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Abstract—Network QoS control is generally difficult due to the 
complexity, dynamism, and limited measurability of networks.  
As an alternative, we seek a network phenomenon that is simple, 
universal and consequential to control.  The result is a 
framework for proactive dynamic network congestion control 
that is based on the science of continuous phase transition.  Key 
beneficial properties of continuous phase transition are its early 
onset warning signs and universality.  The former allows the 
detection of proximity to congestion before its occurrence; while 
the latter implies that any criticality-based network control 
would likely be insensitive to network details and, in particular, 
not require any a-priori knowledge of the values of critical loads. 
Preliminary experimental results demonstrating these promises 
are presented. 

Keywords-congestion; QoS; quality of service; phase transition; 
critciality; onset  detection; control. 

I.  INTRODUCTION 
Quality-of-Service (QoS) control for communications 

networks is generally difficult due to the complexity, 
dynamism, and limited measurability of the network.  These 
attributes arise because of the existence of a large number of 
interacting functional and architectural components that 
operate on different time scale, are opaque to each other, and 
yet can affect the same QoS metrics. For example, rate 
allocation can involve end-to-end congestion control, local 
scheduling, per-hop resource allocation, routing, and even 
human network operators [1], [8]. As a consequence, QoS 
controls tend to be ad hoc and incomplete. 

The most well-known effort to reorganize and simplify 
network architecture evolves from the application of 
optimization decomposition to reverse engineer TCP [10], 
[11], [12], into using it as a layering principle [1], with 
numerous applications, such as traffic management at carriers 
[8] and a new version of TCP for high-speed long-latency 
networks [13]. In our view, a key benefit of this approach is 
that it allows systematic derivations of QoS controls that are 
grounded in principle and are less likely to suffer from the 
usual shortcomings of ad hoc, case-by case QoS controls. 

Against this backdrop, the goal of this article is to suggest, 
for the purpose of controlling network congestion, another 
opportunity to simplify network control and reap similar (and 
additional, see below) benefits by viewing network congestion 
from the perspective of the well established science of 
continuous phase transition (CPT) or continuous criticality. 
We will offer evidence that network congestion is indeed a 

CPT and that the properties of CPT afford criticality-based 
congestion control the aforementioned benefits. 

The study of network congestion as a phase-transition 
phenomenon exists in the physics community. In [15] and 
[16], simulation results on wired networks show that the 
congestive transition is of the continuous variety. However, 
their scope was to understand congestive criticality, rather 
than to leveraging its properties for network control, as we 
desire to. The knowledge that congestive phase transition is 
continuous is emphasized here, because the behaviors of 
warning signs for continuous criticalities are well understood, 
while those for discontinuous criticalities are not. Incidentally, 
they are also called second-order and first-order phase 
transitions, respectively. 

Certain shared properties of CPTs are particularly valuable 
due to their implications for network control. First, a system 
with CPT exhibits measurable, advanced warning signs, as it 
approaches the critical, or  transition, point [18], [19], making 
it possible to proactively (vs. reactively) avoid the CPT. Such 
warning signs in complex dynamical systems including 
ecological, climatic, and financial are discussed in [17].  

Second, CPTs are universal [18], [19] in the sense that all 
systems progressively “behave the same” (upon scaling) as a 
transition point is approached. (See Figure 1. and 2.) In 
particular, this implies that no a priori knowledge of the value 
of transition point is required for the control of a CPT.  An 
issue congestion-control designers might be concerned with is 
how much network details matter.  The answer is very 
minimal, at least for the explicit control of congestive 
criticality; this is a major simplification.  

While network congestion is well studied, its warning 
signs and the value of its critical load via network information 
theory remain poorly understood. Employing the science of 
CPT allows for a systematic understanding of the former and 
renders the latter less important for network-congestion 
control. 

The main contributions of this article are to draw attention 
to the significant potential of the CPT-view of network 
congestion and to report initial simulation results 
demonstrating the predictability and measurability of network 
congestion warning signs.  

