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Asynchronous transfer mode
(ATM) can provide both circuit
and packet-switching services
with the same protocol, and this
integration of circuit and packet-
switching services can be benefi-
cial in many ways. Four major
benetfits of the ATM technique
are considered here: scalability, fa S
statistical multiplexing, traffic el
integration, and network simplic-
ity. In the course of achieving i,
these benefits, ATM makes com- s,
promises. In this article we assess

the benefits and ensuing penal-

ties of these compromises and | §
put them into perspective. Foo
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ATM has been accepted in a wide
spectrum of telecommunications and
data
Since ATM networks are expected to

communications communities.

cmerge first in data communications

environments, the current status of

ATM local-area networks (LAN) and
wide-area networks (WAN) is sur-
veyed in the context of connectionless
services. ATM and the Internet are
described to show the common direc-
tions toward integrated services with
some resource reservations. Advan-
tages of using the ATM technique
have been extensively described [10],
but a few counter-arguments cannot
be completely ignored [16]—this arti-
cle considers both attitudes toward
ATM networks.

Although ATM was standardized
as a transport vehicle of wide-area
B-ISDN (Broadband-Integrated Dig-
ital Services Network) services, the
data communication  community
quickly recognized it as a potential
data communication transport tech-
nology. Several factors contributed to
a rapid acceptance of the ATM tech-
nique in the last several years. For
example, the ATM concept already
made an inroad into data communi-
cations when the cell-based DQDB
{Distributed Queue, Dual Bus) proto-
col was standardized for IEEE 802.6
Metropolitan Area Network (MAN)
protocol and its corresponding ser-
vice, Switched Multimegabit Data
Service (SMDS). A MAN is seen as a
gateway to wide-area networks
(WANs), and adopting a common cell
format in both MANs and B-ISDN
WANSs was a significant development.
The argument is then to use the iden-
tical cell format in a local-area net-
work (LLAN) so that an end-to-end
LAN connection across a MAN or
WAN can be made in the same trans-
port unit of a cell. The possibility of
using the same transmission format
across a wide range of speed hierar-
chy is appealing to both LAN and
WAN providers.

Another factor is that LANs are
increasingly managed in a centralized

fashion by hubs. Increasing use of

twisted-pair and optical-fiber media
foster centralized hub connections as
well, and a switch-based LAN inter-
connection is seen as an extension (or
a replacement) to existing hubs. As

computing power increases, direct
connections of high-end workstations
to a centralized switch is seen as at-
tractive, especially for video and
other high-end applications. In par-
ticular, the expected growth of video-
related applications makes the con-
nection-oriented ATM technique a
suitable choice for this usage.

ATM networks are expected to be
deployed in roughly two phases. In
the first phase, existing LLANs are in-
terconnected by way of small-scale
ATM switches resulting in ATM LAN
islands. In this phase, an ATM net-
work is used as a private LAN or a
customer premise network (CPN)
and serves as a backbone of LANs. In
the second phase, ATM LAN islands
are interconnected as more powerful
ATM switches are offered by telecom-
munication industries  for long-
distance connections (in the late-
1990s). By this time, a true B-ISDN
and ATM WAN can be in place. For
an early penetration of ATM technol-
ogy into LANs, it is necessary for
ATM to support existing data com-
munication applications including
TCP/IP packet transport.

Since ATM is connection-oriented,
transport of connection-oriented ser-
vices such as video can be readily ac-
commodated in ATM networks (with
the support of connection-admission
and usage-parameter control func-
tions). Here, transport of connection-
less packets in ATM is addressed, par-
ticularly in terms of transport of
TCP/IP packets.

In order to facilitate transport of

1P packets over ATM networks, many
issues are being addressed in the
Internet community. The Internet
Engineering Task Force (IETF) has
formed a special “IP over ATM”
working group to accelerate the de-
velopment of routing and forwarding
IP packets over ATM (sub)networks.
Encapsulation of IP packets over
ATM AALDS5 is discussed in [13]. One
approach is to multiplex multiple
protocols over a single ATM virtual
circuit by carrying a Logical Link
Control (LLC) header. In the other
approach, each protocol is carried
over a separate ATM virtual connec-
tion.

