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Abstract—Research on congestion-control algorithms has traditionally focused more on performance than on robustness of the
closed-loop system to changes in network conditions. As the performance of the control loop is strictly connected with the quality
of service, these systems are natural candidates to be approached
by the optimal control theory. Unfortunately, this approach may
fail in the presence of transmission delay variations, which are unavoidable in telecommunication systems.
In this paper, we first show the fragility of optimal controllers
and demonstrate their instability when the control delay is not
known exactly. Then we propose a robust control algorithm based
on a classical proportional integral derivative scheme which does
not suffer from this fragility phenomenon. Its stability versus the
control delay variations, as well as versus sources that transmit less
than their computed share, is studied with Nyquist analysis. The
control algorithm is implemented within a simulator in the framework of the asynchronous transfer mode (ATM) ABR transfer capability. The final part of the paper shows some selected results assessing the performance of the control algorithm in a realistic network environment. ABR was chosen as an example, but the control
studied here can be applied in any data network to obtain a robust
and reliable congestion-control scheme.
Index Terms—Integrated networks, PID compensators, robust
congestion control, uncertain transmission delay.

I. INTRODUCTION

I

NTEGRATED services packet networks (ISPNs) are a broad
category of telecommunication networks that support several different services on a common packet-switched network
layer. The definition of ISPN is so broad that most of the future telecommunication networks fall within its definition. Most
naturally, asynchronous transfer mode (ATM) networks [1] are
ISPNs, but the IntServ [2] and DiffServ [3] architectures, which
are defining the infrastructure of the future Internet, are also
based on an ISPN approach.
Many papers have appeared in the literature dealing with the
congestion-control problem in ISPNs. Few of these are based on
a high-level model [4]–[6], while the vast majority concentrates
on a specific network architecture, such as TCP/IP [7], [8] or
Manuscript received June 6, 2000; revised April 7, 2001 and February 6,
2002; approved by IEEE/ACM TRANSACTIONS ON NETWORKING Editor S. Low.
This work was supported by the Italian National Research Council (CNR) and
the Italian Ministry of University under the PLANET-IP Project. A preliminary
version of this paper was presented at the 1998 American Control Conference,
Philadelphia, PA.
F. Blanchini is with the Dipartimento di Matematica e Informatica, Università
degli Studi di Udine, 33100 Udine, Italy (e-mail: blanchini@uniud.it).
R. Lo Cigno is with the Dipartimento di Elettronica, Politecnico di Torino,
10129 Torino, Italy (e-mail: locigno@polito.it).
R. Tempo is with IRITI-CNR, Politecnico di Torino, 10129 Torino, Italy
(e-mail: tempo@polito.it).
Digital Object Identifier 10.1109/TNET.2002.803896.

ATM [9]–[15]. The attention on communication networks control is far from dormant, as proven also by [16], [17]. The papers in these special issues cover a wide range of problems of
current interest in communication networks, with the common
thread being a focus on control and optimization issues.
Congestion control in telecommunication networks struggles
with two major problems that are not completely solved. The
first one is the unknown time-varying delay between the control point and the traffic sources. The second is the possibility
that the traffic sources do not follow the feedback signal. It may
always happen that some sources are silent because they have
nothing to transmit. A global optimization approach of the dynamic system is, to our best knowledge, not feasible. Recently,
a distributed iterative algorithm for the global optimization of
the network working point has been proposed [8]; however, the
algorithm operates in steady state, while here we are interested
in the transient behavior of the network.
In this paper, we consider a classical approach to design a proportional integral derivative (PID) control. The class of systems
we consider is characterized by dominant delays. It is known
[18] that for this class of systems, more sophisticated control
laws than PID, such as optimal controllers, may provide better
performance as long as the delay is known. Unfortunately, when
the delay is unknown, as in congestion control, these controllers
suffer from fragility; namely, they may destabilize the system
for any deviation of the delay from the nominal value. Delay
measurements do not help in this context, since delays may
change and contain randomness that prevent exact measures.
Conversely, PID compensators do not suffer from this kind of
fragility phenomena.
The main features of this paper are summarized as follows.
We deal with delays which can be unknown and
time-varying.
We show that the optimal control does not adequately solve
the problem because the resulting controllers are fragile. This
can be seen even in the simplest case of a single link, where any
variation of the time delay from the nominal one renders the
closed-loop system unstable.
We propose a classical control design approach based on a
PID controller for which well-established design tools are available. For the single-link case, we provide some analytic conditions which assure that the controller stabilizes the system for
all delay values below an assigned upper limit.
We finally consider the multisource case and we prove the
following equivalence property: the multisource case reduces,
in our framework, to the single-source case in which the maximum admissible delay is equal to that of the source at the maximum distance.
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bilizing compensator is designed to minimize the worst case
output amplitude
. In the linear compensator case,
this is known to be equivalent to the minimization the norm
of the closed-loop transfer function [20].
Although the above mentioned criteria appear the most meaningful ones for our problem, there are several other methods
(see [20]–[22] for details).
available, such as
and controllers for the considProposition 1: Both the
ered system coincide and are equal to
Fig. 1. Dynamic model for the congestion control of ISPNs.

