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ABSTRACT

The Asynchronous Transfer Mode (ATM) is the transport mode of choice for B-ISDN. In
order for high speed networks to become a reality, a number of performance issues has to
be resolved. in recent years, there has been a growing interest in the literature in devel-
oping performance models to explore a wide range of performance problems varying from
understanding the performance of a switch architecture to implementing efficient con-
gestion control mechanisms and light weight transport protocols. In this paper, we briefly
discuss various performance problems that arise in ATM networks and provide a bibli-
ography of related papers reported in the literature.

PERFORMANCE ISSUES IN ATM NETWORKS

The introduction of highly reliable fiber systems into the access network provides the high
bandwidth necessary for future ISDN services, such as video, voice, and large file trans-
fers. These services will have different performance requirements for end to end delay and
packet loss. Furthermore, all connections will be statistically multiplexed at the physical
fayer, making it a compiex task to achieve high utilization of network resources while sus-
taining the required Grades of Service (GOS) for all applications.

The Asynchronous Transfer Mode (ATM) is the transport mode of choice for
Broadband-ISDN. ATM is capable of multiplexing large number of connections efficiently.
Basic transport unit in an ATM network is a 53-byte ATM cell which consists of 48 bytes of
information field and 5 bytes of header. ATM is used on top of a physical tayer (i.e. SONET).
Above the ATM tlayer is the ATM Adaptation Layer (AAL) which supports connections
between ATM and non-ATM interfaces. At the transmitting end, information units are seg-
mented and bits are coliected into ATM cells. At the receiving end, cells are reassembled
to form the information unit or read out. User and control services will run above the AAL.
Several performance issues need to be resolved before ATM networks become a reality.
In recent years, there has been a growing interest in the literature in developing perform-
ance models of ATM networks to explore a wide range of performance problems varying
from understanding the performance of a switch architecture to implementing efficient con-
gestion control mechanisms and light weight transport protocols. In this paper, we briefly
discuss various issues related to performance of ATM networks and provide a bibliography
of related papers reported in the literature.

SWITCH ARCHITECTURES AND THEIR PERFORMANCE

In recent years, various switch architectures have been proposed in the literature. The
evaluation of a switch architecture may be based on a weighted average of a number of
performance characteristics that include design maturity, hardware complexity, diagnostic
complexity, growth potential, packet sequencing, broadcast capability, network speed up
requirements, throughput, and latency.

For presentation purposes, the proposed switch architectures can be classified into two
categories: shared medium, i.e. bus, and multi-stage interconnection networks, i.e. cross
bar and Banyan based multi-stage interconnection networks.

Shared medium switches naturally lead themselves to broadcasting. They are less
complex to build than multi-stage interconnection networks, and highly reliable. Their per-
formance characteristics are relatively easy to obtain. However, the number of ports that a
shared medium switch can support is limited to a relatively small number. On the other
hand, multi-stage interconnection networks have the desirable feature of self routing and
their modular architecture allows excellent growth potential. They require complex fault
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detection procedures and they have poor broadcasting capabilities. The interested reader
may refer to [ 29 ] and [ 13 ] for a survey of switch architectures proposed in the literature
for ATM and high speed networks.

In general, the performance analysis of a proposed switch architecture is not an easy task.
This is mainly due to the fact that a switch consists of a large number of queues that
interact with each other in a fairly complicated manner. In view of the complexity of these
systems, simulation may not be an efficient modeling technique as long run times may be
required to estimate its performance characteristics. Numerical techniques are limited to
the analysis of switch fabrics with a small number of ports. An alternative way to estimating
the performance metrics of a switch fabric is to use queueing theory. A switch is first
represented by -a network of queues and then analyzed approximately using the notion of
decomposition. That is, the queueing network under consideration is decomposed into indi-
vidual queues and each queue is analyzed in isolation.

Until recently, such queueing networks have been developed under rather unrealistic
system assumptions: i.e., with arrival processes that do not necessarily characterize the
source characteristics in this environment and with independent uniform traffic pattern in
which all output-ports are equally likely to be chosen by an arriving cell. Currently, there is
a growing interest in the literature in developing methodologies to analyze ATM switch
architectures approximately under more realistic assumptions.