Given the flexibility of ATM as a
multiplexing and transporting tech-
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nology, the working group focused its
attention on ‘“the Classical IP over
ATM” model, which can be classified
into local and end-to-end models.
The local model applies ATM as a di-
rect replacement of local LAN seg-
ments such as Ethernet. The end-to-
end model, on the other hand, con-
catenates a number of the local
models and ATM “wires” acting as
interconnection between LAN rout-
ers [9]. Transport of classical 1P, ARP
(Address Resolution Protocol) and
InARP (Inverse Address Resolution
Protocol) packets over ATM AAL 5 is
specified in an environment config-
ured as the Logic IP Subnetwork
(LLIS) [15]. Each LIS contains at least
one ARP server and many clients cor-
responding to IP systems in LIS.

The next-generation IP needs 1o
be flexible enough for various link
technologies and subnetworks on an
end-to-end basis [5]. The classical IP
over ATM approach invests in rout-
ers and bridges to extend them as in-
telligent switches. These intelligent
switches then phase in and out the
different link media and subnets. For
instance, a bridge can learn about
outgoing virtual channels for each
incoming cell and intelligently keep
track of ATM connection status. An
opposing approach is proposed in a
“lightweight subnet model” [9],
which attempts to eliminate all or
most of the IP header (and its corre-
sponding functions) from the fact
that a binding is established during
call setup time between two end sys-
tems. Since a direct mapping between
TCP/UDP and ATM virtual circuits
(VCs) already exists, most of the over-
head can be saved. Continuing pro-
posals and studies are expected in the
Internet community for transport of
TCP/IP over ATM networks.

In the second phase of ATM de-
ployments, as ATM LAN islands are
connected across WANs, routing of
IP packets over ATM WAN has to be
provided [4]. The CCITT (now called
the International Telecommunica-
tions Union or ITU) has recom-
mended two general approaches:
indirect and direct. In the indirect
approach, connections among rout-
ers (switches) are pre-established in
(semi-) permanent VCs so that the
destination address of an IP packet is



immediately mapped o a VCYVPL at
a LAN router. In the direct approach,
routing of IP packets is performed
(directly) by an ATM network by pro-
visioning several connectionless serv-
ers (CL servers). As an IP packet is
segmented, the first ATM cell of the
packet contains the destination IP
address. When the first ATM cell ar-
rives at a CL server, the routing table
is consulted to obtain a VCI/VPI
routing label for the next router or
the destination. Subsequent cells be-
longing to the same IP packet can be
forwarded with the VCI/VPI selected
for the first cell. Thus, forwarding of
IP packets can be achieved without
costly reassemblies at CL servers.

The Internet
Whereas ATM is connection-oriented
(CO), the Internet experiences sub-
stantial successes in providing various
user services on the basis of CL rout-
ing of datagram packets. Some future
services, however, may require CO
services., Video and audio teleconfer-
encing are good examples.
Resource reservation protocols
suitable for CO user services have
recently been proposed in the Inter-
net community. Of particular interest
are two reservation protocols with the
capability of multicast connections to
a selected group of receivers. In a
multicast connection, information is
sent in a single piece but is delivered
to many receivers as the network cop-
ies and forwards the information to
multiple outgoing links. In ST-II
(Stream Protocol), a multicast routing
tree is constructed with the sender at

the root and a series of exchanges of

control messages [19].

