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Abstract

An interesting lightweight switching technique for local area and campus environments is wormhole routing, in which the head of a packet,
upon arriving at an intermediate switch, is immediately forwarded to the next switch on the path. The current proposals and products of
wormhole routing networks provide a connectionless and lossless transport of variable-size data units, aiming at minimal latencies, but
without any quality-of-service guarantee. Wormhole networks therefore push at an extreme the networking paradigm of the Internet,
adopting technical solutions for high-speed networking that are opposite to those taken in ATM.

The aim of this paper is to perform a simulation-based comparison between the wormhole routing and ATM transport techniques in high-
speed networking scenarios. The behavior of the two information transport techniques is studied in mesh topologies where a few interfering
TCP connections in overload interact with a uniform background traffic.

Our results show that a larger hardware and software complexity is required to ATM switches with respect to wormhole routing switches in
order to provide a comparable throughput to TCP connections. By contrast, ATM is more capable to handle severe congestion situations and
to provide better fairness. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

ATM and wormhole routing are two data transport tech-
niques suited for high-performance networking.

Wormhole routing is a lightweight protocol and switch-
ing technique for local and campus high-speed data
networks based on mesh topologies. With respect to the
conventional store-and-forward packet switching, in worm-
hole routing the head of a packet (worm), upon arriving at
an intermediate node, is immediately forwarded to the next
node on the path, without waiting for the entire packet to be
assembled [1]. Thus, the packet, like a worm, may stretch
across several intermediate switches and links.

An important example of wormhole communication
network is the crossbar-based Myrinet [2,3], which uses
back-pressure flow control, and source routing.

The main goals of wormhole routing networks are simpli-
city (i.e. reduced switch complexity) and low latency. They
are usually operated in the local area at very high speeds in
an asynchronous and unslotted fashion. Since losses are
very costly in networks with large delay X bandwidth
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products, wormhole networks are designed as loss-free
systems: worms are never discarded upon congestion.

In order to provide low latency and permit simple
switches, wormhole switches are equipped with very limited
buffering capacities. Hence, a careful flow control must be
exercised to avoid buffer overflows. Moreover, the choice of
avoiding worm losses makes wormhole networks particu-
larly prone to deadlocks or livelocks, and to congestion, so
that congestion control techniques are required. Tradition-
ally, flow control is obtained with backpressure: blocked
worms, i.e. worms that cannot proceed towards their desti-
nation due to lack of resources, are frozen in place using
explicit node-to-node signaling. With backpressure flow
control, deadlocks are prevented either by restricted routing
(usually Up/Down routing on a spanning tree), or by parti-
tioning buffering and transmission resources (we consider
shortest path routing with virtual channels [4]). Asynchro-
nous (and unslotted) deflection routing with local input
control has been proposed [5] as a possible alternative to
the backpressure mechanism. Livelocks are possible with
asynchronous deflection routing; they can be avoided by
means of suitable (random) worm alignment techniques at
switches.

ATM has been considered as a very promising transport
technique for high-speed networks, both in the technical
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Table 1
Comparison of wormhole routing and ATM

Feature ATM Wormhole

Small switching delays via Cell pipelining Cut-through switching
Segmentation overhead Yes No

Losses of data units Possible Non-permitted
Error control Possible No

Virtual circuits Yes No

QoS guarantee Good Poor

Memory requirements Large Small

Costs Large Small
Scalability Good Poor

community, and among manufacturers and operators.
Although the interest in ATM technology has recently
decreased mainly due to the Internet exponential growth,
ATM still plays an important role in backbones and in the
wide area when QoS guarantees are a major design goal.
Questions arise on the suitability of ATM in local environ-
ments, mainly because of complexity and costs.

The technical solutions adopted in ATM are very differ-
ent from those of wormhole networks. Wormhole routing
networks do not require segmentation and reassembly of
data units, since worms are variable in size. Moreover,
while ATM cells can be discarded, worms are never
dropped upon congestion. Furthermore, wormhole networks
normally take the connectionless approach, not relying on
virtual circuits and call admission control. Table 1 contrasts
the wormhole routing and ATM transport techniques.

Besides costs, which remain high, a potential limitation of
ATM in supercomputer interconnect applications and clus-
ter computing is the high latency, due to bandwidth alloca-
tion/negotiation at call set up (which can indeed be dealt
with using permanent connections) and cell segmentation/
reassembly during the data transfer phase.

Wormhole routing networks are well suited for the trans-
port of datagram traffic when low latency is important. ATM
is best suited to transport heavy traffic flows with quality of
service requirements, like in the case of multimedia appli-
cations. Several studies have been performed on the
network-level performance of wormhole routing networks
[5] and of ATM [6,7]. It is, however, interesting to study the
effects of the information transport techniques on higher
level, end-to-end protocols, like TCP; this problem was
only partially addressed up to now. TCP [8,9] (the Trans-
mission Control Protocol of Internet) stands as the natural
candidate, being today the most widely used end-to-end
protocol in packet networks. It is currently used in the Inter-
net to support a wide range of applications with different
service requirements, although it is mainly used in the
context of data traffic.