TRAFFIC SOURCE CHARACTERIZATION AND STATISTICAL MULTIPLEXING

Traffic that will be carried out by ATM networks can be distinguished into the following two
types: Continuous Bit.Rate {CBR) and Variable Bit Rate (VBR). In CBR, there is an uninter-
rupted flow of digital information generated at a constant bit rate, i.e. video source coding
producing constant bit rate, or, voice where silence periods are transmitted. In VBR, infor-
mation is generated at variable rates and the mean rate at which information is generated
is less than its maximum rate. This type of traffic arises in services such as bulk file trans-
fers, encoded video, and voice transmission where the silence periods are not transferred.

The characterization of the arrival processes in this environment is still an open issue. The
source traffic is generally referred to as bursty traffic. However, there is no common defi-
nition of burstiness agreed upon in the literature. Unfortunately, for the time being, there
are no comprehensive real life measurements which will permit us to establish what traffic
models are realistic for what types of applications.

One type of characterization used in the modeling studies of ATM networks is the fwo
state on/off model. In this model, a source is active for some period of time, referred to as
the busy period. A busy period is followed by a silence period in which no activity takes
place. The two periods alternate continuously. This simple model captures the basic idea
that a VBR source may either be active or inactive. It also implies that there is no corre-
lation between the successive interarrival times. More complex models, such as Markov
Modulated Processes, allow the introduction of correlation. in these models, the rate at
which arrivals occur depends on the state of the underlying Markov chain.

All models developed in the literature assume that users can provide the data needed to
determine their parameters. The source characteristics to be defined in this environment
may at least include the average bandwidth, peak bandwidth, and burst length. However,
users may not know the values of the required parameters or may be unwilling to provide
them. One possible solution to this problem is to categorize all availabie service levels to a
number of service classes. Then, the user would request a specific service class. The fea-
sibility of using service classes and the criteria to be used in defining them have not yet
been addressed satisfactorily in the literature,

In ATM networks, connections are statistically multiplexed at the physical link. In order to
model a link, one has the option to model each bursty source separately. However, this
may lead to an intractable model, particularly as the number of connections multiplexed on
a link increases. An alternative is to superpose all connections into a single or a few
number of sources, thereby reducing the dimensionality of the problem. However, it is in
general difficult to characterize the superposition process. There are a few approximation
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algorithms reported in the literature to obtain the parameters of the superposed process.
Another way of analyzing a single queue with multiple arrivals is the fluid flow approxi-
mations. This technique appears to be a promising method and it is fairly accurate, partic-
ularly when used to characterize voice sources. One disadvantage of the method is that it
is not sensitive to the distribution of the arrival process during the busy period.

The proposed algorithms do not yet satisfactorily address the problem and further
research is needed in characterizing the superposed processes in ATM networks,

ROUTING

The Virtual Path |dentification (VPI) and the Virtual Circuit Identification (VCI) fields of ATM
header are used for cell routing. The VPI provides an explicit path while VCI provides an
explicit circuit identification for the cell. A virtual path is a set of virtual circuits. At least
one route is defined for each virtual path in the network. Accordingly, there is no need to
update the routing table for each call setup request as at least one path is guaranteed to
exist.

Multi-stage interconnection networks have been proposed as switch fabrics in high speed
networks. The self routing capability of these switches require that its output port address
must be known before a cell can be forwarded through the switch. However, this informa-
tion is not carried with the cell. Accordingly, based on its VPI, a table lookup needs to be
performed to determine the output ports of arriving cells. As this operation takes place
every time a cell arrives at an input port, efficient means of table look up needs to be
developed to handle incoming traffic. The identifier of the path can be used as an index in
these routing tables. Updates to this table will most likely happen in a distributed fashion,
since static routing tables can not cope with failures in the network or with topology
changes. The process of updating the routing tables in this environment has not been fully
explored in the literature.

A path from source to destination must be decided at connection request time. Most algo-
rithms determine the route by choosing the ‘shortest’ or ‘least expensive’ path. To the
best of our knowledge, there is no study in the literature to define the cost of a path for
ATM networks. In traditional low speed networks, the cost was mainly defined as the mean
end-to-end delay. In case of ATM, however, it may be preferable to sacrifice delay for other
objectives such as, the variance of the end-to-end delay, or, the probabilities of rejecting
connection requests and loosing cells. Maost routing algorithms for traditional networks are
variants of the shortest path algorithms proposed by Ford/Fulkerson and Dijkstra. The first
is an inherently distributed algorithm, with very small requirement of knowledge on the
network topology (i.e. immediate neighbors only) while the second algorithm requires rela-
tively larger memory (complete knowledge of the network topology at each node is
required) and requires the definitions of protocols to keep the topology information up to
date. Both algorithms exhibit the routing table looping problem. That is, a packet ‘sees’
inconsistent path information at various nodes along its path due to the fact that update
messages are not received by all nodes simultaneously. The problem is further pro-
nounced in the case of ATM networks where a burst of packets may be forced to loop in
the network causing a major performance degradation. Routing in ATM networks remains
to be an open issue and further research is needed to explore various alternative routing
strategies.