Once established, ST-11 agent
nodes (executing ST-II protocol
functions on top of 1P) become nodes
in the multicast routing tree and send
multiple copies to links leading to
subtrees. In RSVP (ReSerVation Pro-
tocol), on the other hand, the data
source sends the path packet to the
multicast receivers [22]. The path tra-
versed by the path packet becomes an
implicit route for data. However, re-
sources are not reserved until a reser-
vation request imtiated by receiver
makes its way toward the source in a
reverse path of the path packet. RSVP
is expected to be useful for such ap-

plications involving diverse Lypes of
and frequemt
changes of receiver connections. For
example, in
there can be a range of receiver de-
vices and associated capabilities. Also,
members may dynamically join and
leave the conference. Instead of hav-
ing the sender keep track of connec-
tions to all receivers, some burden is
shared by the receiver in requesting
resource reservations. Still, further

receiver  devices

video conferencing,

studies may be needed in providing
CO services over the Internet.

ATM Protocois in ISO Reference
Model

From the preceding discussions, one
can recognize that major objectives of
ATM and the Internet are converg-
ing. Both attempt to provide inte-
grated CO and CL user services but
differ in how such services are to be
delivered. ATM relies on CO network
service whereas the Internet evolves
around a CL routing principle. As
ATM LANs are prepared to make
inroads into CL data services, it may
be helpful to clarify the correspon-
dence between ISO Reference Model
ATM layers [10]. This relates trans-
port of IP packets over an ATM net-
work and can put different communi-
functions into a proper
perspective. The architectural frame-
work 1s presented here by separating
user and control planes in the
B-ISDN (ATM) protocol architecture.
In fact, most confusion is caused by
mixing the two planes.

cation

Protocol hierarchies of CO
services are illustrated in Figure 1 for
control and user planes. For CO ser-
vice, connection is established in the
control plane by a signaling network
before data is exchanged in the user
plane. As the connection is estab-
lished, VCI/VPI pairs are allocated
along the connection path for the
purpose of routing ATM cells along
the path, which corresponds to the
routing function in the ISO network
layer in Figure 1(a).

As a new connection path is allo-
cated, the signaling network informs
the affected switches of appropriate
VCI/VPI mappings for individual
switches. In the control plane many
network services may be offered, such
as various information and intelligent

UsCI

user services (credit card calls and
800 services, for example). They are
offered as a part of the network appli-
cations on top of the signaling net-
work, and are depicted in the figure
as a shaded hox. Once the connection
is established, user data can be trans-
ported over the established path as
shown in Figure I(b).

The ATM layer pertorms the map-
ping of incoming VCI/VPI pair to the
outgoing pair, but is not capable of
determining autonomous routes for
individual cells or packets. In other
words, the ATM layer transports data
in fixed-size cells according to the
predetermined addressing informa-
tion. It can now be reasoned that AAL
and ATM layers constitute 15O data
link layer. AAL layer is regarded as a
part of the data link layer because of
the segmentation and reassembly
(SAR) function (including the error-
checking after the reassembly). The
ATM layer is also regarded as a part
of the data link layer (not the physical
layer) because of the variable band-
width that can be dynamically allo-
cated to the VCI/VPI ATM path.

For CL corresponding
structure is  depicted in
Figure 2. The control plane similar to

service,
layer

Figure 1(a) is not shown and only the
user plane is shown. Recall that CL
service can be implemented in a
wide-area ATM network in an indi-
rect (permanent VC) or a direct (CL
server) manner. The shaded box in
the network layer function is present
only for the direct approach, which
provides Internet-like CL routing.
With the indirect approach, VC paths
are  allocated
(switches) ahead of time and network
routing function is not necessary.

damong routers

ATM Goals and Realities

ATM is based on connection-oriented
network paths and requires compro-
mises to support both CO and CL
user services. The purpose of this sec-
tion Is to present a balanced view of
merits and capabilities of ATM—
discussions here are more relevant to
the ATM WAN environment. Four
issues are presented: scalability, sta-
tistical multiplexing, traffic integra-
tion and network simplicity. It should
be pointed out that ATM indeed pos-
sesses all these capabilities and more,
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such as easy management; the focus

here is to present the extent of ATM
capabilities.