This work is solely supported internally by Telcordia Technologies, Inc. 
A US patent application is filed based on this work.     



II. CRITICALITY ONSET WARNING SIGNS 
Formulating a phase transition requires identifying the 

pertinent degree of freedom (DoF), whose statistics constitute 
the phase indicating order parameter and the onset warning 
signs. For network congestion, the growth rate of queue 
occupancy, or length, is an appropriate DoF, as its mean value 
is zero when there is no congestion, but becomes positive in 
the congested phase, and hence is good indicator of 
congestion. For this reason, queue occupancy is popularly 
used in congestion control designs. Our approach is 
differentiated by our exploitations of the knowledge that the 
criticality associated with queue occupancy is a CPT [15], 
[16], in terms of early detection of congestion onset and the 
insensitivity of such detection to network details due to 
universality of CPT. Advanced nature of these detections will 
enable proactive, rather than reactive, network control, such 
as, routing around crowded regions and reducing traffic 
admissions, all before congestions actually set in. Universality 
implies high potential for such detection methods to succeed 
in many networking scenarios. To accentuate the universality 
of CPT, a figure in [15] showing the collapse of near-critical 
order-parameter plots from topologically distinct networks 
onto the same curve is reproduced as Figure 1. and a figure in 
[14] demonstrating the collapse of coexistence curves of 
different fluids is reproduced as Figure 2. Each shows that for 
apparently unrelated systems, a common equation can describe 
the plotted quantities near criticality. In the network case, the 
equation describing the curve is ߟ ൌ   ⁄ ିଵ ⁄ , where ߟ  is the 
average growth rate of queue-occupancy, the order parameter 
for congestive criticality, and  ⁄  is the common source rate 
normalized by its critical value. The fluid coexistence curve is 
given by ߩ  ௨ௗߩ െ ௦ߩ ן ሺ ܶ െ ܶሻఉ , where ߩ௨ௗ and ߩ௦ are the densities of the fluid on the right and left branches 
of the existence curves, respectively, both at temperature ܶ, 
and ߚ, which is 1/3 in the plot, is called a critical exponent that 
is a good fit for all the fluids shown. 

 
Figure 1.  Reporduced from Fig. 5 in [15]. Packet accumulation rate 
normalized by source rate (proportional to the average queue occupancy 
normalized by source rate) vs. scaled source rates. Plots for one-dimensional, 
two-dimensaional and Cayley networks all collapse onto the same curve. 

  

Figure 2.  Reproduced from [14]. The coexistence curve of different fluides 
plotted in scaled temperature vs. scaled density difference.   

Onset detection utilizes three quantities that are considered 
universal advanced warning signs of any CPT, and are known 
to undergo predicable and significant changes when a system 
approaches criticality [18], [19], [17]. They are spatial-
correlation (function), temporal- or auto-correlation (function), 
and fluctuation in aggregate DoF (sum of all DoFs). The first 
two are the correlation coefficients of any two DoFs, separated 
in space and time, respectively. They are functions, as they 
depend on spatial and temporal separations. Correlation 
indicates the extent to which the two DoFs involved have 
similar values; fluctuation indicates the extent to which the 
aggregate DoF is far from its mean value. 

Their behaviors as the network approaches, but not cross, 
the congestive criticality (from either the uncongested or the 
congested side) are as follows [18], [19]. During the approach, 
both correlations, at given spatial and temporal separations, 
respectively, become stronger, and fluctuation in aggregate 
DoF becomes larger, all in completely predictable manners. 
That is, different parts of the network become progressively 
more correlated with each other and with time-lagged versions 
of themselves, and DoFs fluctuate progressively further away 
from their common mean value for the current phase (which is 
also the order parameter, and remains unchanged as long as the 
transition is not crossed).  