CALL ADMISSION

Since a connection has to be established before any transmission occurs, a process that
checks the requirements of the connection while taking into account the current state of
the network is needed. Call admission procedures decide whether a new connection
request should be accepted or rejected. The establishment of a connection over a path
from its source to destination would mean that all nodes along the path can provide the
requested GOS to the connection without degrading the GOS agreed upon for connections
already established in the network.
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In general, the decision to accept or reject a new connection request requires the analysis
of the transmission links along the connection’s route. The exact solution to the problem is
not feasible to obtain, particularly in real time. Algorithms proposed in the literature use
queueing theory to decompose a given path into individual transmission links and analyze
each link in isolation. Even in this case, the analysis of a single queue may not be tractable
due to large number of connections established over that link. As discussed above, one
can use the superposed process or the fluid flow. model to approximately obtain the per-
formance metrics of the link to be used in decision making. Another alternative is to deter-
mine the incremental bandwidth needed by the new connection request, given the source
characteristics of the new connection together with the amount of bandwidth aiready allo-
cated on the link for established connections. Then, if the total bandwidth including the
new connection is less than some pre-determined fraction of the link capacities then the
connection request is accepted, otherwise it is rejected.

To determine the incremental bandwidth required by the new connection request, one
approach is to analyze each connection independent of each other in isolation. That is, if a
connection is input to a link with a finite buffer capacity, what should the transmission rate
be for this connection to achieve a desired GOS. However, analyzing each connection in
isolation may result in an over controlled network.

The problem is further complicated due to the fact that traffic characteristics of sources
may change as the traffic stream goes through a number of nodes, i.e. the traffic may
become less bursty at the downstream nodes than it is at the source node. Taking the
effect of statistical multiplexing into account in the call admission procedures require char-
acterizing the departure processes of the upstream nodes and use them as the arrival
processes to the downstream nodes. However, using the original source characteristics at
every node is the current practice in the procedures developed in the literature. Yet,
ignoring the smoothing effect of the network would result in an over controlled network
thereby under utilizing the network resources.

Further research is needed in developing call admission procedures that are fairly accu-
rate, take into consideration the network smoothing, and can be executed in real time.

CONGESTION CONTROL AND SOURCE POLICING

Call admission may not be sufficient to control network congestion as users may deviate
from their negotiated terms. For example, it may not be possible for a user to accurately
specify its source characteristics, the user’s equipment may mal-function, or users may
purposefully attempt to use more bandwidth than negotiated originally. Accordingly, con-
gestion control is required to ensure that GOS is met for each connection and that the
network resources are fairly allocated. '

Congestion control schemes can be classified into two categories: Reactive and Preven-
tive. Reactive schemes, utilized in existing low speed networks, instruct the sources to
throttle their traffic flow through feedback mechanisms. However, as transmission speeds
increase propagation delays become significant causing the feedback mechanisms to
become ineffective, i.e. by the time the feedback reaches the source and the control is
triggered, it is usually to late to react. An alternative is to prevent the network from
reaching unacceptable levels of congestion by utilizing a bandwidth enforcement mech-
anism. Preventive control scheme use policing functions to protect the network against
congestion by forcing the traffic to conform to the parameters negotiated at the call con-
nection phase. The most popular policing function is the Leaky Bucket. In this scheme, a
counter is incremented each time a cell is generated by the source and decremented peri-
odically at a suitable leaky rate. A cell arriving at a time when the counter has reached a
given threshold is considered to be in violation with the negotiated terms. Depending upon
the implementation, the violating cell is dropped, buffered, or it is marked as in violation
and sent to the network. Allowing marked cells to enter the network increases the utiliza-
tion of network resources. However, these cells need to be treated differently at the inter-
mediate nodes to make sure that they do not degrade the GOS of other connections. The
two parameters that need to be set for the ieaky bucket are the threshold value and the
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leaky rate. The leaky rate can be set to monitor the average or peak bandwidth, but not
both. The threshold value, on the other hand, can not be set easily and its value has a
major impact on the GOS offered to the call. In particular, larger threshold values may be
needed in order to obtain the required cell loss probability. This, however, implies that it
will take a long time to detect that a connection is violating its negotiated bandwidth. Other
bandwidth enforcement mechanisms proposed in the literature include the jumping
window, the moving window, and the exponentially weighted moving average. Two objec-
tives that can be used to evaluate different proposals are that a call congestion control
mechanism should i) be transparent to the source when the source is within its negotiated
contract, and, ii} filter the excessive traffic when the source exceeds its contract. Compar-
isons between various congestion contro! mechanisms have not been carried out satisfac-
torily in the literature.

