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New network services other than the traditional voice
communications between people will be increasingly
bursty inbandwidth needs and will require distributed
processing and control. The new fast packet technology
for transmission and switching is ideally matched to
thesefuture network service needs. In this paper, we
give a high-level sketch ofthe evolution offast packet
switch technology starting with the first packet
switches and ending with some architectures thatoffer
promise as potential switching vehicles for Broadband
ISDN. We shall be using examples ofAT&T experimen­
tal switch architectures to illustrate the evolution and
technical capabilities.

Introduction

The evolution ofthe telecommunication network will be
shaped bythe interaction ofnew customer needs and emerging new
technologies. In thispaper, we will outline one emerging newtechnol­
ogy that iswell suited to satisfy the expected needsofthe future net­
work customers: fastpacket technology.

Today's network hasbeendesigned to optimally handle avast
amount ofvoice calls-a traffic load thatcanbe considered rather
homogeneous. Contrast thiswith the traffic mix expected forthe future
telecommunication network: an unpredictable mixture ofvoice, data,
image, andeven video communications. Whereas the evolving network
inthe near termiswell served with the fundamental building block ofa
64 kilobitsper second (Kb/s) digital bearerchannels and out-of-band
signaling, a more flexible paradigm ofcommunication will be needed in
the future.There are three main characteristicsthatpose new require­
ments forthe future network.
- Bursty communications will require dynamic bandwidth allocation,

preferably with instantaneous response;
- Human-to-machine communications will increasingly replace human­

to-human communications, as more and more information services
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appear in the network. This phenomenon will ac- 
celerate the trend towards distributed control. - Machine-to-machinewill play a more important role as 
workstations increasingly become “natural” exten- 
sions of the communicating persons. This develop 
ment will create additional challenging performance 
needs. 

The New Servlce Paradigm 
Given these trends, we see the emergence of a 

new communication paradigm that could replace the 
voice call: this paradigm is the movement and manage 
ment of a unit of digital information (“a set of bits”) under 
the constraints of time, space, accuracy, and variability. 

Erne constmints imply that delivery has to occur 
at a specified time or with a bounded delay. For interac- 

tive voice, this may be on the order of milliseconds; for 
bulk data, it may be minutes. As with messaging ser- 
vices, there will also be timed delivery. Furthermore, the 
tolerable time delay before the network accepts data may 
itself be a constraint; consider the case of connection 
setup time going to zero, e.g. for connectionless service 
or on permanent virtual circuits. 

Space constTaints should be more remarkable by 
their absence, as we hope to see increased flexibility in 
supporting unconstrained connectivity (conferences), 
and an increased trend toward geographic transparency, 
i.e., finding targets on a logical or name basis rather than 
by location. 

Accwacy constraints will differ for various types 
of communications needing varying degrees of accuracy. 
There are data for which error-free delivery must be 
guaranteed, even if such delivery requires temporarily in- 
creased delay. There are other communications, such as 
interactive voice, for which timely delivery is paramount 
and isolated “glitches” can be tolerated. Or, we may have 
image transmission, where an errored picture element 
causes a blemish that may be tolerated and can be cor- 
rected later and out of sequence. 

hnabili$y constraints may restrict how smooth 
or “bursty” the accepted traffic load can be, that is, how 
much the peak rate may differ from the average rate. 

These aspects of the future telecommunication 
paradigm suggest that the network must deal with digital 
information units that require somewhat customized 
treatment for movement and management. Packet tech- 
nology has been the traditional way to deal with such re- 
quirements in the past; we have seen its successful use in 
data communication and the signaling network. It was 
only natural to try to generalize the use of packet switch- 
ing across other media, and build an integrated packet 
transport network; one such proposal was made by 
Turner and Wyatt.’ The last few years have seen sig- 
nificant advances in packet technology; in the following 
pages, we will sketch some of the results in the field of 
fast packet switching. 
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Fast Packet Technology Definitions 
Packet-switching was invented in 19fX2 We take 

the definition of packet technology broadly. It includes 
transmission and switching methods that rely on informa- 
tion units labeled with self-identifying instructions that 
may pertain to the units’ source, destination, or intended 
treatment. 