In this paper we present a simulation study of the perfor-
mance of TCP connections in simple network configura-
tions, taking as performance indices the normalized TCP
goodput, i.e. the throughput at the receiver, discarding all
retransmitted packets, divided by the link speed, and the

efficiency, i.e. the ratio between the goodput and the total
offered load of TCP connections. The study is done for
wormbhole routing networks, with both backpressure and
deflection flow control, and for ATM networks. We carry
on the comparison keeping the two systems (wormhole and
ATM) as similar as possible in terms of topology, offered
traffic, switch architecture, and parameters like link speed
and buffer sizes. We study the performance of TCP over
ATM connections with UBR (Unspecified Bit Rate) traffic,
and with two ABR (Available Bit Rate) transfer capabilities:
a simple RRM (Relative Rate Marking) [10] and a more
sophisticated ER (Explicit Rate) scheme [11]. The former
is a simple control algorithm, which relies on the node
output buffer occupancy and its derivative as indicators of
network congestion and provides sources with a ternary
feedback (keep, increase and decrease rate). The latter is a
well-known algorithm, which monitors the node load on
each output link and advises sources about the rates at
which they should transmit.

Several studies of the behavior of TCP in ATM networks
are available in the literature [12—17]. We do not address
here the problems arising from the interaction between IP
(the connectionless Internet Protocol) and ATM that has
received large attention in the recent past [18,19], as we
mainly focus on local area or campus networks, where the
routing functionalities of IP play a minor role.

The paper is organized in two main sections. Section 2
describes the rules of the game of our simulation based
performance comparison. Our modeling of TCP connec-
tions, of ATM nodes with ABR, and of wormhole networks
with backpressure or deflection flow control is described,
together with the selected topologies and traffic scenarios.
Section 3 brings the two transport techniques in the arena,
presenting and discussing selected simulation results.

2. Rules of the game
2.1. TCP model

We included in our simulation programs (both for ATM
and for wormhole networks) the same detailed model of the
BSD 4.3-reno version of TCP. The model was obtained [12]
by stripping, with the necessary modifications, parts of the
code from a real implementation of TCP.

Given that TCP is a well-known protocol, we briefly
outline here only the main characteristics of the TCP-reno
congestion control algorithm. Further details can be found
in Refs. [20,21].

TCP is a connection-oriented protocol based on a window
mechanism which regulates the flow of data units. The
window size at the transmitter is dynamically incremented
until either the congestion is detected into the network, or a
maximum window size, advertised by the receiver, is
reached. The receiver returns acknowledgments (ACKs)
of the received data (piggybacking it onto data segments
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if possible); receiving (or not receiving) ACKs at the trans-
mitter triggers either the transmission of a new segment (if
available) and the increase of the window, or the beginning
of congestion control procedures.

At the transmitter, a threshold is initially set to the maxi-
mum receiver-advertised window size, and the actual
window size is set to one segment. The window increases
in two phases: the slow-start (or congestion recovery) phase,
where the window grows exponentially, and the congestion
avoidance phase, where the window increases linearly. The
transmitter goes from the slow-start phase to the congestion
avoidance phase when the actual window size reaches the
current threshold. When the maximum window size is
reached, the transmission continues without further increas-
ing the window size.

The source considers the loss of a segment as a symptom
of congestion, and reacts reducing the transmission window
size. The segment loss can be detected either through a timer
expiration (the ACK is not received within a defined delay
from the segment transmission), or by the fast retransmit
with fast recovery algorithm. If a retransmission timer
expires, the transmission window size is reduced to one
segment, the threshold is set to half the current window
size and the slow-start phase is entered. Using the fast
retransmission procedure, the source node infers that a
segment was lost if four ACKs referring to the same
segment are received. Owing to the fast recovery procedure
the source reacts by halving the current transmission
window size, and switching to the congestion avoidance
phase by setting the threshold to the current transmission
window size.

Since the BSD 4.3-reno TCP is not tailored to high-speed
networks [22], slight modifications were required to adapt
its code to the high-speed environment; the most important
aspects of this adaptation process are described below. We
included practically all the important TCP features, with the
exception of the selective ACK [23] and the delayed ACK
options [24].

An important aspect in TCP implementations is the time-
out setting and the RTT (Round Trip Time) estimation.
Timeouts in TCP are computed as a smoothed estimate
based on the RTT average wgrrr, and standard deviation
ORTT, @S tyg = prrT T 40RTT; the average RTT and its stan-
dard deviation are computed following the algorithm
proposed by Van Jacobson [20]. In the present implementa-
tions of TCP, the transmitter timers evolve with a granular-
ity (the minimum value to which a timeout can be set) that is
rather coarse (of the order of 200 ms); this granularity
should be reduced for the protocol to react fast on networks
with short round-trip delays. In our simulation setup, the
user can choose the timer granularity of the TCP implemen-
tation. As a rule of thumb, the granularity should be smaller
than the propagation delay along the connection, and it
should be equal for all connections, if large throughput
and, more important, fairness among connections sharing
the same resources has to be achieved.

2.2. ATM and ABR

The ATM simulation program was implemented in
CLASS [25], a package for the cell-level simulation of
ATM networks developed at Politecnico di Torino, under
a contract with CSELT.

Network nodes in CLASS are ideal output-buffer ATM
switches. The switching matrix is non-blocking and can
transfer to output ports in one slot time all the cells received
at the inputs. All the available buffer space is used at output
ports.