The closed-loop system with this compensator is
A. Problem Modeling and Formulation
We restrict our analysis to the case of unicast connections,
nonetheless, the considered system is extremely complex, being
a multisource system with fast dynamics. We notice that any
connection has several controllers, one at each node; however,
at any given time only one controller, the one with the least
resources, will drive the source. The bottleneck can jump from
one node to another depending on the traffic conditions.
The analysis is based on a discrete time-modeling approach,
which is deemed more suitable for communication networks
and leads to straightforward implementations.
The dynamic system to be controlled is described by
(1)
is the buffer level,
is a comwhere is the discrete time,
pound disturb term that takes into account the background traffic
as well as the link capacity, is the number of controlled sources
is the control signal for the th source, and
or connections,
is the (unknown) control delay for the th source. Fig. 1
shows the dynamic system represented by (1), with a generic
controller that generates the control signals. This is the same
dynamic model that is often discussed throughout the literature
on ISPN congestion control [4], [9], [14], [15]. The addressed
problem is the definition of an appropriate form for the controller.

Proof: Note that the considered closed-loop system is FIR
and
; the latter
and that
for
.
condition implies that
Thus, we need to show that there is no compensator which improves this performance.
Case: Consider the impulse
. The
The
is
,
corresponding output for
because there is no effect of the control which is delayed of
. Now
. Since we assume zero iniat time , then
tial conditions and the controller ignores
and, consequently,
.
we should have
norm of the output impulse response is
This implies that the
.
, then
The Case: Consider any bounded input
is
the corresponding output at
. As in the
case, since the controller
at time , it follows that
. Therefore, for
ignores
, we obtain
.
Thus, the above proposition might lead us to conclude that the
optimal disturbance rejection problem for the considered plant
can be easily solved, at least under the considered criteria. Unfortunately, there is a serious drawback with the solutions above.
is not known exactly, but it can be deterIf the delay time
mined only with a certain approximation, then the compensator
is implemented using the estimated value of the delay. Consequently, the resulting compensator is

II. INSTABILITY OF OPTIMAL CONTROL
We begin our analysis by considering the case of a single
source. With a single source, (1) reduces to
The goal of the control is to keep the buffer level as close
despite the action of the
as possible to the nominal value
. This
disturbance . There is no restriction in setting
is a disturbance rejection problem, for which two approaches
appear meaningful in our case.
The
approach or stochastic approach. The disturbance
is assumed to be a Gaussian noise. A stabilizing compensator is
designed to minimize the output power or the root mean square
value [20], [22]. This is known to be equivalent to the minimizanorm of the closed-loop transfer function or the
tion of the
norm of the closed-loop impulse response.
The approach or worst case approach. The disturbance
is assumed unknown but bounded
. The sta-

Straightforward computations show that if
is not the true
value of the delay with this new compensator, we get one of
the following closed-loop polynomials:
if
if

(2)

