfied to make the network nonblocking.

12
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A speed advantage of (1/d)(n+ (1+(d —1)(k —1)) - (B/ B)) is needed to make the Benes network

nonblocking. In some situations, lower costs can be realized by sacrificing the strict nonblocking
property. Networks that are reroutably nonblocking alow any new virtual circuit to be setup without
rearranging any existing ones, but may require rerouting a given multicast virtual circuit when adding a
new endpoint to it. Networks satisfying this property require much smaller speed advantages than strictly
nonblocking networks and may be acceptable in many practical situations.

For both static and dynamic routing networks, the amount of memory needed for multicast routing
can become excessive, particularly in larger system configurations. For this reason, alternative
approaches have been developed that can reduce the total amount of routing memory required and
simplify the operational aspects of the system. One class of approaches uses atwo part interconnection
network in which the first part (the copy network) produces copies of multicast cells, while the latter part
(the routing network) routes the copies to the desired outputs. Multicast routing tables are positioned
between these two sections, but are not needed at every switch element. See [TURS8] for an example of a
system of this type. One way to implement this class of systemsisto have IPPsinsert an M1 and a pair of
copy network output numbers in the headers of cells belonging to multicast virtual circuits. The copy
network uses the pair of specified output numbersto control the copy process, delivering copiesto all
output portsin the range bounded by the specified pair of outputs. When cells arrive at the multicast
routing table between the copy and routing networks, the M1 is used to select atable entry specifying the
OPP that a particular copy isto be forwarded to and the VPI/VCI to be included with the cell wheniitis
forwarded on the outgoing link. In the case of dynamic routing networks, the copies of different multicast
cellsin the same virtual circuit can be sent to different sets of copy network outputsin order to balance
the load across al the copy network outputs. Load balancing makesit possible to build systems with a
smaller internal speed advantage than would otherwise be required, but comes at the expense of larger
numbers of multicast routing table entries than would be needed without load balancing. One can trade
off these two factors to provide the best combination for a given system configuration.

13
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In some situations, one can reduce the cost of the system by combining the functions of the copy and
routing networks into a single network that is capable of doing both functions. In such a system, cells
belonging to point-to-point virtual circuits are routed through the network to the desired output in a
single pass, exactly asin a system supporting only point-to-point virtual circuits. Cells belonging to
multicast virtual circuits are handled in two passes through the network. The required number of copies
is produced on the first pass, and then the copies are sent through the network again, with each copy
forwarded to its required output link. This requires a recycling data path between each OPP and its
corresponding |PP. Multicast cells arriving at an OPP are passed along the recycling path to the PP,
which includes a multicast routing table that specifies the output port and VPI/VCI to be used for a
particular copy. This multicast routing table can be combined with the virtual path/circuit tranglation
table that the IPP uses for cells arriving on its external link.

The most cost effective system architectures for large-scale multicasting extend this two pass
processing to multiple passes, with a bounded number of copies being made on each pass. In the case of
binary copying, two copies of an original multicast cell are produced in one pass through the network.
When cells belonging to a multicast virtual circuit arrive at an | PP from the external link, the | PP table
lookup produces two output port numbers and two VPI/V CI fields. These are inserted in the cell header,
asthe cell is sent to the interconnection network. The interconnection network (which can use either
static or dynamic routing), delivers a copy to each of the specified outputs and then each copy is either
forwarded on its external link or passed along the recycling path to the IPP, where it passes through
another lookup table, acquiring two new output port numbers and VPI/VCI fields. If both copiesmade in
the first pass are recycled to their corresponding | PPs, then they can each produce two copiesin the
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second pass, leading to four copies of the original cell, after two passes through the network. If all four of
these copies are recycled, eight copies are produced on the third pass and in general F copies can be
produced in log,F passes. The combination of binary copying, cell recycling and a dynamic routing
Benes network yields a system with optimal scaling characteristics. That is, the complexity of the
interconnection network grows in proportion to nlog n and the number of routing table entries required
for multicast is no larger than isrequired for purely point-to-point virtual circuits (although the entries
are somewhat larger). Thistechnique for multicasting is used in the system described in references
[CHA97, TUR94].