CLASS provides several traffic control algorithms,
specially for the ABR service. We consider a simpler
RRM (Relative Rate Marking) operating mode, where the
network feedback can only assume three values, and a more
complex ERM (Explicit Rate Marking) operating mode,
where the network explicitly notifies sources about their
assigned cell transmission rates. In both schemes, the key
issue that determines the performance of the network is the
control algorithm implemented within the ATM switches to
decide as to what feedback must be returned to sources.

The ABR RRM control algorithm we use is inspired by
standard techniques in control theory, and designed aiming
at simple implementations in low-cost ATM switches [10].
The algorithm relies on the periodic measurement of the
buffer occupancy and its derivative, which triggers the
congestion detection and the ABR feedback to sources.
More details are provided below.

The considered ABR ERM mechanism is ERICA (Expli-
cit Rate Indication for Congestion Avoidance), proposed in
Ref. [11]. The algorithm requires a periodic measurement of
both the available bandwidth capacity for ABR traffic and
the number of currently active VCs. The cell transmission
rates explicitly assigned to sources are determined accord-
ing to a fair share. If some VC is not using its fair share, the
remaining capacity is allocated fairly among other VCs. The
goals of the algorithm are two-fold: fully (and fairly)
exploiting the bandwidth available for ABR traffic, and
keeping the output buffer occupancy very close to a given
level, defined via a parameter called as target delay in this
paper. The details of the algorithm are quite complex and
out of the scope of this paper; the interested reader is
referred to Ref. [11] for a complete description. CLASS
implements the full algorithm proposed in Ref. [11], with
the exclusion of the filter function.

The ABR connections that we consider carry a sustained
TCP traffic, which can be interpreted as being generated by
sources performing long file transfers using the TCP proto-
col. The performance of TCP connections supporting file
transfers over ATM networks was already studied by
several authors [12—17]. Results indicated that when the
UBR service category (i.e. no traffic control) is used, perfor-
mance is generally rather poor, mainly due to the TCP
protocol dynamics, which cannot be easily adapted to
networks with large delay X bandwidth products [22].
When an RRM ABR scheme with a very simple control
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ABR parameter values used in the simulation runs

Algorithm Parameter Value
RRM and ERM PCR (Peak Cell Rate) 640 Mbit/s
MCR (Minimum Cell Rate) 1 Mbit/s
ICR (Initial Cell Rate) 150 Mbit/s
TBE (Transient Buffer Exposure) 512 cells per VC
RRM RIF (Rate Increase Factor) 1/64
RDF (Rate Decrease Factor) 1/16
B 15 cells
A 10 cells
I 200 cells for buffer 2000
50 cells for buffer 200
Measurement interval 50 cells
ERM Target delay 500 cells for buffer size 2000

Measurement interval S,

50 cells for buffer size 200
500 cells for buffer size 2000
50 cells for buffer size 200

mechanism is instead used in the ATM network to support
TCP connections, satisfactory performance can be achieved,
provided that the ABR parameters are carefully tuned.
Better results are obtained when ERM algorithms are
adopted.

2.2.1. More details on the ABR RRM scheme

In the RRM ABR scheme, feedback to sources is
conveyed by the network through the NI (No Increase)
and CI (Congestion Indication) bits of the RM (Resource
Management) cells. The feedback indication can only
assume three values corresponding to ‘increase the cell
transmission rate’ (NI = CI = 0), ‘keep the present cell
transmission rate’ (NI=1, CI=0), or °‘decrease the
cell transmission rate’ (CI = 1, NI not significant). Sources
react to these feedback indications by modifying their cell
transmission rates according to their values of the ABR
parameters RIF (Rate Increase Factor) and RDF (Rate
Decrease Factor), which are negotiated at connection setup.

The NI and CI bits can be set to 1 by ATM switches along
the connection path, depending on the switch internal
congestion. We focus on the algorithms to set the NI and
CI bits, and we assume that they are based on the occupancy
of the link buffer (at output ports of switches), which is
shared by the ABR connections and the background traffic.

Since the core algorithm on which the RRM ABR scheme
is based is very simple, it can be expected that RRM
schemes will be implemented in low-cost ATM switches;
as a consequence, also the control algorithms implemented
within the ATM switches must be very simple. These
remarks about the type of ATM switches that we consider
lead to the assumption that no sophisticated queuing and
traffic control mechanisms are available within the switches:
we therefore assume that switches have no per-VC or per-
traffic-class separate buffering, and they are not able to
compute the instantaneous load offered by the connections.

The only available information on link congestion is hence
the buffer occupancy Q.

The goal of the control of the system is three-fold: (i)
avoid losses in the buffer; (ii) maximize the link utilization;
and (iii) minimize the buffer occupancy fluctuations to
avoid introducing unwanted jitter in the cell delay (in our
scenario the buffer is shared by ABR and background traffic,
the latter possibly being delay sensitive).

We adopt a control algorithm called PD + , ‘P’ standing
for position (or level) of the buffer occupancy and ‘D’ for its
derivative; more details can be found in Ref. [10]. The
buffer occupancy is measured at regular epochs, S, slots
apart; between two consecutive samplings the control
signals are kept constant.