Proposition 2: The polynomials in (2) are unstable.
Proof: The absolute value of the known term of both polynomials is 1. Thus, denoting by the roots of the polynomials,
,
. Then
.
we have for all
From a practical point of view, this fact clearly has a negative
. This
consequence on the “expected optimal” controller
fragility phenomenon of the optimal control is not new and it has
already been pointed out in the literature [23], [24], although, to
our best knowledge, it has never been considered in telecommunication networks congestion control. The instability of optimal
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controllers based on other metrics than
and can be easily
proven.
optimal
A recent paper [25] shows how to stabilize an
rate controller for high-speed networks given an upper bound to
the control delay is known; however, the same paper shows that
the controller performance gets worse as the real delay becomes
smaller, which is a property that may have undesirable consequences.
III. CLASSICAL APPROACH BASED ON PID COMPENSATORS
Motivated by the difficulties discussed in the previous section, we propose a different synthesis approach that guarantees robustness against time-delay variations. Henceforth, we
assume that the delay is unknown but bounded by a known
quantity

We consider PID compensators. The PID controller is a standard compensator which is widely used in many applications.
Its basic properties can be found in textbooks (see, e.g., [27]).
A PID compensator consists of the three terms proportional, integral, and derivative, and has the form
(3)
,
where
responding

, and
are positive design parameters. The cortransform is

Fig. 2.

Nyquist plot of

G(x).

Nyquist diagram of
rotated by
in the clockwise
direction, the classical Nyquist stability condition requires that
, where
is the (positive)
angle represented in Fig. 2. The robust stability condition is then
formalized in the following theorem.
Theorem 1: The closed-loop system is stable if and only if
and the delay is bounded by

Proof: Sufficiency. Assume
exists a unique solution in
. Indeed

. For all
to the equation

there

is equivalent to
The proposed synthesis method is based on the Nyquist diagram
of the open-loop transfer function

(4)
where
domain. Setting

,

. The unit disk is the stability
and noting that

simple computations yield
(5)
where

Note that as ranges over
,
ranges over
. Thus,
as
we can easily see that the Nyquist plot of the function
defined in (5) is a parabola, as represented in Fig. 2.
the (unique) value of
such
Denote by
(
is the point
in Fig. 2). Since the
that
are the points of the
points of the Nyquist diagram of

Thus, if
, the above biquadratic equation admits a single
positive root . This means that, in particular, for
the finite part of the Nyquist plot from
reaches the
unit disk and never leaves it. The unique intersection with the
. Under the above conditions, this intersecunit circle is
.
is
tion is such that its complex phase
an open-loop pole on the unit circle, and we manage this case
with the boundary deviation technique by adding an infinitesimal half-circle
to the unit disk. This choice is equivalent to treat
as
to
,
a stable open-loop pole. When passes from
the Nyquist diagram describes a circle at infinity in the clockwise direction. Then the resulting complete Nyquist plot (i.e.,
) does not encircle the point
. According
including
to the Nyquist stability criterion, we have closed-loop stability.
or
Necessity can be proved by noticing that if either
the origin is touched or encircled by the Nyquist plot.
By elementary geometric considerations,
can be computed as the positive roots of
Note that for
,
(see Fig. 2). Since
is a
necessary condition, the equation above is solvable. We studied
for varying values of the conthe plot of the maximum delay
,
, and .
is indeed a
trol parameters
three-dimensional (3-D) surface not shown here for its difficult
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Fig. 4. Nyquist plots showing the two cases considered in Proposition 3.

where

Fig. 3. Value of the maximum allowed delay M versus C
and different values of C .

for C = 0:0001

graphical representation. This surface has some peculiar charmonotonically increases while
decreases;
acteristics: 1)
and
,
has a single maximum in
,
2) Given
increases as the ratio
decreases, eventually becoming
. Fig. 3 shows sevcoincident with
for a fixed
eral cross sections of the surface
and different values of
.
value of
IV. MULTISOURCE CASE
Let us consider now the general model of several sources
sharing the same buffer as described by (1). We recall that
is the speed rate assigned at the time to the th source and
is the unknown control delay for connection . We assume
that all the delays are bounded by the same maximum delay
. We work under the assumption that
is
where