4. Non-Buffered Multistage Switches

The cell buffers used to resolve contention in buffered multistage networks contribute significantly
to their cost, motivating different approaches that attempt to resolve contention in other ways. For ATM,
these approaches have not proved to be competitive with the buffered multistage networks, when both are
implemented with a high density circuit technology like CMOS. Thisis because while systems in this
class generally require less circuit areafor logic devices, they also require either substantially higher
bandwidths or increased interconnection wiring, both within and between chips. However they could
become competitive in the future, in the context of either higher speed, lower density circuit technologies
or larger cell sizesthat increase the relative cost of buffered multistage networks.

4.1. Contend and Repeat

The simplest class of non-buffered multistage switches uses a simple “ contend-and-repeat” strategy.
As an example, consider asystem with a 2k-1 stage Benes network topology, in which the individual
switch elementsinclude a crossbar and crossbar controller. Inthefirst k-1 stages, the crossbar controllers
simply configure the crossbar randomly so that arriving cells are distributed evenly across the whole
network. In the last k stages, cells are routed to the output specified in their cell headers. If two cells
arriving at a particular switch element contend for the same output, one of them is forwarded to the
regquested output, while the other is simply discarded. Cells are typically delayed by just afew clock ticks
a each stage, allowing the first part of a cell to emerge from the interconnection network while the last
part is still being sent by the IPP. When a cell arrives at its destination OPP, the OPP returns an
acknowledgement signal which flows back through the network along the path taken by the cell, but in
the reverse direction, using a circuit path set up as a side effect of the cell routing process. If an IPP fails
to receive an acknowledgement signal when expected, it concludes that the cell was discarded and tries
again on the next operational cycle. In order to handle fully loaded external links, such systems must be
engineered with a substantial speed advantage relative to the external links. For typical configurations,
the required speed advantage is in the range of three to five. While this can represent a significant cost
factor, it can be acceptable in the context of higher speed circuit technologies. Newman describes a
system of thistypein [NEW88].
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Figure 8. Tandem Banyan Network

There are many variations on the basic approach described above. All require some mechanism for
increasing the overall system bandwidth. In some cases, thisis done by linking switch elements with
multiple parallel links, rather than a single higher speed link (networks of this sort are called dilated
networks). In other cases, parallel switch planes are used, with input traffic being distributed over the
different parallel switch planes. While these alternatives may offer advantages in particular situations,
noneis clearly superior to the simpler approach described above.

4.2. Deflection Routing

In systems using the contend-and-repeat paradigm, only one of multiple competing cellsis
propagated beyond a contention point. Deflection routing networks alow both “winning” and “losing”
cellsto propagate past a contention point, making it possible for the losers to reach the desired output by
an aternative path. A simple example of a network of this type is the tandem banyan network, illustrated
in Figure 8. In this system, several banyan networks are cascaded in series and cells can exit to the
desired OPP at the output of any one of the component networks. When a cell loses a contention in any
of the banyan networks, amarker bit in its header is set and subsequent switch elements passit on, using
any available output. A cell arriving at the output of a banyan network with its marker bit cleared is
passed to the OPP at that point. Cells with the marker bit set are propagated to the next banyan network,
with the marker bit is cleared. As cells propagate through the series of banyan networks, the traffic drops,
increasing each cell’ s chance of successfully reaching the required OPP. Of course, eveniif alarge
number of banyan networks are used, there remains some non-zero probability that a cell will lose a
contention in the last banyan network. If this probability islow enough, it may be acceptable to drop the
cell at that point. Alternatively, it can be recirculated back to the input of the last network, and retried at
this point.

The tandem banyan network is described in [TOB91]. Another deflection routing architecture,
called Shuffleout is described in [DEC91a, DEC91b].
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4.3. Sorting Networks

Sorting networks can be used to implement ATM switches that are contention-free, so long as the
arriving cells are all addressed to distinct outputs. The most popular sorting network is Batcher’ s bitonic
sorter [BAT69], an example of which isillustrated in Figure 9. In thisfigure, cells are indicated by the
small boxes with numbersin them, and the number represents the output address for the given cell. The
circlesin the figure represent sorting elements, which propagate arriving cells to the output, based on the
relative values of their output addresses; some sorting elements send cells with larger values to the upper
output, others to the lower output, as indicated by the shading in the figure. The sorting network is
constructed using a double recursive construction. Some of the components of this construction are
highlighted in the figure.