Let Dy(t,) = Q(t,) — O, ) be the two-point derivative
of the buffer occupancy Q, where ¢, is the nth sampling
instant. This technique gives great importance to buffer
occupancy variations: if |DQ(tn)| > B then the value of Q
is ignored. The goal of these modifications is to detect
important traffic variations as soon as possible and, as a
consequence, to keep the buffer as empty as possible to
minimize cell losses. The mapping of the values of Q and
D, over the control feedback is the following:

VQ; Dy < —pB = increase rate

VQ; B < Dy = decrease rate

0 <l; —B = Dy = 0= increase rate
0 <l; 0 <Dy = B= keeprate
ly=0<h; =B =Dy == keeprate
he=Q; —B =D,y <0 = keep rate

h = Q;0 = Dy = B = decrease rate
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The parameter 3, together with the two thresholds /; and
can be used to tune the control algorithm.

2.2.2. Selected parameters

Both the RRM and the ERM ABR implementations in
CLASS conforms to the ATM Forum Traffic Management
Specification 4.0 [26]. Nodes monitor the status of the buffer
in the forward direction (i.e. on the link going from the
transmitter to the receiver) and set the feedback indication
on the RM cells flowing in the backward direction (i.e. on
the RM cells going from the receiver to the transmitter).

The ABR parameters setup is kept constant in all the
simulations: the most significant parameter values are
summarized in Table 2. ICR is the rate at which sources
start to transmit after a long silence period, PCR the maxi-
mum allowed transmission rate, MCR the minimum guar-
anteed transmission rate, RIF the additive rate increase
factor, RDF the multiplicative rate decrease factor and
TBE is the transient buffer exposure, i.e. the number of
cells that can be transmitted at connection start-up before
receiving the first RM cell. The TBE value is selected so as
to accommodate all the cells transmitted by the source at
ICR during a round trip time.

We do not claim that the chosen parameter vector is the
best possible choice for the considered situation, but the
values are reasonable (we are not interested here in finding
the best possible ABR parameters combination). However,
the conclusions we draw are not affected by the specific
choice of the algorithm parameters.

2.3. Wormhole routing

The simulation programs for wormhole routing were
implemented using MAISIE [27], a package built as an
extension on the C language for the object-oriented
discrete-event parallel simulation. The basic simulation
engine chosen for wormhole is different with respect to
the ATM simulator due to the asynchronous nature of the
protocol. To make a meaningful comparison, the models of
the traffic sources (including the code of the TCP model)
were however the same for the two simulators.

2.3.1. Wormhole with backpressure flow control

The first considered flow control scheme is backpressure,
which is most common in wormhole LANs. When a worm
arrives at a node, it has a choice of output ports through
which it can reach the destination in the fewest hops. These
ports are called preferred output ports. With backpressure
flow control, the worm is routed to an unused port in this set.
If this output port is not available, the worm is blocked,
using a backpressure signal on the return link. When
congestion occurs in a backpressure LAN, blocked worms
prevent other worms from reaching the congestion point.

Backpressure is therefore an explicit node-to-node flow
control mechanism that requires the bidirectionality of
network links. A fixed size buffer, called slack buffer, is

associated with each receiver in the nodes. STOP and GO
flow-control signals at the physical layer are used to regulate
the flow of traffic in both directions across a link. They are
sent in the direction opposite to the one on which the traffic
is being received (thus, the need for bidirectional links).
Suitable high-water and low-water marks in the slack buffer
are used to decide when to send a STOP signal and when to
send a GO signal, respectively. The size of the slack buffer
is dependent on the link round-trip propagation delay.

With backpressure, worms may thus be blocked on their
way to the destination if no resources are available along the
path. As circular waits are possible, backpressure is prone to
deadlocks [4,28]. The issue of deadlocks in computer
systems has been well studied [29-31]. In wormhole routing
networks, deadlocks are more likely than in conventional
store-and-forward networks due to the fact that long worms
need the progressive allocation of several resources (links
and buffers) to be transported to their destination. Although
one or more worms could be dropped upon detection of a
deadlock, deadlock avoidance is preferable in high-speed
networks due to the large delay X bandwidth product.

One popular approach to avoid deadlocks is to restrict the
routes that a message may take towards the destination.
Finding and using routes in the network in such a fashion
that deadlocks are avoided works at the cost of non-optimal
routes (in terms of number of hops). This approach was
adopted in the Autonet [32], and in Myrinet [2,3]. In such
networks, a spanning tree is constructed on the topology,
and all hosts use this tree to determine the routes to all other
hosts. This prevents circular waits and guarantees deadlock
freedom of the routes at the cost of non-minimum-distance
routing, and of performance degradation due to congestion
around the root of the tree.

Another well-known approach in store-and-forward
packet networks to avoid deadlocks consists of defining a
partial order on the switch buffers (hierarchy of packet
buffer pools) at each node [30,33-36], and allocating
them on various criteria like number of hops traveled, the
route which the packet is traveling, etc. An approach similar
to the hierarchy of buffer pools, called the virtual channels
technique [4], is used in our simulations. It combines
restricted routing and buffer partitioning to achieve dead-
lock-free, minimum-distance routing in the wormhole rout-
ing context.