are assigned weights such that

and
is a transmission rate required by the node congestion controller. In this way, we define a partition of the signal
among the sources with assigned weights. Each weight
may be selected, for instance, on a priority criterion. We assume
that this priority criterion is unknown to the controller being the
choice possibly made at a different level. The inequality takes
into account the case in which some sources are idle or underutilize resources.
By performing the same computations that lead to (4) in Section III, the open-loop transfer function that we need to consider
for closed-loop stability of the multisource case is

where

has the same expression as above. Note that for
and
and
, we immediately
obtain the single-source case. The compensator chosen in terms
guarantees stability for all
with
of
and all
.
The next result is what we call the property of the equivalent
single source, which extends in a significant way the results of
Section III.
, the PID compensator staTheorem 2: Given
and
,
bilizes the system for all
, if and only if it stabilizes the single-source system with
delay .
is
Proof of Necessity: The single-input case with delay
,
and
equivalent to the possible choice
for
(single active source).
To prove sufficiency, we need first to examine two propositions. The first proposition states that the portion of the Nyquist
which is outside the unit circle lies in the
plot of
union of the third and fourth sectors (see Fig. 4).
Proposition 3: Assume that the single-source closed-loop
system is stable. Then, denoting by the unique value of such
, we have
for
.
that
Proof: See the Appendix.
Exclusion Principle): For a fixed
Proposition 4 (
frequency define the value set

is the number of sources. For

, we write

The system is stable for all and
if and only if the following
two conditions hold:
such that the system is
• There is a choice of the and
stable.
the value set does not include the point
• For
.
Proof: See, e.g., [26].
,
,
, and
As already mentioned, the case
, corresponds to the single-source case. Therefore, the
first condition is immediately satisfied. Next, we show that the
second condition is also satisfied. Indeed, the basic idea of the
proof is to observe that the value set is included in the circular
in Fig. 4 having
as the left
sector denoted by
corner. Then we consider the fact that the “possible” Nyquist
plot is as in Fig. 4, thus, such sector cannot include the point
. Conversely, note that in the “not possible” case of
Fig. 4, the same sector could include . Nevertheless, the com.
pensator could stabilize
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Proof of Sufficiency of Theorem 2: First, note that with the
assigned constraints and for given , the following inclusion
holds:

that a node controls sources with equally partitioned transmisfor all , and consider a fixed dission rate, namely,
. Under steady-state conditions, each source
turbance
. The equilibrium condition is given by
transmits at

(6)
the complex phase of , the set
is
where, denoting by
the circular sector of radius one included between the angles
and
:

where is the constant buffer level, which implies
.
sources become idle. Then, this equilibAssume now that
rium does not hold anymore. The new equilibrium condition is,
therefore, characterized by

and
This fact is immediate since

is a convex set and

namely,
is a convex combination of the origin and
. Note also that each point
the unit vectors
is reached by an appropriate choice of
of the boundary of
and . Then, to prove sufficiency of Theorem 2, we simply
need to apply the inclusion (6) and the claim of Proposition 3
exclusion principle of Proposition 4.
and to invoke the
, the following inclusion holds for all
and :
For

Thus, the value set
is included in
, for all . Now,
is bounded by the two
we have that the circular sector
and
, of magnivectors
. Since
, the
tude
is
. In fact, the
vertex of the smallest phase of
(see Fig. 4) has the following expression:
sector

For
,
, the sector
is
in the interior of unit disk. Thus, the value set
is also in the interior of the unit disk and, therefore, it does not
include 1.
, we have by Proposition 3 that
For
; thus,
. Furthermore,
. Then the sector
is strictly included in
), because there
the open lower half plane (i.e.,
lie its extreme vectors and, therefore, it does not include 1. For
, any transfer function has a singularity, thus, the value set
is stable, by applying the
is at infinity. Since the plant
exclusion principle, we have stability.
V. DESIGN, IMPLEMENTATION, AND RESULTS
As discussed in Section III, the PID compensator consists of
produces a feedback signal proporthree terms. The term
tional to the relative buffer level . The derivative term
produces a signal proportional to the variation of , and
it gives benefit to the closed-loop system stability. The integral
action, whose effects are typically negative for stability, has the
following role: under constant background traffic conditions,
the steady-state buffer is forced to be at its prescribed level. In
our context, the integral action has a fundamental property concerning the presence of idle or nonpersistent sources. Suppose

then
. Thus, each active source transmits
. This means
at
that the transmission rate devoted to the idle sources is automatically directed to the active ones. Using a proportional-derivative
control, the important property of distributing unused resources
may fail. Indeed, under steady-state conditions, the derivative
. Conseaction is no longer active and, therefore,
quently, the equilibrium implies