If one happens to have a set of input cells with exactly one cell addressed to each output, the sorting
network will deliver each cell to the right output. To handle arbitrary sets of input cellsin which some
outputs may have zero or more than one cell addressed to them, additional network components are
needed. The simplest scalable approach is follow the sorting network by a filter block and arouting
network. The filter block simply compares the output port number of acell arriving on input i to that of a
cell arriving on input i-1 and propagates the cell on input i to output i, only if the compared port numbers
are unequal. When thisfilter is applied to a sequence of cells that have been sorted by output port
number, the result is to propagate at most one cell for each output port. The filters can acknowledge
propagated cells by sending asignal back along the reverse path taken through the sorting network. |PPs
retry cellsthat are not acknowledged, during subsequent operational cycles. Cellsthat passthe filter then
go through to the routing network. The most commonly used routing network is built around a banyan
network. Banyan networks which have the property that a sorted sequence of cells on consecutive inputs
can be routed to the outputs without any internal data path contention. A routing network can be
constructed by preceding a banyan network with a concentrator that places cells on consecutive outputs
without changing their relative order.

A system comprising a sorting network, filters and routing network provides a general and scalable
switching system. However, the queueing performance can be inadequate to handle fully loaded externa
links. This limitation can be eliminated by increasing the output bandwidth of the system. One way to do
thisisto operate the system at a higher internal bandwidth than the external links; for most realistic
traffic configurations a two-to-one speed advantage is sufficient. Another approach is to have more than
one link from the routing network to each OPP, so that OPPs can receive multiple cellsin parallel. For a
system that allowsr cellsto be forwarded to any output in asingle cycle, the filter block is modified to
propagate up to r cells per output and following the concentrator with r “interleaved” banayan networks.

The major drawback of this class of systemsis that they require substantially more interconnection
wiring between individual integrated circuits and circuit modules than is needed for buffered multistage
networks. Thisis a consequence of the fact that practical sorting networks require (1/2)(logn)(1+log,n)
stages of sorting elements. Due to pin constraints on integrated circuit packages a larger number of
integrated circuits are needed to implement a system with a given number of ports than with aternative
architectures. As one example, a 4096 port sorting network implemented with components having 64
inputs and 64 outputs, requires 13 ranks of components, with 64 components per rank. Seven additional
ranks of components are required for the filter and routing network. For comparison, a 4096 port Benes
network with 64 port switch elements using internal buffering to resolve contention requiresjust 3
columns of components.
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Figure 9. Bitonic Sorting Network

Thefirst ATM switch design based on the use of sorting networks was the Starlite switch [HUA84].
These ideas were devel oped further in the Sunshine switch, described in [DAY 87, GIA91, HAY 873,
HAY 87b, HUI87]. A system based on a similar approach is described in [MIN95].

Eng et. al. [ENG91, ENG92a, ENG92b, ENG95] have devel oped a hybrid architecture which
combines an unbuffered multistage network with buffered switch elementsin the last stage. These
buffered switch elements have k inputs and d<k outputs (typically k=32, d=16) and alarge shared buffer.
The unbuffered switching network preceding this rank of buffered switch elements performs an
arbitration function, discarding excess cellsif more than k arriving cells are destined for any group of d
outputs. This approach is feasible when the memory bandwidth of the shared buffer switch elementsis
high enough to support d simultaneous output ports, but under these conditions, port multiplexing is also
an option and can be a more cost-effective approach. The authors suggest a variety of choicesfor the
unbuffered network, including the use of a sorting network and a three stage Clos network (in which the
last stage is replaced by the buffered switch elements). Both of these choices have suboptimal scaling
characteristics, weakening the authors' assertion of “growability.”