Virtual channels are groups of channels that share a
physical channel. Each virtual channel has its own slack
buffer and flow-control logic. Thus, the buffer space is stati-
cally partitioned according to the number of virtual chan-
nels, while the bandwidth available on the physical channel
can be dynamically allocated to virtual channels. Physical
channels that belong to a cycle in the network are decom-
posed into a group of virtual channels, and the routing is
restricted only in the sense that the proper virtual channel
must be selected when a physical link must be crossed. The
concept of virtual channels implies a protocol to serve the
virtual channels that are mapped onto the same physical
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link. Protocols of this sort were presented in Ref. [37]. We
consider in this paper the Non-preemptive Priority (NP)
protocol: priority is given to worms using higher numbered
virtual channels since they are closer to the destination. A
worm 1is served until either it has been completely trans-
mitted or it is blocked. In either case a worm in the highest
virtual channel which can be served is served next.

Virtual channels allow minimum distance routing, but
require an increase in the hardware complexity of the
node: the input buffer and the flow control signaling and
logic must be replicated for each virtual channel.

2.3.2. Wormhole with deflection flow control

Another technique which can be used to limit congestion
and prevent packet loss in worm LANS is deflection routing.
The scheme works as follows: if the worm arriving at the
switch finds its preferred output (as defined by a routing
table or by a source routing header) busy, it is ‘deflected’
to any other output which happens to be free.

The first deflection routing studies [38—40] were aimed at
synchronous, slotted networks. Deflection routing is possi-
ble on any regular topology (i.e. with a number of input
ports at each switch equal to the number of output ports).
Deflection routing is not affected by the problem of worm
loss due to buffer overflow, since there is always an output
port available (not necessarily among the preferred ones) for
the worm to be transmitted out.

Flow control in deflection routing is achieved jointly by
deflecting worms away from the congested area and by
controlling the input of traffic from the hosts. We call the
latter technique input rate control. Flow control in deflec-
tion routing is triggered by the implicit propagation of infor-
mation about congestion in the network: deflections spread
the congestion to the other nodes in the network until the
hosts are throttled via input rate control.

2.3.2.1. Livelocks. Deadlocks are not possible when
deflection routing is used since worms are never blocked.
However, livelocks are possible. A livelock occurs when
worms are endlessly deflected in a circle and never reach
the destination. To overcome this problem, we consider the
following worm alignment (or delayed deflection)
technique. When the head of a worm arrives at a node and
the preferred output port is not available, a calculation is
made to see if the worm can be buffered in the input buffer
until one of the preferred output ports becomes available
(i.e. till the remainder of the worm using that port is
transmitted). If the buffer would overflow, then the worm
is deflected through another output port. Otherwise, the
worm is buffered and deflection is delayed. It is possible
that, by the time the output port becomes available, other
worms waiting for the same output port may have arrived.
One of the waiting worms is randomly chosen and the
output port assigned to it. This worm alignment
mechanism introduces more choices of output port
selection, thereby improving the overall efficiency. It can

also significantly reduce the probability of livelocks (which
were never observed in our simulation experiments).

2.3.2.2. Routing. Routing decisions at a node are based on
the weights associated with each output port according to
the distance from the destination, minimum weight
indicating a preferred port. For each incoming worm, all
preferred output ports are scanned to find a free port. If
none is found (and the worm should be deflected),
deflection is delayed using the worm alignment protocol
described earlier. In case of deflection, minimum-weight
free ports are considered first.

The ports of a node in the network are designated as either
host ports (connected to hosts) or transit ports (connected to
other nodes). The buffers associated with the input ports are
accordingly called either host buffers or transit buffers.
Whenever an output becomes free, all input ports are
searched for worms awaiting transmission. The order in
which input ports are scanned can significantly affect perfor-
mance, especially in our scenarios comprising overloaded
connections. We assume that input ports are scanned in a
random order, giving priority to transit ports over host ports
(all transit ports are scanned first). In Myrinet a round-robin
scan of all input ports is implemented to limit complexity.

Since we assume that hosts can receive only one worm at
a time, deflection may occur also at the destination: if the
output port associated with the destination host is busy, an
arriving worm may be deflected away from the destination.

2.3.2.3. Buffering. Wormhole routing switches are input
buffered, both in the backpressure and in the deflection
cases.

The input buffer requirements for deflection routing are
determined by the worm alignment protocol and by the
procedure for injection of worms into the network by the
local host. While the local worm is being transmitted, it is
possible that a ‘transit’ worm arrives and finds that all the
ports of the switch are in use, except for the output port to
the host. Although other solutions are possible, we assume
in this paper for simplicity that transit worms are stored in
the transit buffers when the host starts transmission of a new
worm. To avoid overflow of transit buffers, transmission of
the host worm is enabled only when all transit buffers have a
free space at least equal to the size of the new worm. This
implies that the size of the input buffer is constrained by the
maximum worm size.

2.3.2.4. Input rate control. Deflection routing suffers from
two major drawbacks: out-of-order delivery and unbounded
delays. For what regards the first problem, in Ref. [41] the
authors mention several applications (like file transfers) for
which in-sequence delivery of messages is not essential. We
will observe later in the paper that TCP connections do not
degrade their performance with deflection routing, hence
they well tolerate out-of-order worm delivery. This is
mainly due to the tight access control induced at the
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Fig. 1. The three traffic scenarios.

source by the algorithms adopted in wormhole networks,
which produces behavior largely independent from the
TCP maximum window size. As shown in Ref. [5], the
problem of unbounded delays can be effectively mitigated
by input rate control at the hosts. A time-to-live mechanism,
which eliminates ‘unlucky’ worms after a given time or
hop-count, can help both to clip the tail of the delay
distribution, and to eliminate residual livelock problems,
specially in our context in which the TCP flow control can
recover worm losses.

