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Abstract We present an example of a highly connected closed network of servers, where
the time correlations do not vanish in the infinite volume limit. The limiting interacting
particle system behaves in a periodic manner. This phenomenon is similar to the continu-
ous symmetry breaking at low temperatures in statistical mechanics, with the average load
playing the role of the inverse temperature.
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1 Introduction
1.1 Interacting Particle Systems with Long Range Memory

The theory of phase transitions, among many results, substantiates the possibility of con-
structing reliable systems from non-reliable elements. As an example, consider the infinite
volume stochastic Ising model at low temperature 7' in dimension > 2, see [10]. It is well
known, that if we start this system from the configuration of all pluses, then the evolution
under Glauber dynamics has the property that the fraction of plus spins at any time exceeds
HmT*(T), which is bigger than % for T < T,,. (Here m*(T) is the spontaneous magnetiza-
tion.) On the other hand, if we consider finite volume Ising model (with empty boundary
condition, say), then this property does not hold, and the system, started from the all plus
state, will be found in the state with the majority of the spins to be minuses at some later
(random) times. Therefore, the infinite system can remember, to some extent, its initial state,
while the finite system can not.
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There are many other examples of this kind, that belong to the theory of interacting
particle systems, such as voter model, contact model, etc. In all these examples we see
systems, that are capable of “remembering” their initial state for arbitrary long times.

In the present paper we are constructing a particle system that “remembers its initial
phase”. The rough analogy can be described as follows. Imagine a Brownian particle ¢(t),
with a unit drift, which lives on a circle. Suppose the initial phase ¢(0) = 0. Then the mean
phase ¢(#) =t mod (2m), but with time we know the phase ¢ (¢) less and less precisely, since
its variance grows, and in the limit # — oo the distribution of ¢(¢) tends to the uniform one.
However, one can combine infinitely many such particles by introducing suitable interaction
between them in such a way that the memory of the initial phase does not vanish and persists
in time. Namely, one has to put such particles at the sites of Z3 and to introduce the attractive
interaction between them. If the initial state is chosen to be coherent, then the phase of every
particle will grow linearly, while its variance will stay bounded.

This is roughly what we do in the present paper. We consider a network of simple servers
which are processing messages. Since the service time of every message is random, in the
course of time each single server loses the memory of its initial state. So, in particular, the
network of non-interacting servers, started in the same state, becomes de-synchronized af-
ter a finite time. However, if one introduces certain natural interconnection between servers,
then it can happen that they are staying synchronized after an arbitrary long time, thus break-
ing some generally believed properties of large networks. We have to add here that such a
phenomenon is possible only if the mean number of particles per server is high enough; oth-
erwise the infinite network becomes de-synchronized, no matter which kind of interaction
between servers takes place. So the parameter of the mean number of particles per server,
called hereafter the load, plays the same role as the temperature in the statistical mechanics.

In other words, the transition we describe happens due to the fact that at low load the
behavior of our system is governed by the fixed point of the underlying dynamical system,
while at high load the dominant role is played by its periodic attractor. A similar phenom-
enon was described by Hepp and Lieb in [6].

Below we present the simplest example of the above behavior. But we believe that the
phenomenon we describe is fairly general. Its origin lies in the fact that any large network of
the general type possesses some kind of the continuous symmetry in the infinite limit, and
it is breaking of that symmetry at high load that causes the long-range order behavior of the
network. In our case this is the rotation symmetry, corresponding to the periodic orbit of the
limiting dynamical system.

1.2 Information Networks and Their Collective Behavior

Now we will describe one pattern of behavior of certain large networks, which was assumed
to be universal. It is known under the name of Poisson Hypothesis.

The Poisson Hypothesis is a device to predict the behavior of large queuing networks. It
was formulated first by L. Kleinrock in [7], and concerns the following situation. Suppose
we have a large network of servers, through which many customers are traveling, being
served at different nodes of the network. If the node is busy, the customers wait in the
queue. Customers are entering into the network from the outside via some nodes, and these
external flows of customers are Poissonian, with constant rates. The service time at each
node is random, depending on the node, and the customer. The PH prediction about the
(long-time, large-size) behavior of the network is the following:

e consider the total flow F of customers to a given node A/. Then F is approximately equal
to a Poisson flow, P, with a time dependent rate function A (7).
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e The exit flow from N'—nor Poissonian in general—has a rate function yx-(T), which is
smoother than A (T) (due to averaging, taking place at the node N).

o As a result, the flows A (T) at various nodes A should tend to a constant limit A &
% fOT A(t)dt, as T — oo, the flows to different nodes being almost independent.

e The above convergence is uniform in the size of the network.

Note that the distributions of the service times at the nodes of the network can be arbi-
trary, so PH deals with quite a general situation. The range of validity of PH is supposed to
be the class of networks where the internal flow to every node N is a union of flows from
many other nodes, and each one of these flows constitutes only a small fraction of the total
flow to NV If true, PH provides one with means to make easy computations of quantities of
importance in network design.

The rationale behind this conjectured behavior is natural: since the inflow is a sum of
many small inputs, it is approximately Poissonian. And due to the randomness of the ser-
vice time the outflow from each node should be “smoother” than the total inflow to this
node. (This statement was proven in [15] under quite general conditions.) In particular, the
variation of the latter should be smaller than that of the former, and so all the flows should
converge to corresponding constant values.

In the paper [14] the Poisson Hypothesis is proven for simple networks in the infinite
volume limit, under some natural conditions. For systems with constant service times it was
proven earlier in [17].

The purpose of the present paper is to construct a network that satisfies the above
assumption—that the flow to every given node is an “infinite” sum of “infinitesimally small”
flows from other nodes—but has coherent states. That means that the states of the servers are
evolving in a synchronous manner, and the “phase” of a given server behaves (in the ther-
modynamic limit—i.e. in the limit of infinite network) as a periodic non-random function,
the same for different servers.

‘We have to stress that our network exhibits these coherent states only in the regime when
the average number N of the customers per server—called in what follows the load—is
large. For low load we expect the convergence to the unique stationary state. This “high
temperature” kind of behavior will be the subject of the forthcoming work.

Our network V, is constructed from infinitely many elementary “triangular” networks V
(described below, in Sect. 2.1). A single triangle network V = V; with N customers is just
a Markov continuous time ergodic jump process with finitely many states. As N becomes
large, this Markov process tends (in the appropriate “Euler” limit) to a (5-dimensional) dy-
namical system A, possessing a periodic trajectory C, which turns out to be a stable (local)
attractor. The coordinate ¢ parameterizing that attractor C is the “phase” alluded to in the
previous subsection. The combined network corresponds in the same sense to the coupled
family A, of dynamical systems A. We establish the synchronization property of that cou-
pled family A, and that allows us to construct coherent states of the network V.

The networks V,;, composed of M triangle networks V, are ergodic. Their evolution
is given by irreducible finite state Markov processes with continuous time. Let ), be the
invariant measure of the process V. As M — oo, the sequence of Markov processes V,
converges weakly on finite time intervals to a certain limiting (non-linear Markov) process
V. By the theorem of Khasminsky—see Theorem 1.2.14 in [10]—any accumulation point
of the sequence 7y, is a stationary measure of V.. The special measure y,, describing “the
Poisson Hypothesis behavior”, is also a stationary measure of V. If x, is a global attractor
of V, then, of course, the Poisson Hypothesis holds. The proof of the Poisson Hypothesis
in [14] was based on this argument. The existence of an accumulation point of the sequence
1) that differs from x., would be the strongest counterexample to the Poisson Hypothesis.
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Fig. 1 (Color online)
The elementary network
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This problem will be addressed in forthcoming papers. Here we prove a weaker statement
that x is not a global attractor for V.