Specifically, spatial correlation as a function of spatial 
separation, r, for all CPTs is given, asymptotically in ݎ, by 

  Γሺݎሻ ~ ିݎ expሺെݎ ⁄ߦ ሻ   and  ~ 1 ⁄ݎ ,  (1) 

where ܽ, ܾ  0, ܾ depends linearly on spatial dimension and ξ 
is the length scale indicating the “range” of spatial correlation, 
when the system is far from, and close to a CPT, respectively.  
Both are decaying functions; but negative exponential in the 
first expression does so much faster than power law in the 
second expression. Faster decay means correlations between 
DoFs tend to be weaker. Behaviors of auto-correlation are 
analogous but with different scaling exponents. 



The growths of correlations and fluctuations are 
consequences of the nucleation, growth and coalescence of 
islands of the opposite phase upon approaching the transition 
point. See Figure 3. If the network is approaching the transition 
point from the uncongested phase, then the islands of the 
opposite phase are the congested islands forming inside the sea 
of uncongested network. Growing islands increase not only 
spatial correlations directly, but also temporal correlations, as it 
is more difficult, and hence takes longer, for the DoFs on a 
larger correlated island to fluctuate together as a block. As 
values of DoFs on an island deviate from their mean value in 
the current phase as blocks, large fluctuations in aggregate DoF 
result. These islands can be seen in plots in Figure 3.  
reproduced from [15]. Based on their simulations, the networks 
in both panels are in the globally uncongested phase, but the 
one in the right panel is much closer to criticality (because of 
having higher source traffic rates) and have more obvious 
congested islands. 

 
Figure 3.  Reporduced from Fig. 8 in [15], illustrating the formation of 
congested islands in simulations of globally uncongested two-dimensional 
networks. Bright and dark dots represent congested and uncongested queues, 
respectively.  

For a spatially region ܦ, the aggregate DoF is defined as 

  ܺ  ∑   ,   (2)אറሻറݎሺݔ

where ݔሺݎറሻ is the individual DoF at location ݎሬሬറ.
 
It can be shown 

[18] that the fluctuation in ܺ ߪ , , is related to spatial-
correlation like 

ଶߪ   ሺܺ ۃ െ ۄሻଶۄܺۃ ൌ ∑ Γሺݎറଵ,   , (3)אറଶሻറభ,റమݎ

where ۄ ۃ denotes ensemble average and Γሺݎറଵ, -റଶሻ is the spatialݎ
correlation. When a homogeneous (in traffic-source statistics) 
region of the system is approaching a CPT, Γሺݎറଵ,  റଶሻ becomesݎ
slower decaying in the separation Ԧଶݎ|  െ |Ԧଵݎ  (see (Error! 
Bookmark not defined.)), causing the double sum in (3) to 
diverge like ԡܦԡ, where ԡܦԡ ൌ ∑  റא  is the number of DoFs 
in region ܦ . For a CPT, the constant ܿsatisfies ܿ  1 due to 
constraints on critical exponents [18]. ԡܦԡ is normally a large 
number in practice and is often approximated by infinity in 
theory. It is in this sense that fluctuation is said to be growing 
as a system approaches a CPT. 

The ensemble averaging in the definition of ߪ implies that 
it measures the fluctuation between independent realizations of 
the system, which are implementable in simulations using 
independent pseudo-random number sequences. Yet, there is 
only a single realization in a real network. If all the DoFs in a 
system are strongly correlated with one another, then ߪ can be 

measured only by averaging over multiple realizations. 
However, if the system contains non-unique regions that are 
weakly correlated with each other, such as the islands emerging 
during an approach to criticality, then they can be “stand-ins” 
for multiple realizations, and ߪ is approximately proportional 
to the sample standard deviation of individual DoFs in a single 
realization:  

ߪ   ן ටଵே ∑ ሺݔሺݎԦሻ െ ݉ሻଶேୀଵ , (4)  

where,   ݉  ଵே ∑ Ԧሻேୀଵݎሺݔ   (5) 

is the sample mean of DoFs and ܰ is the number of DoFs being 
simulated.   