We assume that host worms are never deflected. Accord-
ingly, the first simple input control policy, which is usually
used in our simulation experiments, requires the host worms
to stay in the host buffer until a preferred output port is free
and a transit worm is not waiting on it. Further, the trans-
mission of a host worm does not start if the amount of free
space in each transit buffer is less than the worm size (to
avoid buffer overflow). Although this approach seems to be
very restrictive with respect to the admittance of host worms
into the network, it is not. Simulation results have shown
that the host may still be able to overload the network,
causing an increase of deflection and, as a consequence,
degraded performance.

2.4. Topologies, traffic and node architecture

The mesh topologies used in our simulation experiments
are 16- and a 64-nodes Manhattan networks, i.e. square
grids wrapped around a torus, with node-to-node link
lengths equal to 1 km and link speed equal to 640 Mbit/s.
Mesh topologies were chosen to keep in the scenario
deflection routing; however, observe that the traffic
patterns chosen for TCP connections described later are
representative of widely used topologies, normally consid-
ered as good abstractions of real topologies: the bottleneck
and the parking lot topology. All network nodes act both as
switches, and as information sources and sinks. A uniform
Poisson background traffic with varying intensity is consid-
ered in all simulations, and the total load on the network is
taken as a simulation parameter. The Poisson characteriza-

tion was taken for simplicity, since background traffic is
mainly used to break synchronization problems among the
TCP connections, whose behavior would otherwise be
deterministic.

At each node, each port is equipped with a packet buffer
whose size B is at least slightly larger than the TCP Maxi-
mum Segment Size (MSS), which we assume to be equal to
9140 bytes. For the input-buffered wormhole routing, the
case B = 10000 bytes is always considered; for ATM,
ideal output buffered switches are considered, with either
small (B = 200 cells, i.e. B = 10600 bytes), or large buffers
(B = 2000 cells, i.e. B = 106 000 bytes). The IP protocol is
taken into account only in packet headers (the TCP PDU is
augmented by the standard size of the IP header), but no
functionalities of the protocol are simulated, as mentioned
previously.

We consider maximum window sizes W for TCP connec-
tions equal to 1, 5, and 30 segments; a value of W =5
segments is large enough to allow any possible TCP connec-
tion to obtain a 640 Mbit/s throughput in our (small)
networks.

The timer granularity was set to 5 ws due to the small
network size. Simulations with higher granularity (50 ms)
have produced very similar results.

We consider three different traffic patterns for TCP
connections. In all scenarios, few overloaded TCP connec-
tions are competing with the background traffic for network
resources.

In the first scenario, three TCP flows interact in a 16-
nodes grid: they are depicted in Fig. 1 with solid lines.
The three receivers share the same destination node, and
the three transmitters are numbered in the figure. One of
the TCP sources (source 1) is positioned so that it suffers
from the traffic generated by the two other TCP sources
(sources 2 and 3); TCP sources 2 and 3 are connected to
nodes in topologically equivalent positions with respect to
the destination node.

In the second scenario, four TCP connections lie on a
horizontal ring of a 16-nodes Manhattan network, so that
connections share, pairwise, a common link, as depicted
with dashed lines in Fig. 1. The symmetrical positions
along the ring should not privilege any of the TCP
connections.

In the third scenario, we embed a ‘parking lot’ topology
with three TCP transmitters on a ring of a 64-nodes Manhat-
tan network; the third TCP connection suffers from the traf-
fic generated by the other two TCP connections. The dotted
lines in Fig. 1 depict the relative positions of the three TCP
flows. A 64-nodes grid was considered in this case (instead
of a 16-nodes grid) to obtain overlapping minimum-distance
routes.

The routes taken by packets belonging to the three
TCP connections in the first traffic scenario will either
be disjoint or overlapping, whereas in the two other
scenarios only overlapping routes are considered to put in
evidence congestion phenomena. These routes are decided at
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Fig. 2. Goodput and efficiency for wormhole routing with backpressure flow control. Medium (W = 5) and small (W = 1) window sizes. Overlapping and

disjoint fixed routes.

call set-up time for ATM (and in our simulation they are an
input parameter). For wormhole with backpressure, routes can
either be fixed, or adaptive. In the former case an incoming
worm can be routed only to one output port (this is the case of
the source-routed Myrinet); while in the latter case any unused
minimum-cost output port can be selected by an incoming
worm. In the case of deflection, instead, packets travel freely
in the topology.

ATM network nodes are output-buffer switches with
FIFO queue discipline. We consider a single FIFO
queue in all scenarios to keep ATM switches as close
as possible to wormhole switches. This means that ABR
(TCP) traffic and background traffic share a common
buffer. It must however be noted that ABR control tech-
niques in general assume more complex, separate queuing
scenarios, which should clearly lead to better perfor-
mance. This is one of the reasons why some of the
performance obtained with ABR controls are less satisfac-
tory than expected.

3. Performance results

The performance indices considered in the paper are the
TCP goodput, i.e. the throughput at the receiver discarding
all retransmitted packets, and the efficiency, i.e. the ratio
between the goodput and the total offered load of TCP
connections. Note that the efficiency index is, in the loss-
free wormhole networks, an indicator of retransmissions
induced by the variations of the connection round trip
time, whereas in ATM network is (mainly) an indirect
measure of cell losses due to buffer overflows.