large scale integration (VLSI) , photonics, and software 
technologies have all contributed toward moving packet 
technology from the realm of “data-only” (and signaling) 
to include the &m&is of voice and image. The term 
“fast packet” switching or technology can have several 
meanings. - The first one impIies/Fast data rates. While convention- 

al packet switching has been operating at data rates 
below 1.5 megabits per second (Mb/s), typically in the 
4.8 to 65 Kb/srange, new fast packet systems run at 
least at 1.5 Mb/s, and experimental systems are 
reported with rates in the 100 to 200 Mbhrange. - The second meaning of “fast” refers tohs t  response or 
low delay. Although conventional packet systems incur 
delays in the hundreds of milliseconds, fast packet sys- 
tems have been built that add only a few milliseconds 
to the propagation delay, excluding, of course, the 
packetization time. 

= Finally, “fast” can refer tofast connection. Even though 
the establishment of a packet connection-the virtual 
circuit-is not inherently faster for the new fast packet 
systems, there is the opportunity and tendency to do 
away with the call setup entirely, by using socalled 
connectionless service or permanent virtual circuits. 

A distinction has been made to categorize 
various fast packet switching ranges such as “wideband 
packet switching,”-i.e., the range from 1.5 to less than 
45 Mb/s -and “broadband packet switching”-the range 
from 45 Mb/s to 150 Mb/s 

Fast packet technology applies to both transmis- 
sion and switching systems. In transmission, it replaces 
timediviion mult$lexing (TDM) with a label multiplex- 

Advances in microelectronics such as very 
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Computer I 

Figure 1. First generation packet switches. 

ing concept-sometimes called demandmult@laing In 
TDM, the position in a frame implicitly determines the as- 
sociation within the information stream. However, in 
demand multiplexing the association with an information 
stream is made explicit through the header or label on 
the data unit. The term asynchronous timedivision multi- 
plexing has been used for this multiplexing technique3 b e  
cause information units appear not synchronously, but 
asynchronously, on demand. For the upcoming Broad- 
band ISDN standard (see below), the term Asynchronous 
Transfer Mode (ATM) has been introduced, where 
“asynchronous” has the same c~nnotation.~ 

Fast packet technology has two fundamental 
properties that make it an ideal match for the future net- 
work. One is its inherent ability to allocate bandwidth 
dynamically and instantaneously for both transport and 
distribution. The other is the provision of a handle in the 
form of the header that enables dktnaution of a wide 
range of processing and control functions. 

be performed continuously for the duration of the connec- 
The switching function in circuit switches must 
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Computer 

flgure 2. Second generation packet switch. 

tion. In the packet switching virtuaZ circuit, however, the 
switching function need be performed only when informa- 
tion is present. Thus, there is an inherent throughput 
gain due to better utilization. This aspect of packet switch- 
ing gave rise to the notion of stat&caZswitching5 

The second aspect of packet switching concerns 
the support of distributed processing. As we will see, 
modern fast packet switch architectures show a high d e  
gree of distributed control because the switches use a se& 
routing that allows significant parallelism. Rather than 
have a central control subsystem, modern packet 
switches inspect packet headers individually and perform 
a local switching function by a c h g  upon the information 
in the header. This is illustrated in the first example of a 
fast packet switch, which employs a Banyan network. 
Before we turn to this example, let us first briefly ex- 
amine the recent evolution of packet switch architectures. 

Packet-Switch Evolution 
The first generation of packet switches, such as 

those used in the ARPANET,6 were simply computers in 
which the processor performed the switching function by 
moving packets (or pointers to them) from an input 
queue to an output queue. Soon certain lower level 
protocol functions such as link error control were moved 

to front-end processors (FEP) , as shown in Figure 1. 

put was limited by processor speed, typically to a few 
hundred packets per second. This is a reasonable match 
for transmission link speeds in the 1-20 Kb/s range. 

removed the computer from the bottleneck of switching 
and introduced a shared medium to interconnect the 
front-end processors, as shown in Figure 2. In second- 
generation switches, the computer is used only during 
the virtual circuit setup by updating entries in the as- 
sociated front-end processors. The transport of packets 
between front-end processors goes over the shared 
medium, typically a bus or ring. Examples of such second- 
generation packet switches are the AT&T 2STP signal 
network packet switch7 or the AT&T lPSS Release 4 pack- 
et switch used for Accunets public packet service! Both 
use a duplicated ring architecture as a shared medium. 
Another example of such a packet switch is the AT&T 
Datakits virtual circuit switch, which uses a folded bus ar- 
chitecture? 