Since
, then
lower saturated as

. However, in practice, the buffer is
for some
. Then, we must have

If such condition is not satisfied, then the buffer saturates to the
. In this case, the transmission rate of each active
level
, which is
source remains equal to
. The
smaller than that achieved at a different level
, we
integral action avoids this situation. As long as
grows at the rate
. The effect is that is
have that
removed from its lower bound and is eventually driven to the
, ensuring full link utilizadesired steady-state condition
tion and max–min fairness.
The presence of the integrator requires special attention concerning its implementation. The integral component of the control must be saturated. Define the saturation function as
if
if
if
The first equation in (3) should be rewritten as

for appropriate
and . This saturation process avoids excessive and unnecessary integral actions. Furthermore, it avoids
divergence of the integral action in the case in which a node
due to the absence of traffic in
buffer remains empty
the node.
,
,
As far as the problem of designing the parameters
is concerned, we stress that there are many tuning
and
methods available (see, e.g., [27]). In our case, we have to
impose an additional constraint, namely, robustness against all
possible delay variations. According to the results of Section IV,
we can synthesize the parameters by taking into account a
single-source model whose delay is larger than the largest delay
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Experimental setup.

allowed in the network. To assure robust stability,
,
, and
parameters must satisfy the conditions given in Theorem 1.

Fig. 6. Transmission rate and bottleneck buffer size. PID controller with five
connections at different distances; two are PCR limited.

A. Simulation Results
The analysis and design carried out are very general and can
be applied to any communication network that provides a general framework for rate control. We use a standard ABR implementation, to show the performance of the closed-loop control algorithm proposed in this paper. We added our control
algorithm on top of the Cell Level ATM Services Simulator
(CLASS), which is a detailed tool for ATM network analysis
and design [31].
The description of ABR is beyond the scope of this paper. The
interested reader can find all the required information either in
standard documents [28] or in textbooks such as [1]. In order to
provide some comparisons, we report results obtained with the
ERICA+ control algorithm [11], [29]. This algorithm is reported
as a sample algorithm in ATM Forum documents [28] and has
received considerable attention in recent years.
First, we present results for a simple bottleneck topology,
depicted in Fig. 5. All link speeds are 150 Mb/s. Connections
are unidirectional. The sampling interval is set to 500 slots
ms. The choice of
is not critical, since anything larger
than the slot size and smaller than the maximum round-trip time
(RTT) is suitable and does not influence the performance of the
system. We consider wide-area networks spanning a continent,
hence, limiting the connection length to roughly 5000 km. These
; we set
to stay on the safe
parameters yield
side and account for possible additional delays. We set the buffer
MB, searching for a compromise bereference to
tween the delay and the link utilization.
Fig. 6 shows the basic convergence behavior of the PID controller when five connections compete for the resources, and two
connections have a small peak cell rate (PCR). The connection
lengths are distributed as described in Fig. 5. The PCR-limited connections are the 1000-km connection that has PCR
Mb/s, and the 4000-km connection that has PCR
Mb/s.
The max–min fairness criterion states that the other three connection should receive 38.3 Mb/s each at steady state. Similar
results without PCR-limited connections show analogous convergence properties. Fig. 6 confirms that the proposed control
algorithm is capable of coping with multiple connections, each
one with a different propagation delay, and some of them possibly underutilizing resources.
The real goal of congestion control is the adaptation of source
rates to network changes, i.e., its behavior in presence of background traffic or disturbs. Fig. 7 reports the same performance

Fig. 7. Transmission rate and bottleneck buffer size. PID controller with five
connections at different distances and ON–OFF background traffic.

