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Abstract
We show that the First-In-First-Out (FIFO) scheduling discipline can be unstable in the (σ, ρ)regulated session model for packet-switched networks. In this model packets are injected into the
network in fixed sessions. The total size of the session-i packets injected during the time interval
[x, y) is at most σi + ρi (y − x) for some burst parameter σi and rate ρi . The sum of the rates of
sessions passing through a server is at most the server speed.
Previous work on FIFO stability either allowed for dynamically changing session paths or else
assumed that session-i packets are injected at a constant rate. Our result shows that FIFO can be
unstable for static paths as long as the injections into a session can be temporarily suspended.
 2003 Elsevier Inc. All rights reserved.

1. Introduction
First-In-First-Out (FIFO) is the simplest of all queueing disciplines. Indeed, its
simplicity means that it is widely used to provide best-effort service in packet-switched
networks. Hence, in order to characterize the performance of many networks it is important
to understand the performance of FIFO. One crucial issue is that of stability. Under what
conditions is there a bound on the total size of packets in the network? Equivalently, under
what conditions can we provide a bound on the delay suffered by packets in the network?
In this paper we show that FIFO can be unstable in the (σ, ρ)-regulated session model.
This model was proposed by Cruz [8,9] and is one of the most commonly studied models
in the networking literature (e.g., [2,7–9,12,15,16,19,21,22,25,27,28]). We now describe
the model and contrast it with other network models that have been defined. In particular,
we show how it differs from the adversarial queueing model [3] for which FIFO stability
was analyzed in [1].
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1.1. The model
We model the network as a collection of servers. (Equivalently, one can think of the
servers as the edges or links of the network.) In the (σ, ρ)-regulated session-model packets
are injected by an adversary along fixed paths in the network. Each path consists of a
sequence of servers. We refer to these paths together with the packets injected into them as
sessions. Each session i is associated with a burst parameter, σi and a rate ρi . Let Ai (x, y)
be the total size of the session-i packets injected into the network during the time interval
[x, y). We assume that session i is (σi , ρi )-regulated which means that,
Ai (x, y)  σi + ρi (y − x),

∀x, y.

(1)

In other words, the long-term rate at which traffic is injected into the network along
session i is bounded by ρi . The term σi allows us to inject short bursts of packets into
the network. A rate condition of this form can be enforced using a “leaky bucket” (e.g.,
[8,21,26]).
If two or more packets are queued at a server then they are processed in FIFO order.
We normalize the speed of the servers to 1, i.e., the total size of the packets that can be
processed in one time unit is 1. Although this is with loss of generality, it suffices for our
purposes since our aim is to give an example of FIFO instability.
In order for the stability question to be interesting, no server in the network should be
overloaded. Let S(e) be the set of sessions that pass through server e. We define the load,
ρG , on the network by

ρG = max
ρi .
(2)
e

i∈S(e)

We require the following load condition
ρG  1.

(3)

Clearly, if the load condition does not hold then we cannot hope for stability. Packets that
require some server e can be injected faster than they can be processed. If ρG = 1 then
we say that the network is critically loaded. If ρG < 1 then we say that the network is
subcritically loaded.
1.2. Main result
We state the main result of this paper.
Theorem 1. There exists a network, a set of sessions, and an injection pattern on each
session such that:
(1) the injections conform to the (σ, ρ)-regulated session model defined above;
(2) ρG = 1 − 3 × 10−4 , i.e., the network is subcritically loaded;
(3) the network is unstable, i.e., the total size of packets in the network is unbounded. This
immediately implies that the delays experienced by packets are unbounded.