FAIRNESS IN ATM NETWORKS

Fairness means that well behaved users are not harmed by abusive users, and that under
congestion the network divides its resources among connections in a controlled way. As
mentioned above, in ATM networks, cells belonging to a connection that violates its con-
tract may be send to the network to achieve better resource utilizations. To guarantee that
these marked cells do not degrade the quality of service of other connections that stay
within the negotiated terms, marked cells may be discarded within the network. Various
discarding mechanisms that define the rules for discarding have been proposed in the liter-
ature. From the performance point of view, one discarding mechanism is better than
another one if it produces higher throughput than the other while ensuring that quality of
service provided to unmarked cells is not degraded. Implementation complexities of such
mechanisms are also of importance. Further research is needed to obtain and compare the
performance characteristics of various discarding mechanisms proposed in the literature
under realistic arrival processes.

Fairness in traditional low speed networks is achieved by serving virtual circuits according
to some type of round robin discipline, rather than first in first out. In case of ATM net-
works, link bandwidths are shared between a number of virtual paths and the bandwidth
allocated to a virtual path is shared by several virtual circuits. How to achieve fair sharing
of resources between virtual paths is currently an open issue. The problem is more compli-
cated at the virtual circuit level as the processing power required to achieve fairness for
virtual circuits may be prohibitive in this environment unless proposed functions can be
implemented in hardware. Further research is needed to explore the issue of fairness in
ATM Networks.

TRANSPORT PROTOCOLS

As technology advances rapidly to meet the need for high speed communications, the bot-
tleneck of communications networks has been moved from the transmission media to the
communications processors. The throughput and end to end delay in a high speed
network are limited by the processing power of the transmitting and receiving nodes, since
very little processing can be done at the intermediate nodes. Accordingly, either already
existing protocols must be optimized or new protocols that exploit the characteristics of
high speed networks need to be developed. Adopting an updated version of an existing
protocol can significantly reduce the amount of time required to standardize a transport
protocol, whereas a new protocol would easily take up to six years or more to standardize.
The improvements to existing protocols may be achieved by reducing their overheads, for
example, by

1. Optimization of Execution Path,
2. Use of Bigger Packet Sizes, to reduce the time spent on packet specific operations

3. Packet Grouping, to achieve group acknowledgements and group-oriented control infor-
mation.

ACM SIGCOMM —12— Computer Communication Review



4. Better Dynamics of the Protocol, i.e., periodic exchange of state information
5. Alignment of Fields to Word Boundaries,

6. Placement of Control Information to Header or Trailer,

7. Unigue Use of Fixed Length Control Fields,

8. Streamlining of Functions,

9. Streamlining of End-to-End Operations,

The interested reader may refer to [ 171 ] for a survey of lightweight protocols proposed in
the literature for high speed networks including Datakit, Delta-T, NETBLT, OSI/TP4, TCP,
VMTP, and XTP.

ERROR CONTROL

Error control is a technique that allows a protocol to recover from lost or damaged Pro-
tocol Data Units. In traditional low speed networks, error control has been handled prima-
rily by the data link protocols, which permits two adjacent nodes in an end to end path to
locally detect and recover from message loss or corruption along the link that joins them.
As the link speeds increase, the time to do error recovery decreases. The problem is
further complicated due to large propagation delays compared with the cell transmission
times in ATM networks, i.e. number of cells that can be in transit over a link increases as
the propagation delay/link speeds increase. Therefore, a more promising approach to error
recovery is to do it end to end. Despite the importance of the issue, error control in ATM
networks has not been fully addressed in the literature. In particular, in contrast to the
numerous studies of cell level models reported, there are very few studies of burst/packet
level models.
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