In [16] Rybko and Stolyar observed that the condition that the workload at every node
of a multiclass open queueing network is less than 1 is not sufficient for the network to be
ergodic. In connection with this, they introduced a new approach to the analysis of ergodicity
of networks, which reduces the problem to the question of stability of the associated fluid
models. It was shown by them that the two-node priority network, considered in [16], is
ergodic if and only if for every initial state of the corresponding fluid model the total amount
of fluid vanishes eventually. Analogous deterministic examples were found by Kumar and
his collegues, see, for instance, [8]. This approach was further developed by Dai [3], Stolyar
[18], and Puhalsky and Rybko [13], who proved that stability of the fluid model is necessary
and sufficient for ergodicity of a certain class of general networks. Interesting instances
of non-ergodic queueing networks with mean load being smaller than the capacity, where
considered by Bramson [1, 2]. Our construction will be based on the following open network
introduced by Rybko and Stolyar (RS-network) in [16], see Fig. 1.

This queuing network with four types of customers is represented by the following
4-dimensional Markov process. Customers arrive to the network according to Poisson in-
flows of constant rate A. The network consists of two nodes—A and B. All the service
times are exponential, hence the network is defined by the rates, the evolution of types of
the customers and the priorities. The customer of type A (respectively, B) arrives to the node
A (respectively, B). The customer A is served with the rate 4, then is sent to B, with type
AB. There he is served with the rate y4p and leaves the network. Symmetrically, yp = 4,
and y34 = yap. Each customer AB is served before all the customers B, while each cus-
tomer BA is served before all the customers A. The nominal workload at nodes A and B
equals p = A(y, 'y Vg, j). The service rates satisfy the conditions y,p <2A and p < 1. It
is proved in [16] that for certain values of the parameters the resulting Markov process is
transient. The fluid limit (or the Euler limit) of this network evolves in the following non-
trivial manner: each node is empty during a positive fraction of time, but at other moments
it is non-empty, and, moreover, the total amount of the fluid in the network tends linearly to
infinity.
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The rest of the paper is organized as follows. In Sect. 2 we define our networks VJ.
Here M is the size of the network and N is the load per node. We formulate the preliminary
version of our Main Result. In Sect. 3 we study the limiting network, V¥, and prove the
convergence Vﬁ — VO"C’,. In Sect. 4 we introduce the fluid networks, A, which are coupled
dynamical systems, and their limit, A, which turns out to be a non-linear dynamical sys-
tem, in the sense made precise in this section. In particular, we show that A, is not ergodic.
In the next Sect. 5 we prove the convergence of the Non-Linear Markov Process VY to its
Euler fluid limit, A, as N — oo. The last Sect. 6 contains the formulation and the proof of
our main result, Theorem 17.

To save on notation, we consider throughout this paper the simplest elementary symmet-
ric model, depending on 3 parameters. We stress the fact that this (discrete) symmetry is not
essential in our case, and our results are valid for any small 6D-perturbation of our model.

2 Mean-Field Network and Its Limit
2.1 Basic Network

We will consider the following 5-dimensional Markov process, VV. It describes a closed
queuing network with N customers. It consists of three nodes: O, A and B, through which
the customers go. All the service times are exponential, so we only need to specify the rates,
the evolution of types of the customers and the priorities. To simplify the presentation we
will make a specific choice of these rates. The node O serves all the customers on the FIFO
basis, with the rate y, = 3. After being served, the customer goes to the node A or to B,
choosing one of them with probability % If he arrives to A, he gets the type A, otherwise B.
The customer A is served with the rate y, = 10, then is sent to B, with type AB. There he
is served with the rate y,5 = 2 and goes back to O. Symmetrically, yz = 10, and yz4 = 2.
Each customer AB is served before all the customers B, and each customer BA is served
before all the customers A. More precisely, if an AB customer arrives to the B node, while
the node is serving some B customer, his service is stopped and is resumed only at the
moment when the service of all AB customers is over.

Of course, the above choice of the rates is not the only possible. Any other choice would
be as good, provided the corresponding fluid network, which can be associated to our queu-
ing network, has some specific property—namely, we need this fluid network to have a
cyclic regime. The fluid network will be described in details in Sect. 4.2 below.

2.2 M Coupled Processes

Let V,{Z be the Markov process, obtained from M copies of V¥ interconnected in the mean-
field manner, see Fig. 2. We take the total number of customers to be N M.

The mean field network is defined as follows. Each node 01‘, i=1,...,M,is connected
to all of the nodes A_,«, B_,-, j=1,..., M, and each customer, leaving the node 0_,», goes to
each of the 2M nodes A s l_?j with the same probability ﬁ The rate of leaving the node
O; is the same, as above, i.e. equals to o = 3. In a similar way, the A customers of every
node A; are exiting it with the rate y,p = 10, and then choose one of the B_,« nodes with
probability %, and so on. The priorities are kept the same: if the node A;, say, is in the state
with customers of both kinds—A and B A—present, then the BA customers are served first,
with no delay.

The configuration of the process is given by the number of customers of each type at each
of the 3M nodes, that is by an integer point in (R**)*. Due to the mean-field symmetry, we
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Fig. 2 (Color online)
Two coupled processes

can factor the set of configurations by the product of permutation groups Sy X Siy X Sy, and
still have the Markov process. The orbit of the symmetry group corresponds to a collection
of M3 integer points X; € (R*>)*, some of which may coincide.

It is convenient for us to index these configurations by the atomic measures,

X
X — ) 85 1
{x}wM3§ 5 Q)

In fact, they belong to the set .M((%Z5 )*). Note that every such measure u factors into a
product

w= (o, mi p)=po x i x pg =g [u] x T[] x Mz[u]

of probability measures on R! = {xo}, resp. R?> = {x4, x34} and R? = {xp, x45}. Here
we denote by Il,-s the various projections (or marginals). We have pg = ﬁ Zf‘i 105
N

for some (not necessarily distinct) X; € 7', i=1,...,M, likewise Wi = % Zf‘il Sﬁ,
Wi = ﬁ Z,Ail 8;;/, X, x! e 7?. We will denote the set of all such measures by M ;. The
v

state v A"} of our Markov process is then an element from M (M), i.e. a measure on the mea-
sure space. Among these there are configurations of the process V,,, namely, the §-measures
8, with m € My, so we can define in this way the embedding M, C M(M ). However,
even if the initial state v,l",f (0) of Vj; happens to be such a measure §,,, i.e. v,’; 0) e My,
then at any positive ¢ we have only that vﬁ (t) € M(Myy), while in general UAA,; (1) ¢ My.

For the future use we will write down the rates of the factor-process. Let v be some
measure of the form (1), while v’ be the measure obtained from v after a single jump of
the initial process. For example, let us consider the case when the jump in question is of
AB — O type, from B-type server to O server (with the rate y,43). That means that for some
unique well-defined (by the pair v, v") elements x5z = (xp, Xap) € (%Zz)ﬂ Xo € (%Zlﬁ
we have:

1 1
v’(xg):v(xg)—ﬁ, v’(xo):v(xo)—ﬁ. 2)
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Of course, for another pair: X3 = (xp, xap — 1), Xo = x0 + 1, we have

_y ] S 1 3
v(x3)+ﬁ, v (F0) =v(¥o) + 77 A3)

c\
—_~

=1
&1
SN—

I

while at all other locations the two measures are the same. Since there are Mv(x3) locations
where the jump could originate, and the fraction of sites with the desirable outcome is v(xo),
we have for the rate c(v, v') = ca5(v, V') the expression

c (v, v/) =yspMv (xl-;) v(xp).

If the measures v, v are not related by (2)—(3), then the rate c,5(v, v') =0.
We will keep the notation V), for the factor-process.

2.3 M — oo Limit: Non-Linear Markov Process

Suppose that a sequence of initial states vy (0) € M (M) of the Markov processes Vy,
is given, which satisfy vy (0) = §,,,,, with my € My, and moreover the weak limit
v =1limy,_, o, my exists. Then the weak limits v(¢) = limy,_, o vy (t) exist for every ¢, and,
moreover, for every t+ we have v(¢) € M. This is the Non-Linear Markov Process, NLMP,
V- The process is called Non-Linear since the transition mechanism to evolve from a given
configuration depends not only on that configuration, but also on the measure from which
this configuration was drawn. Such processes were introduced in [11, 12], see also [14]. The
above limiting NLMP-s depend on the parameter N, which is the number of clients per basic
queuing network. We want to study the dependence on N, so we explicitly (re)introduce the
index N in our notation. Thus, v" (¢) refers to the states of the process VO’\é.