Fig. 8. Transmission rate and bottleneck buffer size. ERICA+ controller with
five connections at different distances and ON–OFF background traffic.

figures as the previous charts, when ON–OFF background traffic
modifies the available link capacity for the controlled connections. ON and OFF periods are exponentially distributed with
average 100 ms; the ON transmission rate is 100 Mb/s. The
figure reports 1 s of network operation after the initial transient
is exhausted. The controller behavior is smooth and satisfactory, with connections receiving the same amount of resources,
apart from small differences during transients due to the different time constant of connections with different length. Notice
that these transient unfairnesses compensate one another since
the shortest connections always react faster, both in increasing
and decreasing the transmission rate.
In Fig. 8 we report, for comparison purposes, the results we
obtained with the ERICA+ algorithm. The reaction of this algorithm to traffic changes is much faster than the one we propose;
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Fig. 11.

Parking-lot topology.

Fig. 9. Total transmission rate and bottleneck buffer size. PID controller
with 100 connections at different distances and ten ON–OFF background
superimposed sources.

Fig. 12. Parking-lot topology. Transmission rate of the six connections and
buffer level at node B and C with ON–OFF background between nodes B and C.

Fig. 10. Total transmission rate and bottleneck buffer size. ERICA+
controller with 100 connections at different distances and ten ON–OFF
background superimposed sources.

however, this results in somewhat chaotic behavior of the connections. One advantage is the smaller buffer occupancy, though
during transients the buffer can be empty, hinting to possible
underutilization of resources. Moreover, every time the background goes from ON to OFF, the shortest connection transmission rate has spikes exceeding 100 Mb/s, which is not desirable.
Let us now increase the number of ABR connections to 100;
their lengths are evenly distributed between 50 and 5000 km.
The background traffic is obtained as a superposition of ten
ON–OFF sources with the same ON and OFF periods distribution
as before, but with the ON transmission rate equal to 15 Mb/s.
The total background transmission speed ranges from 0 to
150 Mb/s, with an average of 75 Mb/s. Fig. 9 reports the results
for the proposed algorithm, while Fig. 10 reports the results
obtained with ERICA+ for comparison. The plots report the
queue level and the total ABR and background measured at the
bottleneck.
In order to assess the stability and performance of the
proposed algorithm in a more realistic scenario, we have
implemented the controller in all the interfaces of a four-node
parking-lot topology. The experimental setup is shown in
Fig. 11. As for results shown before, all link capacities are 150
Mb/s, while the length of links adducing from nodes to sources
and receivers are only a few kilometers long. Two sources are
attached to nodes A, B, and C, while all receivers are connected
to node D, as is usual in parking-lot topologies. An ON–OFF
background is active between nodes B and C.

Fig. 12 presents the results. When the background is active,
connections 1–4 are throttled in node B, hence, connections
from node C can exploit the additional resources left free. The
figure reports the transmission rates of the six connections
(only one curve is shown for each pair of connections sharing
the same input node, since the performance is identical) and the
buffer level at nodes B and C (the buffer in node A is always
empty). As foreseen by the theory, when the background is
OFF, only the controller in node C drives the performance
of connections. When the background is active, instead, the
controller in B drives the connections upstream (1–4) and the
controller in C allows connections 5 and 6 to receive more
resources approaching the max–min criterion as time elapses.
Buffers in nodes B and C fill up and empty depending on where
the bottleneck is located.
VI. CONCLUSION
This paper presented a control-theoretical approach to network congestion control that privileges stable and robust network operation. In view of the fragility of optimal control when
the control delay is unknown or time-varying, we have proposed
a control scheme based on the classical PID controller which is
robust versus control-delay variations. Such a scheme, thought
for the single-link case, applies to the multisource when a properly defined equivalent single source is defined.
The proposed control was implemented on top of the ATM
ABR transfer capability, in order to verify its performance
in a realistic scenario with the approximation introduced by
implementations and protocol constraints. Results are shown
and compared with the commonly used algorithm ERICA+,
showing that a robust control based on sound theory can achieve
performance that, in some respects, is superior to that of performance-oriented heuristic algorithms. Our final conjecture is
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that heuristic and theoretical approaches can be combined in
order to obtain high-performance yet robust controllers, especially in view of developing new congestion-control schemes
for the Internet.
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In this proof, we often use the change of variable
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