Scalability

Assertion. Scalability is indeed one of
the most valuable properties of ATM.
The key factors contributing to the
scalability are a switch-based architec-
ture and the common cell structure

Figure 1. ATM layers for connec-
tion-oriented services
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detection/resolution times. Users can
access ATM networks via a variety of

physical connections irrespective of

media types and applications. Within
the limit of the physical link band-
width, an arbitrary bit rate can be al-
located to a user. Furthermore, the
bandwidth remains allocated for the
entire connection. At the same time,
from the viewpoint of systems, the
network bandwidth can be provi-
sioned in a scaled manner with the
switch-based configuration. As the
network load increases and as more
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Figure 2. ATM layers for connec-
tionless services

across all ATM system components.
Conventional LAN  technologies
(Ethernet, FDDI, etc.) are limited by
the propagation delays involved in
coordinating the sharing of the link
bandwidth. For example, increasing
Ethernet speed reduces efficiency
due to correspondingly long collision

subnetworks need to be connected,
more switch ports can be added in an
incremental fashion.

The contribution of the common
cell structure is significant as well.
Whereas present data communica-
tion networks re-encapsulate packets
as network boundaries are crossed
(say, from an FEthernet to FDDI),
costly packet re-encapsulation is
avoided in ATM networks. An ATM
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VC connection is established on an
end-to-end basis and cells cross sub-
network boundaries transparently.
This allows for data to be transported
in the same format over the entire
network span regardless of data rates
at intervening subnetworks.

Counterpoint. Although increased
bandwidth demands can be handled
in a flexible manner in ATM net-
works, the maximum bandwidth
available to a user is still limited to the
link bandwidth. This appears similar
to present data communication net-
works where various communication
interfaces exist such as RS-232,
Ethernet, FDDI, etc. Similarly, the
network bandwidth will be limited by
the size of the switch. The aggregate
switch bandwidth grows in discrete
step, say, from a 4 X 4 to an 8 X 8
switch, etc. This may be comparable
to the present networking hierarchy
offered at discrete quantities of 1, 10,
16, and 100 Mbps. The observation
can be further extended to the speed
hierarchy in WAN. Synchronous Dig-
ital Hierarchy (SDH) and Synchro-
nous Optical Network (SONET)
specify discrete speed hierarchies in
units of 155 Mbps and 45 Mbps.
Namely, individual bandwidth can be
allocated in a scaled fashion, but the
aggregate network bandwidth is of-
fered in discrete steps.

The uniform cell format across a
range of subnetworks is indeed ap-
pealing and can facilitate the hard-
ware processing to gain switching
speeds. However, a communication
network consists of a wide range of
transport speeds, from low-speed ter-
minals at a few Kbps to backbone net-
works with data rates ranging from
hundreds of Mbps to several Gbps.
This hierarchical organization stems
from the fact that not all traffic is
routed across the speed boundaries.
In fact, a rule of thumb is that 80% of
traffic is routed within a subnetwork,
whereas the remainder is transferred
to other subnetworks and the higher-
speed backbone networks. ATM net-
works are also organized in hierarchi-
cal fashion, by which many 155Mbps
ATM networks feed into higher-
capacity networks. Although ATM
cells are processed in hardware, costs
of processing ATM cells at Gbps
speed may become prohibitively high



(although all optical processing may
provide a breakthrough). The cell
format that is considered reasonable
at one level of the speed hierarchy
may not appear attractive at others,
especially at high speeds [14].

Statistical Multipiexing

Assertion. A variable bit-rate (VBR)
source is characterized by having dif-
ferent degrees of activities during a
connection, and many applications
envisioned for future ATM networks
exhibit such behavior. A VBR video
source, for example, has a peak rate
at scene changes but a significantly
lower rate as temporal and spatial
compressions are performed after a
scene change. Characteristics of VBR
traffic may be represented by long-
term average and peak cell emission
rates, among others. Since not all
VBR sources are expected to gener-
ate cells at their peak rates, the band-
width less than the peak rate can be
allocated to a VBR source. This al-
lows for more sources to be admitted
than the number of sources admitted
by peak rates. At the same time, statis-
tical variations in traffic load from
individual sources can be smoothed
out as many sources are multiplexed,
resulting in better utilization of the
shared resources.