We will describe the limiting NLMP in the next Sect. 3. Now we can formulate the
preliminary version of our main result.

Theorem 1 Consider the Non-Linear Markov Process V., started from the measure vév s
which is close enough to the atomic measure with the single atom at vector X(A, N) €
(%Zs)ﬂ having coordinate x5 = 1 and all other coordinates zero. “Close enough” here
means that for some ¢ > 0 small enough we have pKRov(vév, 3%a.n)) < €. Suppose addi-
tionally that the a-exponential moment of the measure vév is less than a certain quantity
E; o =w(e), E = E(¢g). Then the measure vtN does not converge to any limit as t — 00,
provided N is large enough.
More precisely, there exists a sequence of times t;, — 00, such that

v [Uy (X (A, N))] > 1= 8y,

with §y — 0 as N — c0. Here UN(}_((A, N)) is a neighborhood of)_((A, N) of radius sy,
with »xxy — 0 as N — oo. At the same time, there exists another sequence t;! — oo, for
which vt’X[UN (X(B,N))] > 1—6n. In words, the measure v, exhibits oscillations.
k
Accordingly, the states of finite size networks, (vi)),, exhibit oscillations for long times,
before converging to their limits. The duration of the oscillation regime diverges with M.

Different components of (vAA}), are oscillating almost coherently, for large M.
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3 The Convergence Vfl — VX : Application of the Trotter-Kurtz Theorem

Here we prove the convergence of the Markov processes V3 to the Non-Linear Markov
process VY. We will do that by writing down their generators A, and A, and by subsequent
application of the Trotter-Kurtz theorem (Proposition 1.3.3 in [5]), which we formulate now.

Let Ay, A: X — X are (unbounded) operators on the Banach space X, and X, C X is
a dense subspace, belonging to the domains of definition of all A-s and A. The following
two conditions are sufficient for the convergence of the semigroups exp{tA,} — exp{tA}
on X as M — oo:

1. Vi € Xo we have Ay (V) > A(Y) as M — oo;
2. there exists a dense subspace X; C Xo, such that Viy € X; we have exp{tA}(¥) € Xj.
Such subspace X is called a core of A.

3.1 Equation for the Evolution VY

Here we study the limiting process V. We write down its generator, and we exhibit its core.
Let v, be the evolution of the measure under VX. To find it we have to specify the
initial measure vy and then to solve the Cauchy problem for the differential equation, which
equation we will write now.
To do it we first introduce the (Poisson) rates A(f) = (Ao (t), Ag (), Ap(t), Aap(t),
Apa(t)), corresponding to the state v;:

M) =va Y v (x), fora=0,AB,BA, )
x:xg>0

MO =yva Y, v,  A@O=ys Y, w). Q)
x:x4>0,xp4=0 x:xp>0,x4 =0

We also introduce the 5D vectors A, to be the basis vectors of the lattice Z°. Then

d”;ix)z—mx)( 3 xam)

a=0,A,B,AB,BA

-V ()C)( Z yu(l_axa)—i_y/\ (1_8XA)8)¢BA+VB (1_6x3)6xA3>

a=0,AB,BA
0 (= A0) (1= 81y) (an(D) + Apa(0)
£ Y wa—an(1-35,) 220

a=A,B
4 (6 = Aag) (1= 80,5 ) Aa (D) + v (x = Apa) (1= 8y,) s (0)

+ Y wG+A)Y.
a=0,AB,BA

F v (X + Ap) Vabep, + Vi (X + Ap) ¥BSiayy- (6)

This is the value of the function A¢,, where A is the generator of the Markov semigroup
S; = exp{r A} of the process VX, and the function ¢,, which on every measure v € M(ZF)
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takes value v(x), computed at the point v,. As we will show below, the system (6) has a
unique solution.

For reasons which will be explained later, it will be more convenient for us to use another
basis in the space of functions on measures. Namely, for every v € M(Z>") and every
x € Z°F we define the function u(x) = ZPX v(y), where the summation goes over all sites
y such that all the coordinates of the difference y — x are non-negative. Then the functions
Aq () (see (4)) are given in the new variables as

)"a(t) = Yal; (Aa) s

while the action of the generator A on the function u is given by the following (simpler)
equation:

du, (x) _
dr

- Y @ —u (A e (1-8y,)

a=0,AB,BA

— @y (X) —uty (x + Ap) — 1, (x + Aup)

+ur (x+Ax+Aup))va (1= 8:,)8xp,

—(uy (x) —u; (x + Ap) —us (x + Apa)

+up (x+Ap+Apa)ys (1 —8:y) 8rsy

+(uy (x = Ao) — 1y (1)) (1= 8,) (Vantte (Aap) + Vpatte (Apa))

£ Y - A —w () (1 -5,) YR
a=A,B
+ (u; (x — Aap) — u, (x)) (1 — SXAB) yatts (Ay+Aga)
+ (ur (x = Apa) — u; (%)) (1 = 84y, ) vBU (Ap+Asp) . (7

The first five lines correspond to the second line of (6), while the last four—to the lines 3-5;
the remaining lines of it disappear from the equations for u. The advantage of (7) over (6)
is that the equation for % contains only u,(y)-s with y-s in some finite set Y (x), and
moreover max, |Y (x)| = 20.

Of course, the coordinates u(-)-s on M(Z>") are not independent. There are two kinds
of relations between them:

1. every value v(x) equals to L, (u), where L is a certain linear form, depending on u(y)
with y-s having form y =x + >_e,A,, ¢, =0, 1; we need that for all x L, («) > 0;
2.
lim u (x) =0. (8)

X—>00

For technical reasons we will extend the action of our Markov semigroup to the space
M(K) of measures on the compactification K of the lattice Z°*, where

K={Z"+oo}.

The functions {u(x), x € Z>*} on M(K) also play the role of coordinates there, provided
that the relation (8) is dropped. The evolution of the measures is given by the same set of (7).
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We supply M (K) with the topology of weak convergence. (We repeat for clarity that
the subset M(Z°*) C M(K) is invariant under our semigroup.) Let C® = C(M(K)) be the
space of functions on M (K), continuous with respect to this topology.

Theorem 2 The semigroup S, acts on the space C = C(M(K)) of continuous functions on
M(K), and is strongly continuous and contracting.

Proof 1. Let us show the existence of the solutions to (7). The equations (7) are describ-
ing the evolution of the “closed” system. Consider now the corresponding “open” system,
defined by the (arbitrary) rates A = A (t) of the Poisson inflows and the initial state uo. It
evolves according to the equations

duy (x) _

i) DR CACEACE VNI (S

a=0,AB,BA
= (x) —u, (x + Ap) —uy (x + Ayp)
iy (x4 Ax+ Aup)) va (1 —8,) 8up,
— (e (x) —u; (x + Ap) —u (x + Apa)
+u X+ Ap+ Apa) ve (1 —84y) 8xap
+ (u, (x = Ag) —u; () (1 = 8xy) (has (1) + Apa(0))

Ao (1)

+ D (= A —uy () (1= 8,) =5

a=A,B
+ (s (x — D) — 1y (X)) (1= 8y p) Aa ()
+ (u (x = Apa) — u; () (1= 84y ) An(0).

The corresponding exit rates b, are given by the natural relations
Bh(O) = Yatty (D).
Consider the function d* (1):
dp (1) = Vg (1) + by (1),
(1) = dj (1) = %bém,
dig() =i (1), di () =b(0).
The closed system is a fixed point of the map A 1@ d*, i.e. a solution of the equation
h=d".
To see the existence of a fixed point, let us introduce the functions A, BA and DA :

A,,(t):/ Aa(0)d1, Bj(t):f b:(t)@t)dt, DA (z)=/ d’(1)dt,
0 0 0
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and the corresponding mapping A \ii({ DA, The functions A, B® and D* are monotone
continuous, moreover, the functions B* and D* have uniformly bounded derivatives. Let ¢
be the upper bound for these derivatives, and € be the space of all continuous monotone 5D
vector-functions on [0, T'], vanishing at zero, with the derivatives bounded by ¢ once they
exist. Then € is compact and convex, therefore the map W, : € — € has at least one fixed
point.