4.4. Multicagting in Non-Buffered Multistage Switches

Multicasting can be implemented in non-buffered multistage networks, by preceding a point-to-point
network with a copy network, capable of producing the requesting number of copies of any given input
cell. One example of such asystem is shown in Figure 10. A fanout field isinserted into cell headers by
the | PPs before sending cells to the network. The first two components of the network implement a
concentration function; the first adder block computes the rank of each arriving cell (essentially just
numbering cells consecutively) and the concentrator block uses the rank to route cells to consecutive
outputs. The second adder block sums the fanout fields of cells; the computed fanout sum of a departing
cell on output i equals the sum of all fanouts of cells on outputs O through i-1. Using the fanout sum and
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Figure 10. Copy Network

fanout fields, the copy range component computes the range of outputs that each cell should be copied to
in the succeeding copy component. The copy component does the actual copying of cells based on the
supplied ranges. The routing tables that follow the copy network specify an output port and outgoing
VPI/VCI for each copy of an arriving cell (the VPI/VCI fields are not shown in the example. Each table
isindexed by the multicast identifier of the arriving cell. The routing tables are followed by a set of cell
buffers, which are in turn followed by a point-to-point network. The copy range componentsin this
system filter out cellsif the computed copy range extends beyond the number of outputs of the copy
component. Acknowledgments are returned to the | PPs along the reverse of the paths followed by the
arriving cells and unacknowledged cells are retried on the next operational cycle. The performance of
this design can be improved by expanding the number of outputs of the copy network and modifying the
copy range block to distribute the load evenly across the outputs of the copy block. The principal
disadvantage of this design is that amulticast virtual circuit consumes an entry in every routing table
even when it has a small fanout. Thisleads to excessive memory requirements in the common case of
many virtual circuits with small fanout.

This approach to implementing multicast is described in [LEE88] and was later refined in
[TUR934]. Similar approaches are developed in [BIA92, MIN95b].

5. Summary

Cost isakey factor in evaluating architectural alternatives for ATM switching systems. Throughout
the paper, we have touched on issues that contribute to overall system costs. We close with a discussion
of asimple cost model for ATM switching systems and a comparison of some of the different design
choices, based upon this model. The cost of a single stage switch can be modeled by an expression of the
form

(C, +C,m+C,B)n+C,n?

where the C; are implementation-dependent constants, n is the number of ports on the switch, misthe
number of virtual circuits per port and B is the number of cell buffers per port. The last term in the
expression is the part that is determined by the interconnection network. For multistage interconnection
networks, this term is replaced by ancther. For a dynamic routing Benes network, the last term would be

C,nlogn, while for athree stage Clos network, it would be C4n3’2. In each of these cases the constant

may differ. The plot in Figure 11 illustrate the influence of the different components on system cost. The
constants were chosen to approximate the cost of systems with 2.4 Gb/s ports. The values chosen are
somewhat low at the time or writing, but should be a reasonabl e reflection of actual costs over the next
two to three years. However, they should be viewed asillutrative, not authoritative. A value of $500 was
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Figure 11. Switching System Cost Components

chosen for the per port component (C,) of the cost. This captures the cost of optical transceivers,
transmission interface circuitry and per port ATM circuits, exclusive of the memory needed for routing
tables and cell buffers. The costs for the cell buffers and routing table memory are based on an assumed
4096 routing table entries per port with 20 bytes per entry, 4096 cell buffers per port with 64 bytes per
entry and $200 per megabyte of memory (static RAM with 10 ns cycle time). The constants for the
interconnect components of the cost were chosen so that all three resulted in a cost of $100 per portin a
64 port system. In most cases, the per port cost component is dominant, but the interconnect cost of the
single stage systems becomes important as the systems grow beyond a few hundred ports (note that at 2.4
Gb/s per port, 512 ports are needed for a 1 Th/s capacity). For the routing table and buffer sizes chosen
here, memory cost is not a major component, but if one were to increase the amount of buffering to
32,768 cells (1.6 Mbytesin cell payloads), the memory cost would increase to over $400 per port,
making it comparable in cost to the other per port components.

The design and analysis of modern switching systems has a long tradition, extending back to early
work by Shannon and Clos. Changes in circuit technol ogies have opened up new opportunities, enabling
the introduction of new services, expanded functionality and vastly greater bandwidths. The pace of
change in technology continues unabated and new innovations in switching system design will be needed
to keep pace with these changes, in order to realize the promise that the new technologies have to offer.
In this paper, we have tried to put recent developments in a common context and provide an intellectual
framework in which past and future devel opments can be related and compared. We hope that it can help
future designers learn from the past, while working to create the switching systems that will take usinto
the future.
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