use the principle of time-division multiplexing on the 
shared medium. Only one packet is in transit at a given 
time. Naturally, the throughput limitation of these 
switches is the shared medium’s bandwidth. This can be 
increased by using paraZZeZshared media, either a multi- 
line bus or a multiple bus architecture.1° 

The next generation of packet switches removed 
the shared medium bottleneck by using interconnection 
networks, in essence introducing the principle of space- 
dvkion switching In circuit switching, spacedivision 
switches predated timedivision switches. The crossbar 
switch is the preeminent example of a spacedivision 
switch. This path mostly has been avoided in packet 
switching. With the expense of electronic crosspoints 
and the need of n2 crosspoints for a switch with n termi- 
nations, there has been a successful search for ways to 
reduce the number of crosspoints. Work in this area 
predates packet switching, and substantial contributions 

In these switches, the aggregate packet through- 

The second generation of packet switches 
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The second-generation packet switches actually 
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Figure 3. Basic 2 x 2 packet switch element. 

have come from circuit switch network research and com- 
puter architecture research." 

In the following sections, we shall offer an over- 
view of recent contributions in the area of third-genera- 

Having seen the application of the timedivision 
and spacedivision principles to packet switch architec- 
tures, it seems logical to ask for examples of the use of 
frequency (or wavelength) division to the field. Indeed, 
there is a recent paper on using frequency division as a 
switching principle. This so-called mzldthofl switch1z can 
thus be called a fourth-generation packet switch. 

40 tion packet switches. 

Banyan Interconnection Networks 

switches has been an n x n self-contained switching ele- 
ment that can be repeated and stitched together in many 
ways. In its simplest form, it is a tweby-two element as 
shown in Figure 3. The element has two inputs on the left 
and two outputs on the right. Its function is to switch 
packets entering on the left to one or both outputs on the 
right. The packet header is inspected to make a selection. 
In its simplest form, a single bit determines one output or 
the other. The switch element also performs a sorting 
function by moving the lower address packets to the top. 

Many variations of this element are possible. It 
could support broadcasting by operating on more than 

The basic building block of third generation 

one bit (e.g., one per output). It could accept various 
degrees of simultaneity, such as buffering packets enter- 
ing on different inputs and destined for the same output. 
The element could strip off the address bit operated on. 
It could act upon different bits in respective stages of the 
network. It could keep a bit (stage) counter within the 
packet. Or, it could define elements of larger than 2 x 2 
dimension with similar properties. With the power of 
modern VLSI technology, a larger n x n element can be 
implemented on a single chip. It can be shown that per- 
formance improvements result if the dimensionality of 
the basic building block is increased. 

The simplest network one can construct out of 
these basic elements is the Banyan network, i.e., it has 
the fewest number of elements.13 An example of an 8 x 8 
Banyan is shown in Figure 4. The self-routing property of 
the network is illustrated by following the progress of 
two sample packets with destination address 110 and 001, 
respectively, in their headers. Regardless of the input by 
which these packets enter the network on the left, the 
switch elements that work on subsequent bits to select 
the 0 or 1 outputs will always route the packets to the 
respective outputs410 or 111-on the right side of the 
figure. If the network is built from 2 x 2 elements, an n- 
stage network will support 2" terminations. For example, 
a ten stage network with 512 elements in each of the ten 
columns would need a total of 5,120 elements to support 
1,024 terminations. AT&T used a 16 x 16 Banyan net- 
work in a field experiment in 1985 and 1986.14 

The simplicity of the Banyan is attractive but has 
some disadvantages. To avoid collisions of packets 
having to traverse the same element, one can introduce 
buffers, operate the network at higher speeds than the in- 
puts, or both. Or collisions can be avoided totally by sort- 
ing the inputs so their paths will not cross, as illustrated 
in the next example of a new packet switch. 