2. We now will show that for every u, the map W, is a contraction; that will imply
the uniqueness of the solution. Without loss of generality we can assume that 7 is small.
Informally, the contraction takes place because the exit rates bé (t) for r € [0, T] with T
small depend mainly on the initial state u : the new clients, arriving during the time [0, T']
have no chance to be served before T, if there were clients already waiting. Therefore the
“worst” case for us is when the initial state vy is the measure ), having a unit atom at
0eZ°*.

Solet Ay(2), A2(2), t € [0, T] be the rates of two Poisson inflows to the empty server, and
y be the service rate. We want to estimate the difference b,(¢) — b,(¢) of the rates of the
exit flows. We can couple the two service processes in the following way: let A(¢) = min
{A1(t), M2(2)}. Then we write A;(t) = A(t) + n;(¢), where n; (t) = X; (t) — A(r). We will call
the clients arriving with the rate A(¢) as colorless, and we call the 1, (¢) clients as red, while
the n,(¢) clients as blue. The colorless clients have priority in their service: if a colorless
client arrives, then all the colored ones have to wait—even the one currently under the ser-
vice. Then the difference |b;(t) — b,(¢)| is bounded from above by the sum of the exit rates
of colored clients, which does not exceed

up

server is occupied by a

Ib1(®) = ba(D)] < yPr <colored client at the moment ¢

) < 7// [A1(2) — A2(2) | dt.
0

Hence we have contraction with the contraction rate at most y 7', which is small for small 7.
We denote by A, (¢) the unique fixed point of W,,.

3. Finally we prove that the semigroup preserves the space of continuous functions. First
of all we observe that the map W, depends on the initial measure u« in a continuous way.
Therefore the same is true for A, (¢), the fixed point of ¥,,.. Hence u(¢) depends continuously
on u(0). O

Let us consider the subspace C? C C° of functions f, which have the following proper-
ties:

af .
du(x)?

1. forevery x € Z>* the function f has the first derivative

92 f

2. forevery x,y € Z>* the function f has the second derivative FEEIOL

3. all these derivatives are bounded, uniformly in x, y.

It is easy to see that the set of coordinate functions {u(x), x € Z°*} on M(K) can distin-
guish any two measures from M (K). Due to the compactness of M(K) we can apply the
Stone-Weierstrass theorem, which implies that the subspace C> C C° is dense in C°. We now
will show the following

Proposition 3 For every t we have S,(C3) C C*, where the subspace C} C C* consists of all
functions depending only on finitely many variables {u(x)}. In particular, the subspace C? is
a core of the generator A.
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Proof To do this we will use Proposition 1 of the paper [4]:

Lemma 4 Consider the infinite system of equations
i)=Y a0z + b, 120
d[Zk = : ari\1)Zi k7)), = U.

Suppose that for all k

Ylal<a, @) <boexp{bt}, |z (0)| <c.

witha < b. Then

by
—da

[24(0)] < cexplat) + —— (exp (bt} — exp {ar)).

From ( 7) it follows immediately, that

d (du, (v)\ _ . du; (w)
dt (Buo(x)) = 2 a”"’(t)<8uo(x)>’

weY (v)

with 3y law ()] < a, I%I <1, for some d < 0o, uniformly in v, so Lemma 4 ap-

plies, and all the derivatives |%| are uniformly bounded, provided ¢ < T. Further on,

d 3%u, (v) _ _ 9%u; (w) ~
ar (auo ) duo (y)) =2 dw® <3M0 ) 9o (y)) + (o),

weY (v)

with the same a,,, (¢)-s, while the term Z;U (), consisting of the products of the first derivatives

%“‘ (w) dug W) s also uniformly bounded, as was just shown, provided ¢ < T. Therefore the
ug(x)  dug(y)

. 2 .
derivatives | —%®__| are uniformly bounded as well.
Qup (x)dug(y)

For other functions we just use the chain rule. O

3.2 Equation for the Evolution V) and the Convergence

Now we will write the generator A, of the process VA’)II. Let ¢/ (-) be a function on M ;. (In
fact, we need it to be defined on a smaller set M, N .M((%Z5 )*). Throughout this section
the value of N will be fixed, and we will keep it just 1, in order to simplify the notation.) We
will introduce the following notations for the increments of the measure v = (v, V4, V3)
(which are themselves (signed) measures on Z' or Z?):

1 if y=x,
Ao (M)=1 -1 ify=x—1, x,yeZ,
0 otherwise,

if y =x5=(xa,xp4),
AA,XA(y)= -1 ify:(xA_lvaA)a xAvyEZZs
0 otherwise,
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1 ify=x;=(xa,xpa),
Apax; (M =1—-1 ify=@axpa—1), x5 y€eZ?

0 otherwise,

and similar definitions for the remaining measures A Bxj and Ay By Then

An) ) =Y e (v, ) [y (V) = ¥ )]

v

= Z M)/?Ové (XO)ZUA (x/;)

onl

AV Ap x4(1,0)
><|:1ﬂ(v0’— MO,UA-F ;‘4 , Vg —w(v@,vg,vg)

+ 30 M5 (o) Y5 (x5)

xp=>1

M

+ Z Mypavi (XA)ZUO (x0)

xzxpa=1 X0

Aoy 1 ABA,x*
X |:Ip. (U@‘F%,UA_TA,UB _\/’(UO’,UAJ)B)

+ Z Myapvg (xB) Zvo- (x0)

xgxap=l X0

Ao xpt1 App xg
x [W (va+T",%v5— L) =y (v5.v4.v5)

M
+ Z Mysv; (xA,O)ZvB (xg)

Ao« AB x-1(1,0)
x [w (Ué — vt — 2 )~y (v, 4. vp)

xp>1 Xg
A4 (x4,0) ApBxz+0.1)
X [w (Uésv/i_ MA , U+ 1\; — ¥ (v5. vz, v3)
+ Z Mygvg (xB,O)Zv,g (x)
xp=1 x;
ABA,JC"F(O,I) AB.X 0
X [w (vé,v/;—i- Ajl SV — 2‘(/13 >>_¢(U5,v/;,vg)]. )

Suppose now that the function v is differentiable in each of the variables vy (x0), X0 € Z',
vi(x4), x5 € Z*, vg(xj), X € Z>. Then each of the six increments in (9) equals to the corre-
sponding derivative ¥’ of ¥, computed at some intermediate point. If moreover the function
¥ is continuously differentiable (which is implied by the twice differentiability), we can
take a limit as M — oo, obtaining the convergence to the limiting operator
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y 99 (v) 99 ()
A= 3 70”‘3()‘0)”(”)[awa(xa—l))_a<va<xo»

x()Zl,xA
A N 1 20) }
0(vi(xa+1,xp4)) 9(vg(x4,Xp4))
Y (v) oY (v)
+Zl 7 Vo torva (xa) [3(1)0 (xo—1) (s (x0)
Y (v) _ oY (v) ]
0(vg (xp+1,x48)) vz (xp,XxaB))
o O A0)
+Zl 7uva (x3) vo o) [3(1)5 (o +1) 305 (x0))
oY (v) _ oY (v) ]
0(vg (xa,xpa— 1)) 9(vz(xa,Xxpa))
o W 3w
+Zl 750 (55) o (x0) [a(vo o+ 1) 3(v5 (x0)
Y (v) _ 0y (v) }
d(vg (xp,xap — 1))  0(vz(xp,xa8))
i o oY (v) A
+XB,§A21 avi (. 0)vs (xp) [a(vg (ca—1.0))  3(v; (x4.0))
Y (v) B oy (v) :|
d(vp (xp,xap + 1))  9(vz(xp,xa))
_ " W W
£ B ) [ i G

XA.XB:XBEI,

Yy (v) _ Yy (v) i|
(i (xa,xpa+1)  0(vz(xa,xpa)) |

Let us apply this formula to the “coordinate” function ¥ (-) = ¢, (), where ¢, (v) = v(y) =
vo(yo)vi(yi)ve(y3). The result is the one given by (6):

<A¢>x)<v)=—v<x)< > Aa(t)>

a=0,A,B,AB,BA

v alms -5 (-85
a=0,AB,BA

+v(x —Ao) (1 =8s,) Aap(t) + Apa(t))

—|—ZU()C—A) )}‘-O(t)

a=A,B

v —Anp) (1 =84,,) Aa@®) + v (x — Aga) (1 = 84y, ) Ap (D)
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+ ) va+A)Y

a=0,AB,BA

+v(x + Ay) Yabiy, +V(x + Ap) ¥ply,,-

Since the space of functions of finitely many v-s coincides with that depending of finitely
many u-s, that finishes the proof.