3.1. First traffic scenario

The results when backpressure flow control is applied
together with virtual channels on fixed overlapping routes
are reported in the upper part of Fig. 2, and show that unfair-
ness arises among TCP connections with window size equal
to 5. This is induced by the topological position of source 1
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together with the priority given to in-transit worms with
respect to locally generated worms. The minor unfairness
among the two other connections, which are situated in
topologically equivalent positions, is induced by the
adopted virtual channel mechanism: among all minimum
distance routes, only those with one horizontal path
followed by one vertical path are permitted [4,28]. Under
this constraint, routes overlap in our scenario, causing inter-
ference. All connections follow the horizontal path before
the vertical one. Consequently source 2 path completely
comprises source 1 path, with two hops along the east direc-
tion in the grid and one along the north direction (see Fig. 1);
while source 3 path overlaps the other two in the final north
link, which is therefore shared by all three sources. The
average throughput for TCP connections ranges from 0.35
when no background traffic is present to a limit of about 0.2
when the network is overloaded.

‘When the window size is reduced to one, better fairness is
observed. Although unit windows are able to fully load
network links, given the short distances between TCP
sources and destinations, they prove to be less tolerant to
errors in the RTT estimation: retransmissions occur (note
the reduced efficiency), and link utilizations are below
100%. As a consequence, downstream sources also gain a
fair share of the available bandwidth.

In the lower part of Fig. 2 the case of disjoint fixed routes
is presented. With respect to the real world, this is an opti-
mistic situation, which minimizes the interference between
the three TCP connections. Indeed, performance is much
better: a doubled goodput is observed, specially for the
case W =5, which does not throttle TCP sources. Unfair-
ness is reversed: source 1 can now take advantage of the
shorter distance from the destination.

A certain degree of unfairness is observed among the
three TCP connections in all the graphs of Fig. 2. This is
typical of wormhole networks, where traffic is less

controlled with respect to ATM networks, and it will be
observed in subsequent results, particularly when congested
traffic patterns are present (see Figs. 11 and 12).

Fig. 3 considers deflection flow control. As soon as the
window size is increased, the TCP connection in the least
favorable positions suffers from the traffic generated by the
other two TCP sources, since priority is given to in-transit
worms and, with deflection, nodes closer to the destination
suffer from the traffic coming from farther nodes. The aver-
age throughput for TCP connections now ranges from 0.6
when no background is present to a limit of about 0.3 when
the network is overloaded. This is an intermediate behavior
with respect to the two sets of backpressure results: deflec-
tion is self-adaptive to the traffic situation, so that TCP
connections tend to exploit well network resources. The
problems related to interferences among fixed routes
which must be faced both by wormhole with backpressure
and by ATM, do not arise with deflection. Note that the
reduced efficiency does not affect the goodput, which is
still significantly larger with respect to the upper graph of
Fig. 2. The better fairness obtained with a smaller window
indicates that a control of the source rate is important to
avoid congestion, as discussed in Ref. [5].

Results not presented here show that, in a network with
10 km links, the advantages of deflection control with
respect to backpressure flow control are reduced, since
increasing the network span implies that each deflection is
more costly in terms of delay. Note that possible out-of-
sequence packet receptions and varying delays are well
tolerated by TCP.

Similarly to the backpressure case, the presence of back-
ground traffic breaks deterministic behaviors and increases
fairness among TCP connections.

TCP connections are blocked or controlled at the network
ingress when backpressure or deflection routing is consid-
ered; as a consequence, increasing the window size over a
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Disjoint routes.

certain limit has a negligible effect on goodput figures. A
window size of five segments allows the TCP source to
exploit the network resources; further increasing the
window size does not influence the goodput performances,
while efficiency figures are slightly worsened.

When presenting results for ATM networks, we first
consider in Figs. 4 and 5 non-overlapping routes for TCP
connections with UBR traffic control. Results show that an
increase in the buffer size with respect to wormhole simula-
tions must be introduced to obtain acceptable performance
results. Indeed Fig. 4 shows that a buffer equal to 200 cells,
which is approximately able to store one maximum size
packet, leads to a cell loss rate which cannot be tolerated
by TCP connections. The dot-dashed line is the maximum
achievable average goodput, taking into account segmenta-
tion overheads and background traffic. The solid diamond
appearing close to the upper edge of the graphs in corre-
spondence with some simulation points means that one or
more TCP connections were forced to close due to excessive

retransmissions. Note also the sharp decrease in efficiency
for increasing background traffic.

Even worse performance was observed in the case of over-
lapping ATM routes, hence of interfering TCP connections.

Much better performance is instead achieved with 2000
cells buffers, as shown in Fig. 5. Note in Fig. 5 that increas-
ing the window size over five segments worsens the perfor-
mance of the TCP connections.