The Starlite Packet Switch 
The basic switching elements also can be used 

to perform a variety of other functions that involve reor- 
dering based on address relations. For example, 
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Batcher15 proposed to build networks that sort the incom- 
ing packets in ascending (or descending) address order. 
For example, if packets with destination addresses 6,5,0, 
7 ,3  enter an 8 x 8 Batcher sorting network on any set of 
5 of the 8 inputs, the output would be ordered 0,3,5,6,7, 
x, x, x , where x represents no outputs for the highest 
three ports. To complete a switching function, one must 
include dzmmy packets for the unaddressed outputs. 
Batcher proposed a scheme that merges guide packets in 
a bidirectional merge network with the output of the 
sorter. Also, if there are multiple packets for the same out- 
put port, his arrangement would let only one packet pass 
and would drop the others. 

A simpler approach to use sorting for switching 
has been proposed by Huang and Knauer. For their 
switch known as Starlite,16 they use the idea of combining 
a Batcher sorting network with a Banyan switching or 
“expansion” network. If the inputs to the Banyan are 
presorted, collisions within it are avoided. Thus, the 

Figure 5. Basic Star- 
lite or Batcher 
Banyan network. 
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Banyan network becomes unblocking. The exception is 
ozltpzlt bZocking, in which multiple packets aim for the 
same output port. In this instance, the duplicates are in- 
tercepted in a trap network, illustrated by Figure 5. Seen 
differently, the sorted output from the Batcher network 
(0,3, 5,6,7, x, x, x, in our example) is expanded to skip 
over unaddressed slots (0, x, 3, x, x, 5,6,7). The network 
elements interact so unsorted packets entering on the 
left leave the leftmost network sorted. They then enter a 
trapping stage in the middle that removes duplicates. The 
switching function is completed when the sorted but port- 
unique packets finally are expanded by the Banyan net- 
work on the right. Starlite switching networks of this type 
also are known as Batcher-Banyan networks. Such net- 
works-can be considered the ancestor of several space 
division packet switches. 

The major drawback of this architecture is the 
loss of trapped packets if multiple packets are headed for 
the same output port. If all but one of the multiple pack- 
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42 ets headed for the same output port could temporarily be 
held back for reentry during the next packet cycle, this 
problem could be solved. The Starlite solution is to add a 
trap network with recirculation to the sorting and Banyan 
networks. Duplicate address packets are caught and recir- 
culated, i.e., they are reintroduced into the next sorting 
cycles. The number of recirculations needed in such a 
switch depends on the traffic mix. The complete Starlite 
switch with Batcher sorting, Banyan expansion, and trap 
stages also requires delay and merge stages with dimen- 
sionality for an N x  Nswitch shown in Figure 6. Huang, 
Knauer, and O’Neill have shown that such networks of ar- 
bitrary size can be constructed from just three custom 
chips, two for the Batcher sorting network and one for 
the Banyan network.17 Using fewer chip codes is possible 
if engineering considerations warrant this to be benefi- 
cial. Huang and Knauer also have proposed variations of 
this switch to handle broadcasting by introducing addi- 
tional copy-network stages. 

A sorting network is pac&et-ynchronozls if it re- 
quires all packets to enter the network at the same time. 
In these networks packets must be compared with each 

other to effect the sorting function. However, Banyan net- 
works can be operated packetasynchronozlslys.(y because the 
packet’s path through this self-routing network is-at 
least as a first order-unaffected by the presence of other 
packets. 

The placement and required size of storage are 
important design considerations for packet switch ar- 
chitectures, since these are important cost components. 
Storage is needed for many purposes, including input 
latches for synchronization, input and output latches for 
speed matching, disassembly/assembly buffers for seg- 
mentation, registers for processing (addresses, check- 
sums, etc.), and buffers for queuing. Basically, storage 
can be at the input, output, or middle of the interconnec- 
tion network, or can exist in several of these places. Pack- 
et-synchronous networks require latch storage at the 
input. The buffered Banyan approach has buffers in each 
eleme-nt. The Starlite approach has a pool of shared buf- 
fers in the recirculation network. Queuing and buffer 
sharing in space-division packet switches have been ex- 
tensively studied.ls l9 2o 

Packet-synchronous architectures of the Starlite 
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type show great promise for handling the traffic expected 
in the future broadband ISDN. The evolving ATM stan- 
dard is converging on a h e d  length cell size of 64 octets 
payload with 5 octet header. 