4 Fluid Networks

One of the key ingredients of the proof of our Main result is the investigation of the fluid
(Euler) limits of various networks. They are introduced in the present section.

4.1 Fluid Systems with One Fluid

The fluid systems with one fluid are the following simple dynamical systems. Consider
the containers Vi, V,, ..., V,, filled (partially) with water. Suppose that some pairs of these
containers are connected by (directed) pipes, through which the water can flow. On every
pipe i, j there is a pump p;; working, with the capacity of sending y;; > O units of water per
unit time from V; to V;. The pumps are working constantly, and if the container V; has less
water than the pump p;; can handle, the result is that the pump sucks in whatever there is.
For example, if the network is given by the graph

Y12 Y23

Vi= W=V,

with y, = %, ¥23 = 1, then in a while the container V, will be empty, and the flow along
the pipe 23 will be % (provided the water supply in V) lasts). If a container V; has several
pipes i ji attached, then the water is shared by the pumps p;;, proportionally to the capacities
vij, (this is relevant only in the situation when the level of water in V; is zero, and all the
incoming water immediately leaves it).

Suppose now that at the moment 7 = 0 all the containers are filled with water in the
amounts of v; (0), and then we turn on all the pumps. We are looking on the levels v; (), as
they are changing in time. It turns out that there exists a time 7’ (depending on the system),
after which the levels v; () become stable and do not change anymore. (Some of them can
in fact be zero.) In particular, such a system can never exhibit a cyclic behavior. Of course,
the stability of the levels does not imply that the water in the network does not flow. It just
means that for every container the amount of fluid entering is equal to the amount of fluid
leaving.

We will not provide the proof of this known statement (see [3] and the references there),
since we will not use this fact. Below we will consider fluid networks which do exhibit
cyclic behavior, and we find such examples among the fluid networks with several kinds of
fluids.

4.2 Basic Fluid Network
We will consider the following 5-dimensional dynamical system, A, which is a closed ver-
sion of the open RS-network. It consists of three nodes: O, A and B, through which various

fluids are passing, see Fig. 3. The node O__has one type of the fluid, in the amount xo > 0,
and that fluid flows into the nodes A and B in equal amounts. The rate of this flow yo =3,
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Fig. 3 (Color online) Basic fluid
network

which means that three units of the fluid x, leave O per unit time (provided the supply lasts,
of course), so each of the two nodes A and B gets % units of incoming fluids, A and B, per
unit time. The amounts of these fluids are denoted by x, and xg. The fluid A then goes to
the node B, where it turns into the fluid AB, while the fluid B goes to A and turns there
into BA. The corresponding rates are 4 = yp = 10. The fluids AB and B A then go back
to O, with the rates vap = Ypa = 2. The last thing which has to be specified is the following
priority: if the node A is in the state with both amounts x4 and xp4 positive, then the fluid
B A goes first. One can think that the fluid BA is heavier and of higher viscosity than A,
so it goes to the bottom of the node A and flows out first (and relatively slow). The same
applies to the node B.

As stated, the system is not well-defined. For example, the dynamics is not specified if
we try to start it from the configuration

xg=a>0, xp=b>0, Xpa=x45=0, xo=1—a—b. (10)

The reason is that if the fluid A “starts first”, then it will create some amount of the heavy
fluid AB in B, so the fluid B in B will be blocked. The same holds for the fluid B “starting
first”.

The precise definition of the system, given below, follows [3, 16, 18]. Consider first the
simplest case of a single node with capacity y per unit time. Let the initial amount of fluid
x(0) be given, an let Y (¢) be the net amount of fluid that arrives to the node during the time
interval [0, ¢]. In what follows we will call it the net inflow. The function Y (¢) is monotone
non-decreasing function, Y (0) = 0, and we assume that Y (¢) is Lipschitz continuous, ¢ > 0.
It is easy to check that the evolution of the amount x(¢) is given by

x@)=V(@)+ U@, (11)
where V(t) = x(0) + Y(¢t) — yt is called the virtual level of the fluid, while U(t) =

max {0, —infep,) V (s)} is the unused service capacity of our node.
We introduce for the correspondence (11) the notation

x() =Wy, x(0),Y()), (12)
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that is, W maps the initial fluid level and the inflow function to the evolution of fluid level.
As we will show later (in Lemma 13), the map W is Lipschitz continuous map from R x
CI0, 00) to C[0, 00).

Further on, let Z(¢) be the total amount of fluid that leaves the node during the time
interval [0, ¢]: Z(¢t) = x(0) + Y (#) — x(¢). Again, the function Z(t)—the net outflow—is
monotone non-decreasing Lipschitz continuous, with Z(0) = 0. By assumption, the deriva-
tives z(t) = Z(t), y(t) = f’(t), existing a.e., satisfy

() = {y if x(¢) > 0,

y(t) otherwise.

This property is the reason to call our discipline work-conserving; the server is always work-
ing at its full capacity.

In the same way we can treat the node through which several fluids are passing. Thus
we introduce the vector Y (t) = {Y,(¢), ..., Y, (t)} of the net inflows during the time inter-
val [0, ¢], each Y;(¢) being non-decreasing and Lipschitz continuous. The vector Z(®) will
denote the corresponding collection of the net outflows. (Of course, it does depend on the
priorities of the fluids.) Consider again the derivatives y; (t) = Y,»(t) and z;(t) = 7 (1) (they
exist for almost all # and define Y;(¢) and Z; (¢) in a unique way once we fix Y;(0) and Z; (0)
to be zero). Introduce also the workload rate by v(¢) =) y; (t)yf1 , where y; are the service
rates. The service discipline of our node is work-conserving, if the following property holds:
once ||x(¢)|| > 0, we have

Y ouy =1 (13)
otherwise

zi(1) = yi(0) (14)

for all i. The following statement is immediate:
Proposition 5 Let x(0) =0 and v(t) <1 for almost all t > 0. Then x(t) =0, t > 0.
The system described in the beginning of the present subsection corresponds to the fol-

lowing specification of the above general formulation. We have Y(r) € (R%)", and in terms
of the map W (see (12)) the evolution is given by the equations:

x0()=W(@3,x0(0), Yo ("), (15)
xga() = W(2,xp4(0), Ypa (), (16)
x4() = W(0,5xp4(0) +x4(0),5Yps(-) + Y4 (-)) — Sxpa(:), (17

the equations for xp and x4 g being symmetric. Then for the derivatives, whenever they exist,
we derive from (15)—(17) that

d Vot) =3 ifxo(t) >0, orif xo(r) =0and yo(r) —3 > 0,
EXO(I):{O if xo () =0 and yo (1) — 3 <0

d vap(t) —2 ifxap(t) >0, orif xsp(t) =0and y,p(t) —2 > 0,
a1 = { i x45() =0 and yyp(t) —2 < 0;
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ya(t) if xga (1) >0,
ya(t) = 1024ED if x, (1) > 0, xp4(1) =0, yap(t) —2<0; or
d ifxs(t) =xpa(@) =0, yap (1) —2=<0
0= and y, (1) — 10222480 ~ o
0 ifxa(t) =xpa() =0, yap (1) =20

and y, (1) — 1022420 < (;

the equations for xp and xp4 being symmetric.

In fact, for most points in the phase space the above differential equations are sufficient
to describe our dynamical system, since the set of values ¢ where one of the derivatives does
not exist is nowhere dense. However, this is not true for all points, and so we need to use
more complicated equations (15-17).

The above relations define what we will call Non-Homogeneous Dynamical System,
NHDS. We will denote this dynamical system by A(Y), since it is driven by the inflow Y.
This is just a usual non-autonomous dynamical system. All the non-linear dynamical sys-
tems, which will appear below, correspond to different choices of the flows Y.