Although shared-medium net-
works, such as IEEE 802 LANs and
FDDI, are based on the same princi-
ple of statistical multiplexing, they
allocate the entire link bandwidth to
one user on a temporal basis. Since
contention among users has to be
coordinated in a fair manner, the
protocols tend to be complicated (and
less scalable). In contrast, the allo-
cated bandwidth is available to the
user all the time in ATM and at the
same time statistical variations in
VBR traffic are exploited to improve
the resource utilization.

Counterpoint. Statistical multiplex-
ing is shown to be paradoxical in that
the dedicated bandwidth may not be
fully utilized for fear of sudden surge
in bursty traffic [12]. Depending on
the degree of burstiness, significant
overengineering may be necessary. A
rule of thumb is to allocate the maxi-
mum of 80% or 85% of the link band-
width, limiting the utilization of link
capacity. Also, the statistical multi-

plexing works well when many ran-
dom sources are multiplexed [18]. As
high-bandwidth applications involv-
ing video traffic are developed, there
may be simply too few traffic sources
to fully exploit the benefits of statisti-
cal multiplexing.

ATM requires connection admis-
sion control (CAC) and usage param-
eter control (UPC) protocols to deter-
mine the amount of bandwidth to be
allocated to a connection and to pre-
vent excess traffic beyond the allo-
cated bandwidth, respectively. Deter-
mination of bandwidth required for a
connection request is not trivial [1, 7].
The UPC algorithm may produce
excessive cell losses for a small viola-
tion [21]. Details of CAC and UPC
protocols suitable for statistical multi-
plexing of diverse traffic types may
not be completely understood for
some time.

Traffic Integration

Assertion. With a uniform cell format,
data from different sources can be
readily integrated in ATM networks.
By dedicating resources for a briet
cell time per source, data from differ-
ent sources appears to be transmitted
concurrently. This is similar to time-
sharing computing systems where
each waiting job is given a fixed quan-
tum of processor time. The unit of
traffic integration is an ATM cell. A
cell can be easily inserted into a cell
stream from a large collection of data.
In data networks, on the other hand,
a short packet can be delayed until
the transmission of a long packet is
completed. Furthermore, a true traf-
fic integration is taking place at the
ATM layer as cells from different AAL
classes, sighaling (control), and man-
agement data are all mixed in the
same cell format.

Counterpoint. Cells are integrated
at ATM layer. However, it is not al-
ways desirable to mix cells with suffi-
ciently different QOS requirements.
For example, cells with low-loss re-
quirement may have to be sent ahead
of cells that can tolerate delays. This
implies that a scheduling algorithm is
necessary to distinguish cells with dif-
ferent QOS requirements, perhaps
based on AAL types. ATM does not
specify a scheduling algorithm and
assumes an FIFO (First-in, First-out)

policy with priorities specified in the
CLP (cell loss priority) bit. Since no
QOS-based scheduling is performed,
the ATM cell stream delivered to a
receiver can be substantially different
from what entered the network.

For example, periodic cells from a
constant bit-rate (CBR) source can
appear as clusters of cells when the
delay variance tolerance is high [3].
In order to integrate cell streams with
QOS requirements, it appears that
network nodes have to exercise judi-
cious scheduling algorithm to treat
cells differently. This demonstrates
that although cells are integrated as
they enter the network, they have to
be segregated within the network in
order to satisty different QOS re-
quirements. This argument leads to
complex network functions as well.