Recent reports show that packet switches opera- 
ting at input rates of about 150 Mb/s per access link have 
been realized in various places in the laboratory,21 22 and 
that there is increased interest in high-speed packet 
switching with broadcast capability.23 24 

Batcher Banyan Network With Feedback 
Higher circuit speeds usually accompany 

reduced gate counts per chip as evidenced in semicon- 
ductor technologies such as Gallium Arsenide (GaAs), or 
in bipolar technology. Thus, if one wants to increase the 
data rate, it is also desirable to reduce the storage needs 
of the switch architecture. If the input-side latch is 
needed for packet synchronization-as it presumably is 
for fast multiswitch networks that cannot be operated in 
total synchronism-it is possible to use various kinds of 
retransmission schemes instead of the recirculation buf- 
fers. One such scheme uses probing packets to find out 
about potential contention and then send one packet per 
output port Vaidya has proposed another scheme: 

Rgure 7. Swltch ele- 
ment with feedback 
links. 

to modify the Batcher sorting network by building it from 
a new type of switch element that includes feedback 
lines, as shown in Figure 7. 

from such elements is shown in Figure 8. In this packet- 
synchronous architecture, packets entering from the left 
side may collide somewhere within the network. A con- 
tention resolution circuit in each 2 x 2 switch element 
reports back which input has lost the contention. This sig- 
nal is fed back to the input buffer stage, which stops the 
transmission. 

For such an architecture, M. A. Pashan has im- 
plemented an experimental 2 x 2 switch element using 
GaAs technology. Laboratory measurements have shown 
switching of packets at a rate of 250 Mb/s. The actual 
transfer rate through the chip has been measured at 1 
gigabits per second (Gb/s), though no packet load could 
be generated at this rate. These results hold promise that 
fixed-length packet switching could be practical in the 
500 Mb/srange within a few years. 

43 
An example of a sorting network constructed 

Some Challenges 
Fast Packet Switches that operate at such high 

data rates as hundreds of megabits per second and that 
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- Retransmission request links - Packet transmission links 

flgure 8. Modified sorting network. 

can handle a large number of users pose a number of en- 
gineering challenges. 

Operating Rate. One can operate the interconnect 
network at a lower clock rate by using parallelism. Thus, 
only the access links have to be operated at the high ac- 
cess speed. For variable packet length approaches, one 

must recognize the delimiting flag. This need not be the 
traditional flag pattern, but use of an easier scheme such 
as 4 out of 5 bit coding has been 

Header Processing. Many architectures require the 
destination address in the header be translated into some 
other address, e.g., for routing through the switch. This 
address substitution can become a limiting factor on how 
many packets per second can be processed on an access 
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link. Figure 9 shows the simulation results from Pashan’s 
model design. Throughput increases with packet length, 
because the per-packet-processing is a constant require- 
ment. The three curves in the figure illustrate three dif- 
ferent clock rates representative of different generations 
of VLSI technology. 

Packaging. Short and constant length intercon- 
nect paths are required, especially for packet-synch- 
ronous architectures. Wilson of Bell Communications 
Research has demonstrated an interesting packaging con- 
cept where subsequent stages of the switch boards are 
rotated by 90 degrees in space to create a uniform “pipe- 
line” structure.27 

Multistage Alternate Routing Switch 
Another approach towards building large 

switches is the use of a flacketuspchronous design. The 
experimental multistage alternate routing switch (MARS) 
invented and designed by Kari Teraslinna of AT&T Bell 
Laboratories is shown in Figure 10. The dotted lies 
show four different paths between inputs 5 through 8 on 

Figure 9. Throughput 
of a packet transla- 
tion unit. 

45 
the left and outputs 1 through 4 on the right. Each board 
implements a non-blocking switch element of 4 x 4 that 
contains its own buffers. It accepts and switches packets 
in an asynchronous fashion. That is, variable length pack- 
ets entering the board are immediately put on their way, 
since no sorting is required. These boards are intercon- 
nected as a Bene; network with 4 alternate routes b e  
tween each input and outpuLZ8 The switch operates 
internally in parallel at an aggregate rate of 160 Mb/s, 
and can accept input at 150 Mb/s on each port. A multi- 
casting capability is provided. Donald W. Peterson, in as- 
yet unpublished research, has demonstrated packetized 
broadcast video switching on this switch by encoding 
each National Television Standard Code (NTSC) 
television image line into a 668 byte packet by sampling 
three times the color carrier frequencies and omitting 
the synch interval. This yields an aggregate rate of 
84.168 Mb/s in uncompressed form. A 16 x 16 prototype 
of this switch was completed in 1986 and has been used 
for experimentation with various aspects of fast packet 
technology. 
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Figure 10. Multi- 
stage alternate rout- 
ing switch (MARS). 
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The MARS architecture uses multiple paths to 
reduce the likelihood of collisions and increase the 
throughput of the fabric. A similar approach is used in 
“load-sharing Banyan” networks proposed by Chin-Tau 
Lea,29 which uses extra intrastage paths rather than multi- 
ple interstage paths in MARS. 