Let now x(¢) be the trajectory of the NHDS, corresponding to the initial state x(0) and
the given inflows Y (r). We define the closed fluid network evolution A of the point x(0) as
the evolution X (#) under any dynamics A(Y (1)), for which the following relations between
the inflows Y (¢) and the outflows

ZO) =7 (1) =3(0)+ V() — x(t) (18)
hold:
Yo() = 25y )+ Z51 ), (19)
1 Y
Ya(t) = EZd ®), (20)
Yap(®) = 257 (@0), @1)

and symmetric relations for A and B A variables. The set of all solutions Y (¢) of (19)-(21)
will be denoted by Y(x(0)).

It is well known that the set ))(x(0)) is not empty for any initial state x (0). We reproduce
here the proof, since analogous argument will be used throughout the paper.

Proposition 6 For any point x(0) there exists at least one trajectory of closed fluid network
evolution A, passing through it.

Proof It suffices to prove that a solution exists in any given bounded time interval [0, T'].
For a given x = x(0), consider the map G : Y() = Z%Y (). Ttis clearly a continuous map
of C[0, T] into itself. The outflow Z(-) is Lipschitz continuous (by Lemma 13 below), with
Lipschitz constant L independent of x (0) or Y (-). Hence G takes the convex compact set of
L-Lipschitz continuous functions Y(-)on[O0,T], satisfying Y (0) = 0, into itself. Therefore,
by the Brouwer theorem, the map G has at least one fixed point. O

The system A has the following properties:

e The total amount of fluid |X(¢)| = x¢ () +x4(¢) + - - - + x5 (¢) is evidently conserved. We
will assume |x(7)| = 1.
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e For some initial states x (0) the equations (19)—(21) have multiple solutions. This is true
for all initial conditions x(0), given by (10). The equations (19)—(21) have in this case
three solutions, so there are at least three dynamical systems, defined by x(0). The first
solution corresponds to the flow rates y4p = 10, yp4 = 0, the other one is symmetric to
the first one: ygs = 10, yap = 0, while the third one is given by the flow rates AB —
O,BA— O,A— AB,B — BA all equal to Vo5 A 0B equal to % One can
say, having that property in mind, that at some points the uniqueness of the trajectory
breaks down, so it can happen that for two trajectories x'(r), x”(¢t) we have x'(t) = x"(t)
for t < ty, but x'(¢t) # x"(t) for t > t;. That just means that there are two different (non-
autonomous) dynamical systems, which have trajectories, coinciding for ¢ < 7y, but not
for t > t.

e The curve x(t) = {1,0,0,0, 0} is a trajectory, i.e. the point * = {1,0, 0,0, 0} is a fixed
point of A. Its flow rates are constant; their values are: y4 = yp = Yap = Ypa = %

yo = 3. Let us check that with these flow rates the amount of the fluids in A and B

will stay zero. Indeed, 24 + 284 — 32 432 _ 9 1. So our claim follows from the
YA YBA _ 10 2 10

Proposition 5. In fact, the nodes A and B are even underloaded, which means that in the
long run each node gets on the average less fluid than its serving capacity is. Note also
that there are trajectories x(¢) such that x(¢) = x for ¢ < to, but x(¢) # * for ¢t > 1y, with
any {.

o There are (not necessarily uniqueness) points in (R3)*, from where (some) trajectory goes
to *. One such family is the set of points U = {x : 0 < x4 = x5 < %,xAB =xpa=0,xp =
1—x4 —xp}, and the flows are: AB— O, BA — O,A— AB, B— BA all equal to 1—60,
O — A, O — B equal to % In fact, from every point in U two more trajectories start.
The values of the flow rates for one of them for small initial segment of time is given by:
VA =Yg = %, vap = 10, yga =0, yo = 2. It is describing the situation when the light
fluid A flows to the node B, and the resulting heavy fluid AB in the node B blocks the
fluid B in the node B from exiting. The second solution is obtained by interchanging A
and B. There is a bigger set U D U, having dimension 2, starting from where one can
get to *, making on the way some choice of the trajectory; U={%:x4=xp,Xap =
Xpa, X0 =1—Xg —Xp—Xap — Xpa}.

e There is a cycle C C (R3)*, such that if X(0) € C, then %(¢) € C for all ¢ > 0. For example,
the point {x : x4 = 1,xp = xap = xpa = xp = 0} belongs to it. All the points of the
cycle C are uniqueness points. By 7 we will denote the time to go around the cycle
C once. We will now describe, just applying the definitions in a straightforward way,
the cycle C, started from x(0) = {xs = 1, xp = x4 = xpa = xo = 0}. The first part of
it happens for ¢ € [0, %], during which time the component x4 (#) decays linearly from
the value 1 to 0. The component xz(¢) grows linearly, and xB(é) = é, the component
xap(t) grows linearly, and x4 p (é) = g, while xp4 and x( stay zero. On the next segment,
te [é, 1], the component x 45 (¢) decays linearly, with rate 1, and so it vanishes at r = 1.
The component xg(#) continues to grow linearly, with the same speed, so xz(1) = 1.
Other three components remain empty. So at time 1 we find ourselves accomplishing one
half of the cycle. Therefore T =2.

o If x(0) ¢ U, then x(t)yeConcet >T, where T =T (yo,Ya, VB, VaB,VBa). We will
prove this claim under additional assumption that dist(x(0),C) = infyec >, |x; — yil < ¢
for some small &, since this will be sufficient for our purposes.

Lemma 7 (Local attractor) There exists an € > 0 such that for any initial point x(0) with
dist(x(0),C) <& we have x(t) e Concet > T =T (yo, Ya, VB, YABs VBA)-
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Proof Since for every point ¢ on C we have either cyp =0 or cg4 = 0, we see that at least
one of the coordinates x,5(0) or xz4(0) has to be less than ¢. Let us start with the case
that both of them are positive, and we can then assume that x45(0) < €, x54(0) > x45(0).
Then for a short initial segment of time, [0, #,], both coordinates x45(0) and xg4(0) decay
with the same constant rate 2, until x4 will vanish, which will happen at the moment
= X/“‘ O - 5 Also for every point ¢ on C we have c¢p = 0. Therefore x( (0) < ¢, hence
xo(t) <e —|— L= 2 , since the total arrival rate to O does not exceed 4, while its service rate
equals 3.

Now consider the case when xg4(#;) > 0. While x4 (t) keeps being positive, there is
no flow from A to B and, as a result, no flow from B to 0. So if x4 (t) stays positive for
t€lt,ty =t +x0(t)], then xo(¢) becomes O at ¢ = t,—since it decays with rate 1 when
xap =0and x4 > 0—and will stay 0 while xpg4 (¢) is positive. The coordinate x 45 (¢) stays
zero as well. When finally x4 (¢) vanishes for the first time, at t3 > #,, the value xp(#3) has
to be already zero. Which means that x4 (#3) = 1, so x(#3) € C.

In the remaining case, the first point, 73, where the coordinate xz4(¢) vanishes, belongs
to the segment [#1, 1, = t; + xo(#;)]. (That case contains the situation when xz4(¢;) =0.)
Since the time #3 < 2¢, and since initially the point x (0) was close to C, the same is true for
the point x (#3). Since x4 (t3) = xp4(t3) = 0, we conclude that one of the two coordinates—
either x,(#3), or x5 (t3)—should be e-close to 1, while the remaining one, as well as x¢ (#3),
should be e-close to 0. Suppose x4 (t3) ~ 1. Note that the evolution of the point x(#3) is not
uniquely defined if both x4 (#3) and x5 (#3) are positive. As was explained above, there are,
in fact, three options to choose from:

(1) If the choice is that the fluid A “goes first”, then after a small time the coordinate x
will vanish, and after the time of order % the coordinate x4 will vanish as well, and we find
ourselves on C.

(ii) If the fluid B “goes first”, then after a small time (of order ¢) first xp, and then x4
will vanish, and the fluid x,—which is in the amount of order 1, will start to decay, so we
find ourselves in the situation just considered.