For certain applications, loss-based
traffic integration may not be practi-
cal. When a reliable transport service
is to be offered, a loss of a single cell
forces retransmission of the entire
data. The efficiency of a reliable
transfer service may be measured by
the bandwidth-delay (BwD) product.
The BwD product is equivalent to the
number of bits that can physically fill
up the connection pipe from the
sender to the receiver. For a wide-
area ATM network connection, the
BwD product can be sufficiently large
that the retransmission may result in
discarding a large amount of data al-
ready in the connection pipe. For the
reliable transport service, a large
BwD product can have a serious per-
formance implication.

Network Simplicity

Assertion. In a high-speed network,
network nodes need to be simple to
catch up with fast communication
speed. In ATM, functionalities in net-
work nodes are simplified in three
ways. First, by taking advantage of
lower bit error rates in optical fiber,
transmission errors are not moni-
tored at network nodes (except for
ATM header checking). Error han-
dling is performed only at the net-
work boundary nodes or at user-end
devices. Secondly, since ATM has a
fixed-size cell and guarantees cell
ordering, the boundary of a data
frame is transparent to the receiver.
Frame-delimiting functions are not
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necessary at network nodes. Finally,
the routing of cells is made simple by
pre-allocating routing labels for the
entire fixed-path across the network.
This eliminates needs for reassembly
and re-encapsulation in the network.

In summary, the network simplic-
ity is achieved by eliminating VC-
level functions associated with user
traffic control. Instead, node func-
tions are limited to those for trans-
port of ATM cells admitted into the
network from wvarious VCs. As the
result of simplified node functions,
ATM functions can be implemented
in hardware, further improving on
the processing speed. In the Internet,
for example, more processing re-
quirements are added to maintain
resource reservations [22], and net-
work nodes can become bottlenecks
in high-speed networks. By reducing
overhead at network nodes, ATM
may be able to allow for very high-

speed transmission with low levels of

delays and delay jitters.
Counterpoint. An ATM network is
envisioned as one in which network
intelligence is located at boundary
nodes while transit nodes provide
data transfer along pre-established
paths. This open-loop strategy is an
example of an out-of-band (OOB)
control strategy, whereby control and
data information may be carried in
different paths in the network. Due to
the lack of feedback information, a
problem in a data path may not be
recognized immediately. For exam-
ple, when congestion develops in a
path it can go unnoticed for some
time, resulting in the loss of a large
amount of data. Furthermore, the
promise of the network simplicity
may not be fulfilled as more compli-
cated functions become necessary in
ATM. It was pointed out that a cer-
tain form of intelligent scheduling
may be necessary to satisfy different
QOS requirements of connections.
Also, for applications requiring reli-

able transport services, the lack of

error checking within the network
may force costly retransmissions.
Finally, provision of multicast con-
nections may be more difficult in the
ATM environment. The connectivi-
ties from the source to receivers can
be seen as a routing tree with the
source at the root and receivers at the
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leaves. Connections of individual

data paths may be simple in ATM, but
signaling nodes now have to maintain
multicast routing trees for such appli-
cations. Namely, the routing intelli-
gence (signaling nodes) and the rout-
ing execution (transit nodes on data
paths) are performed in different
parts of the network. This can lead to
significant delays when frequent
changes are to be made in multicast
connectivities, as in a video distribu-
tion service, for example.

Conclusion

ATM and the Internet show conver-
gence to a network supporting di-
verse traffic types and QOS require-
ments. Migration of connectionless
service into ATM LANs and WANs
has been examined and arguments
on some of the merits of ATM tech-
nology have been presented. ATM
technology has many benefits includ-
ing scalability, traffic integration, sta-
tistical multiplexing and network
simplicity, and we foresee numerous
and rapid developments of ATM
products and services. By providing
both connection-oriented (CO) and
connectionless (CL) services over the
CO routing technique, ATM has to
make some compromises.

In summary, ATM possesses many
attractive features as a networking
technology. For successful ATM, not
only development of new applica-
tions but also migration of existing
applications into ATM networks is
important—evaluation of ATM tech-
nology in the context of applications
may be a valuable exercise. @
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