The Knock-Out Switch 

avoid collisions-and resulting delays or packet loss-in 
switch architectures. However, ou@ut blocking is a situa- 
tion that no architecture can really prohibit, since it is in- 
trinsic to packet switching. While the called party can be 
busy in a circuit switch, in a packet switch it is usually 
considered legitimate to have multiple simultaneous pack- 
ets for the same destination. The network is assumed to 
provide some storage capability. To our knowledge, this 
problem has been first addressed specifically in an un- 
published switch architecture by Nian-Chyi Huang, 

As we have seen, several approaches exist to 
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called a Contention-Free Banyan Network. To explain the 
motivation for designing this switch, we start by stating a 
basic network engineering question: How many simul- 
taneous inputsfiom the switch is a switch termination will- 
ingto accept?Huang has found that the number eight (8) 
goes a long way for many different realistic network and 
traffic assumptions they have modeled. With 8 outputs 
per termination, packet loss probability can be kept 
below lo4. Huang proposed to interleave the appropriate 
number of Banyan networks. An example of an expanded 
Banyan that assumes each output can receive up to four 
simultaneous packets is shown in Figure 11. 

One must make provisions to resolve the conten- 
tion for the rare case when more than the maximum al- 
lowed number of packets per destination occur. This 
problem has been explicitly addressed in a new switch ar- 
chitecture by Yeh, Hluchyj, and Acampora, called the 
knockmtswitch.3O The premise is that an individual sub- 
scriber can receive at most eight packets. Should there 
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Figure 11. Interleaved contention-free Banyan network. 
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be more in any packet-synchronous cycle, the excess 
over eight is “knocked out” as in a tournament, which ac- 
counts for the name of the scheme. The architects 
designed a structure that implements the tournament 
using basic switch elements. There is, of course, an im- 
plied priority order. 

The knock-out switch structure shows a fully 
connected network, for example N inputs and N out- 
puts. Each input is connected to each output. However, 

the N outputs are fed into a knock-out tournament 
hardware structure, which reduces the N to K outputs. 
The considerations for selecting K are similar to 
Huang’s, i.e., output ports could suffice to keep the pack- 
et loss probability below 1k6 (see Figure 12). 

seems to make large knock-out switches impractical, the 
knock-out principle can be used in other switch architec- 
tures to deal with output contention. 

While the explosion in crosspoints of 0 (t?) 
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packet switching fabrics: the buffered Banyan; the 
Batcher-Banyan or Starlite fabrics with and without recir- 
culation; unbuffered Banyan with feedback; contention- 
free Banyan; and the knock-out structure. Figure 13 
shows how these “fabrics” can be put together to form a 
generic spacedivision packet switch architecture. 

Lines are terminated in trunk (link) controllers. 
These may provide buffering and header translation on 
input or output side or in both places. Finally, a most im- 
portant component of the switch is the controller, that 
holds the service and operational logic, the “Stored Pro- 
gram Control.” 

We have shown a succession of space-division 

Conclusion 
The network of the future must become much 

more flexible in dynamically allocating bandwidth and 
providing responsive control capabilities to handle dif- 
ferent information types in the most appropriate way. Fast 
packet technology seems to be an ideal match to handle 
transmission and switching tasks in the new network. 
Progress in fast packet switches uses self-routing net- 
works. These can be engineered to deal with the desired 
degrees of non-blocking or packet loss methods that rely 
on information units labeled with self-identifying instruc- 
tions, and that may pertain to its source, destination, or in- 
tended treatment. 

Recent progress reports of lab experiments 
seem to indicate that technological challenges can be 
overcome for access data rates in the hundreds of 
megabits per second and for moderate size switches. 
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