(iii) The remaining option is when both fluids A and B “go simultaneously” into, resp.,
AB and BA, at the rate m . As was explained above the result will be that the levels of the
fluids A and B will decay with the rate 1 — % 6, while the level x, will be correspond-
ingly raising. But no later than the time 68 the level xp will vanish, and since x45 and xg4
both were already zero, we again are in the situation considered above, with xo being of
order ¢. In fact, at any time when the system is in phase (iii), it has three options: to pass
(forever!) to the phase (i) or (ii), or to stay in phase (iii). The above arguments in (i)—(iii)
stays valid in this case and we get the required assertion. ]

Warning. Our analysis shows that the time T needed to reach the cycle does not vanish
with €.

e Continuity. The above proof implies the following (weaker) substitute for the property of
the continuous dependence of the trajectory on the initial condition. Let x(0) and c(0)
be two initial points, and suppose that |x(0) — c(0)| < €, and ¢(0) € C. Then there ex-
ists a constant C, such that for any ¢ and for any version of the x-trajectory we have
|x(t) —c(t)| < Ce. The condition ¢(0) € C is, evidently, crucial; without it our statement
fails.

e The cycle C depends on yo, va, V8, VaB, VB4, and is non-trivial for our choice of these
parameters. For some other values of yo, ¥4, VB, VaB, VB4 it is reduced to the point =,
which then is a stable fixed point.
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o All the above properties of our system would still be valid if we perturb slightly the
vector Yy = {Yo, V4, VB, YAB» VYBa} Of the parameters around the point {3, 10, 10, 2, 2¢} of
our choice (even if the perturbation does not respect the symmetry Y4 = ¥g, Yap = V5a)-

e Let ¥(r) C C be a cyclic trajectory. Let us denote by AS(f) the corresponding (pe-
riodic) function of the inflows. The stability property just formulated implies im-
mediately that our system in the cyclic regime is underloaded. In other words, for
{vo,va, VB, YaB, vea} = {3, 10, 10, 2, 2} there exists § > 0 such that we have

Tc
yiofo A5 (dt < (1—8)Te, (22)

1 (Te 1 [T
y—/ 25 (t)dz+y—/ AS,(dt < (1 —8) Tg, (23)
A JO BA JO

and the same relation for the B node.

‘We now want to consider the “open” system A°, which is obtained from A by the follow-
ing construction: every exiting fluid now goes not to the corresponding node, but leaves the
system. On the other hand, there is some inflow, }_\(t), entering the system from the outside.

For the future use we introduce now the following compact subset K = KC(y) C (R>)™:

K= XE(R5)+'max lx +Lx lx +Lx l)c <10
= : S XA T X8y 5XBA T 15X4s %0 .

Lemma 8 Let the open system A° be in the state x(0) € (R3)*. Consider the functional L
on R3, given by

) 0 ifxek,
LX) = { | 24

max{%xAB + %XB, %XBA + l—loxA, 3X0} otherwise.
Suppose that L(x(0)) > 10. Then there exists a constant C > 0, such that for all external

flow rates {(t), t € [0, Tc1} which are close enough to {A€(t), t € [0, Tc1} in the L' distance,
we have

L(x(0)—-Lx(Te)>C.
Proof For the case of the inflows with rates XE () our statement follows from the underload
property, due to the relations (22)—(23). Therefore it holds for inflows that are close enough,
by continuity. O

4.3 M Coupled Fluid Networks

Let Ay be the dynamical system on (R™)*, obtained from M copies of A, interconnected

in the n}ean:ﬁeld manner, as follows. Each node 0_,-, i=1,..., M,is connected to all_of tl_le
nodes A;, Bj, j=1,..., M, and its fluid, of the amount x, ;, flows into the nodes A;, B;
—1v0 _ 3

in equal amounts. The rate of each of these flows is now M 7 = 57 which means, as

bgfore, that three units of the fluid x, ; leave O; per unit time, so each of the set {A ;) and
(B} gets % units of incoming fluids, A and B, per unit time. In a similar way, the fluid A
from every node A; is splitted among all nodes {B i}, so the rate of every individual flow
x 10

A — l_?j is M~'y, = 37> and so on. The priorities are kept the same: if the node A;, say, is

in the state with both amounts x4 ; and x4 ; positive, then the fluid BA goes first.
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Again, we first describe the open network, i.e. the Non-Homogeneous Dynamical Sys-
tem. We will not need the general case here; it is enough for us to consider the net inflow
defined by the same function Y (1) € (R%" as in the previous subsection; every node then
gets i—th part of the inflow, so, for example, for each i =1, ..., M the net inflow function
of the node O; equals to ﬁY o(t). Once we are also given the initial values X € (R)* of
the fluid levels, the net outflows Zj:iy (t),ae{O,A,B,AB,BA},i=1,..., M, are defined
as above, see (18).

Passing to the closed system, instead of relations (19)—(21), we impose the relations

M = _ -
Yo(t) =) (Zyp, (O + Zgs (D), (25)
i=1
M 1
Va0 =3 5755, (26)
i=1
M _ -
Yap i)=Y Zyl (). (27)

i=1

Again, all the functions Y, (¢) and Z,(¢) are Lipschitz continuous and, hence, differentiable
almost everywhere. These derivatives will be denoted, again, by y,(¢) and z.(¢). For each
node (say, A;) of Ay, the evolution of the amount of fluids x4,i(t) and xp4 () is found
from the corresponding inflows ﬁ YA(t) and % Y54 (¢) and initial states x4 ; (0) and x4 ; (0)
in the same manner as for the network A.

We will consider trajectories x™ () € (R®)* with |x ()| = M, i.e. we have the unit
amount of fluid per elementary system A C Ay,.

For every M we will define now another dynamical system, acting on (R>)*. This one,
also denoted by A, will be of central importance for the present paper. However, it will
be not the usual dynamical system. It will be defined not as a group of transformations of
(R>)*, but directly on the (sub)set M, of some atomic probability measures on (R>)*. This
transformation will not be linear on M, and for that reason we will call it non-linear dynam-
ical system. In fact, it is just a convenient representation of our initial dynamical system on
(R>)*, suitable for passing to the limit M — oo. The construction is very simple:

To every point ¥ = {(x{, x; = (x}y, X5 a), x5 = (X, X4p)), 0 = 1,..., M} € RM)*
we can assign a probability measure on (R3)* in the following way: we put uo =
%Zf‘ilé%,u;‘:ﬁzlg\iléxk,p,g:%ziﬂil x%,andwedeﬁneuzuw =lo X i X
Ui € My. Now, if the point x™ evolves according to Ay, so is the measure j; moreover,
the evolution () of w is well defined and does not depend on the choice of the preimage,
soif w_my = p_m,, then w_m, (t) = p_m, (1).

JCl Xz Xl Xz

The set of measures M, on (R>)*consists of all measures u, having the properties

1. w is a product,

w= (o, i 3) = o X mi X g =5[] x T[] x Mz[ul, (28)

of probability measures on R! = {xo}, resp. R? = {x4, x4} and R? = {x, x45}. Here
we denote by II,-s the various projections (or marginals),
2. wehave [ |¥|du= [xoduo + [(xa +xpa)dpi + [(xp +xap)dug =1,
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3. we have o = 3 M 85 for some (not necessarily distinct) &; € R', i = 1,..., M,
i i 1 M 1 M P 2
likewise 1z = 37 >_im; 85 g = 77 M S, %,/ € R,
Properties of A y:

e The set of the fixed points of A, consists of measures u = IT;[u] x 5“:0 X 5;([,:0,
where §, 3=0 and 8*1}20 are unit atoms at the origin, while I1;[u] is the projection on the
coordinate x¢. In words, that means that all the fluid stays permanently in the O-nodes
(in arbitrary amounts, adding up to M). This fact follows from Proposition 5.

o If 11(0) =8z € My, then pu(t) = 85, where x () is the trajectory of A with x(0) =x.In
particular if x € C, then x(¢) € C.