The adoption of a ABR traffic controls was observed to
provide only a marginal improvement if a small buffer size
is considered, while better performance is obtained with
larger buffer sizes. However, Fig. 6 shows that the gains
with respect to the uncontrolled (UBR) case are more in
terms of fairness and of tolerance to large window sizes
than in terms of achievable goodput. Probably, the ABR
controls would have provided better performance with
more sophisticated buffer management policies, as
previously noted, but this would further add complexity in
the comparison with wormhole routing.
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Fig. 7. Goodput and efficiency for ATM with RRM ABR traffic controls and large buffers (B = 2000 cells). Medium (W = 5) and small (W = 1) window
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Acceptable results can be obtained with ABR control also
when the paths of the TCP connections share a single link
(see Fig. 7, and compare it with Figs. 2 and 3); in this
situation, but without ABR control, connections were forced
to close for all non-negligible intensities of the background
load.

In general the ERM ABR control provides better fairness,
but not necessarily larger goodput, than the simpler RRM
ABR control.

3.2. Second traffic scenario

We now present results for the second traffic scenario,
where four TCP connections, pairwise, interfere in a ring
of the 16-nodes Manhattan topology. Symmetries along the
ring should provide similar performance to the four TCP
connections. We refer to this traffic pattern as ‘linear
configuration’.

Fig. 8 refers to the backpressure case, considering the
case of fixed overlapping routes, and the case of adaptive,
minimum-distance, routes. The unfairness that can be
observed in the former case (upper part of the figure) is
because of the virtual channel mechanism. Two virtual
channels are used on each link of the ring where TCP
connections are routed, and the virtual channel mapping is
such that one of the two virtual channels bears more traffic
than the other. While the packets transmitted by user 1 and
user 2 only use the first virtual channel, packets of user 3 use
both virtual channels, while packets of user 4 only traverse
the second virtual channel, thereby obtaining better
performance.

Note that the presence of background traffic has a bene-
ficial effect on fairness, since deterministic behaviors are
broken, and a shaping effect is introduced into TCP traffic
by interferences with the background traffic.

The unfairness disappears in the case of adaptive routes,
where all TCP connections can be routed in either direction
along the ring: results in the lower part of Fig. 8 show better
fairness and larger goodput, thanks to the more uniform
exploitation of network resources.

Fig. 9 depicts results for wormhole routing with deflec-
tions. Good fairness is observed, and goodputs are compar-
able with backpressure flow control. Unfairness is observed
only for W = 5 in absence of background traffic: this is due
to an insufficient input rate control, which permits that
sources 1 and 2 grab most of the resources on the ring.

Fig. 10 shows results for ATM networks, with large
buffers, and UBR, ABR RRM, and ABR ERM traffic
control. With respect to wormhole routing, ATM in general
permits better fairness at the cost of a reduction of the aver-
age goodput and of additional complexity (larger buffers,
connection-oriented approach, and traffic control algo-
rithms). UBR provides good performance in this simple
(and ‘easy’) traffic configuration. ABR Explicit Rate
(ERICA) shows better fairness.

3.3. The parking lot traffic scenario

The Parking Lot traffic scenario is designed to enhance
congestion problems: a sequence of TCP sources progres-
sively adds congestion on a linear path. Downstream
sources must face a larger congestion.

Figs. 11 and 12 show that wormhole networks, both with
backpressure and with deflection flow control, have unac-
ceptable fairness problems. Particularly for small intensities
of the background traffic, downstream sources are almost
starved.

ATM behaves much better in this scenario, as it can be
observed in Fig. 13. Note that in this more ‘difficult’ traffic
scenario, the additional complexity of ABR pays off: the
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Fig. 10. Goodput and efficiency for ATM with UBR, ABR RRM and ABR ERM traffic controls, large buffers (B = 2000 cells). Medium (W = 5) and small
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Fig. 11. Goodput and efficiency for wormhole routing with backpressure flow control. Medium (W = 5) and small (W = 1) window sizes. Overlapping routes

in a parking lot configuration.

Explicit Rate approach combines large goodput with fair-
ness for both window sizes.

4. Conclusions

In this paper we have presented a performance comparison
between the ATM and the wormhole routing high-speed
transport techniques under TCP overloaded connections.

Our simulation results show that ATM, in order to
achieve average performance figures similar to those of
wormhole routing, requires larger buffers and increased
algorithmic complexity at switches. This probably also
means larger costs for ATM. In general the additional

complexity of ATM pays off in terms of traffic control:
better fairness and capability of dealing with congestion
phenomena can be observed. The merits of wormhole
routing are instead simplicity and larger overall
throughputs.

Another interesting result is that deflection flow control
provides a service to TCP connections which is well
comparable with backpressure flow control in wormhole
routing LANS, despite the problems of unbounded delays
and out-of-order delivery of data units. This is mainly due to
the fact that deflection is more adaptive to the network
traffic, thereby permitting a better exploitation of network
resources.

Two directions can be identified for the prosecution of
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and efficiency for wormhole routing with deflection flow control. Medium (W = 5) and small (W = 1) window sizes. Parking lot
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Fig. 13. Goodput and efficiency for ATM with UBR, ABR RRM and ABR ERM traffic controls, large buffers (B = 2000 cells). Medium (W = 5), and small
(W = 1) window sizes. Overlapping routes in a parking lot configuration.
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this work. On one side, different traffic scenario and
different TCP source models (e.g. non-persistent sources)
must be studied. On the other side, the wormhole routing
and the ATM transport techniques should be compared with
the IEEE 802.3u Fast Ethernet and the new IEEE 802.3z
Gigabit Ethernet.
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