Equation (2) indicates that fluctuation does not contain 
more information than spatial-correlation; however, it is 
simpler to measure, if (4) and (5) are used.  To do so correctly, 
measurements from the latter equations need to be interpreted 
carefully. As the system approaches criticality, although 
fluctuation increases, the regions that are uncorrelated with one 
another become fewer, until eventually, the entire system 
becomes correlated at the transition point. Hence, fluctuation as 
measured by (4) and (5) first increases due to the occurrence of 
uncorrelated regions, during the approach to criticality, but then 
paradoxically decreases due to their coalescence, when 
extremely close to criticality. To the extent that (4) and (5) 
include enough effectively independent realizations in 
uncorrelated regions, they form a good estimate of fluctuation.  
The effects of this complication will be shown in the 
experimental results. Another potential complication is that the 
proportionality constant in (4) depends on closeness to 
criticality and could hence affect the fidelity of how sample 
standard deviation represents ߪ . Fortunately, our results 
appear to allay this concern. 

III. ONSET DETECTION AND CONGESTION CONTROL 
Congestion-onset detection methods will exploit the 

advanced nature of onset warning signs (to be proactive rather 
than reactive) and the universality property of CPT. The latter 
states that the behavior of a systems near a CPT does not 
depend on the details of interactions between the fundamental 
DoFs [18], [19]. Behavior close to CPT depend only on spatial 
dimensionality, the symmetry of the degrees of freedom, and 
whether interactions between DoFs are short- or long-ranged, 
and not on any other details of the system. For networks of 
common spatial dimensionality, this means that the manners in 
which correlation-length and correlation-time grow when 
approaching CPT are nearly identical, irrespective of any other 
details of the network, as show in Figure 1. and Figure 2. In 
fact they, probably fortuitously, show stronger universalities 
than CPT theory warrants. Figure 1. shows a case in which 
universality beyond  networks of common spatial dimensions, 
and Figure 2. shows a case in which universality extends far 
from the critical point (at ܶ ൌ ܶ and ߩ ൌ  .( ߩ

Universality implies, for instance, if we interpret a set of 
threshold values for spatial- and auto-correlation and 
fluctuation as a certain degree of closeness to criticality for one 
two-dimensional network, the interpretation of this set of 
threshold values for another two-dimensional network is likely 
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V. DISCUS
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source rates. This is clearly superior to loss-based controls, 
such as TCP Reno [3], [4], as congestion loss tends to occur 
only near criticality; how this compares to delay-based 
controls, such as TCP Vegas [5], [6], remains to be seen. 

A further concern for general criticality is the necessary 
delay associated with measuring temporal- or auto-correlation 
[17]. However, this concern is more serious for systems in 
which spatial warning signs are unavailable, which is not the 
case for queue-occupancies. 

Finally, the phase transition is only sharp when queue 
buffers are infinite. For finite queue buffers, transition will be 
“soften” and warning signs should become more muted. The 
extent to which this occurs and how it affects performance 
should be studied. 

VI. SUMMARY AND ONGOING WORK 
In this article, we argue for validity of viewing network 

congestion as a continuous phase transition (CPT) and the 
significant potential benefits of doing so. Initial simulation 
evidence supporting the utility of queue-length fluctuation as 
advanced onset warning sign under realistic traffic conditions 
is presented.  

Our ongoing work includes exploring the other two onset 
warning signs and implementing a close-loop congestion 
control mechanism utilizing them. Despite good evidence for 
the universality of congestion criticality [15] (and undisputed 
evidence for general CPT universality [18], [19]), the 
advanced and universal properties of congestion warning signs 
should be more thoroughly verified across more network 
scenarios. An important question to answer is whether the 
resulting control mechanisms can act sufficiently rapidly in 
face of realistic dynamic congestion conditions. In other 
words, we need to find out whether the advanced and 
universal properties of warning signs translate to similar 
properties for the resulting controls, in realistic network 
scenarios. Finally, control performances should be compared 
to the state of the art. To these ends, our results, albeit being 
limited, are nonetheless encouraging. 
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