e Note that the dynamics Ay on My, is “non-linear”, in the sense that in general in the
situation when p(0) = au’(0) + (1 — @)’ (0), 1 (0), ' (0), u”(0) e My, 0 < < 1, we
have p(r) #au'(t) + (1 —a)u’(¢) for t > 0. (There is nothing strange or unusual in this
relation, since the dynamical system in question is itself defined on the space of measures
as its state space, and not on the (R3)*.)

e Let pgrov be the Kantorovich-Rubinstein-Ornstein-Vaserstein distance on the probabil-
ity measures on (R)*, corresponding to the metric p(X, y) = Zf;l |x; — vi| on (R%)T.
(We recall briefly, that if u, ' are two probability measures on a metric space (X, p),
then pgrov (i, n') = inf, f p(x, x")dk (x, x"), where the inf is taken over all probability
measures x on X x X, such that k(A x X) = u(A), k(X x A) = i/(A). Suppose that the
initial measure 1 (0) is close enough to the cycle C, which means that for some x € C we
have

pxrov (0 (0), 8;) < &. (29)

Let Y(¢) € Y(u(0)) be one of the possible net inflows, corresponding to the initial
state (0), and w(¢) be the corresponding evolution. Then there exists the time 7 =
T(M,yo,va, Vs, Vas, VBa), such that for all t > T we have u(t) = 8z, with x(¢) € C.
Moreover, let us define the compact A by

AK:{XZ(X(),)CA,...,XB)Z)C()<K,)CA<K,...,XB<K},

and let |k (¢) be the evolution of the restriction w(0)|x under the same evolution, defined
by the flow rates Y (t) € Y (1(0)). (Once the inflows Y (¢) are fixed, the evolution becomes
the usual (non-autonomous) linear dynamical system, so we can apply the dynamics to
the summand 1 (0)|g of the measure 1£(0).) We choose K to be large enough, so that from
pxrov((0), 6,) < ¢ for some x € C it follows that

w0 [K]>1—e. (30)

We now claim the following:
Lemma 9 Under conditions (29) and (30), there exists the time moment T' = T' (K, yo,
YA, VB> VAB» VBA), Such that for every t > T' (uniformly in M!) there exists a point x(t),

such that |k (t) is just the atom at that point: |u|k (t) = c8z(). Moreover, dist(x(t),C) < ¢,
and ¢ = w(0)[K]— 1 while ¢ — 0 as K — oo.

Notes

e We will prove only the statement about the existence of the time moment 7", since below
we will not use the time moment 7 (M, yo, Ya, VB, YAB> VBA)-
e Our proof can be extended literally to the case M = oo of the next subsection.
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Proof Note first that due to the mean-field nature of our graph, the flows to all the A-nodes
are equal at every time moment (as well as to all the B-nodes or O-nodes). Consider now
any subset Q of the A-nodes, |Q| < M, and let I, be the index, for which (xBA)15,(0) >
(xp4)i(0) forall i € Q. Then, clearly, this relation holds at later moments, i.e. (xpa),, () >
(xg4)i (?). In the same way, define the index I, as the one, for which (x4), (0) > (x4); (0).
Then, if all the variables (xp4);(0) are equal for i € Q, the relation (x4);, (t) = (x4);(t)
holds at all later moments. We will use this property for the set Q = {i} of indices, which
satisfy (xp4);(0) < K, (x4);(0) < K.

Let us show that there exists the time moment, such that before it every node in Q will
be empty for some time duration. In view of what was said before, it means that after that
time moment all the nodes in Q will be synchronized. To see this depletion, note that the
initial supply of the fluid BA at any node i € Q is not exceeding K, so it will be over before
= % Next, there exists a moment ¢”, after which % (say) of “atoms” of the heavy fluid
BA, passing through our node i € Q were at earlier moments at some O-node. Indeed,
another option would be that such an atom was staying at some B node for all the time
duration #”. That means that the initial total amount of fluid at this node was very high,
once t” is chosen to be large. However, the proportion of such nodes has to be small, due
to the simple fact that the total amount of fluid per node is of the order of one. But the rate,
at which the fluid goes from the O node to the B node is never higher than % Let K” be
the amount of fluid at our node i at the moment ¢”. Clearly it is at most 12¢”. Suppose the
node is not empty during the time interval [¢”,¢” + T]. Than it works all the time at full
capacity. Let 0 < k(¢) < 1 be the fraction at moment ¢ of the capacity of the node, used
by the heavy fluid, while the remaining fraction 1 — k(¢) is used by the light fluid. Then

the amount of heavy fluid, which left the server during this time interval, is 2 ft[,:/” k(t)dt,

while the corresponding amount of the light fluid is 10 ftt,,’l”(l — k(t))dt. Since the light
fluid flows into the node with the rate at most %, we have that the relation

t”+T 3
10/ (1—k(t))dt§5T+K”
t//

has to hold, since the amount of light fluid, leaving the node, can not exceed the initial
amount present at the node plus the amount which came to the node during the time inter-
val T. For the heavy fluid we similarly have

t"+T 3 1
2 k(ydt < -T+10( —T K".
/,,, (Ddr < T+ (100 )+

The two relations imply that
1
10T < <9§> T +6K".

So T < 12K", which establishes our depletion claim for the A (as well as for B) nodes at
some moment ¢, independent of M and &, provided only that ¢ is small.

Thus far we were not using the condition pgrov(1£(0), 8,) < &, without which our claim
about the existence of the time moment T'(K, yo, Ya, V8, YaB, YBa) 18 not valid—see,
for example, the first property of the dynamics A ). We will use it now, in dealing with
the O nodes. Due to the above discussion and the continuity property, our statement is
reduced to the following one: consider the initial measure w(0), having the properties:
oxrov((0),83) < & (= Ce, see Continuity Property of the previous section), while in
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the decomposition ©(0) = u(0)5 x n(0); x u(0)z we have u(0); = (1 — €)8z; + 4,
n(0)z = (1 — €)d5, + »5, with the vectors X, X3 € RR? close to the corresponding projec-
tions (x4, Xpga), resp. (xp, x4p) of the vector x. But that means that the flows into the %)
nodes will be almost always almost equal to these on the cycle C, so in finite time all of the
O-nodes which initially have their levels < K will become empty. Indeed, on the cycle the
flow to the O node has rate 2, while the capacity of these nodes equals 3.

Summarizing, we have thus far that after a finite time, independent of M, all the nodes in
Q are synchronized, and moreover all the O-nodes in Q are empty. The application of the
Continuity Property and the Attraction Lemma 7 finishes the proof. O

4.4 M — oo Fluid Network

This is again a dynamical system, A, acting on probability measures M = M ((R>)*) on
(R>)*. One way of defining it is to say that the family () € M is a trajectory of A, iff for
any M there is a trajectory s (t) € My, of Ay, so that for every r we have py (f) — w(t)
weakly.

Now we will give another description of A,,, which does not make use of the limit
M — oco. As was the case with the dynamics A and A, we will define first the NHDS
version of A.. Let the measure 1y € M((R%)T) and let the function Y (¢) € (R®)™ be
given, which is the net inflow of our fluids. Then the corresponding evolution u = {u, €
M((R>)1)} of the state g is defined to be just the evolution of the measure j1o under the
dynamics A(Y). Again, the net outflows Z*Y (1), X € (R%)* are given by (18).

Now we can define the evolution = {1, € M((R*)*)} of the initial measure p( un-
der Non-Linear Dynamical System A, (NLDS) as the NHDS evolution of it under any
dynamics A(Y), with Y satisfying the equations:

Yo(t) = / 25X @)+ 25T )dpo (3,
1 -
B =3 f 25" (0 dpo (). 31)

Yan(t) = / 257 (o (7).

and symmetric relations for B and BA variables. The set of all such flows Y (r) will be
denoted by Y(110).

We are calling the dynamical system A, non-linear, since in general we will have for
o = %(ué + ug) that p, # %(u; + u;) when ¢ > 0. Note also that if j19 = 8z for some
point x(0), then the family i, is a A, trajectory iff w, = 8z(), with x(z) being some A-
evolution of x(0).

Properties of Ay:

1. the set of the fixed points of A, consists of measures © = IT5[p] X 8%{ —o X 8)([?:0’ where
15[ 1] is the projection on the coordinate x.

2. if u(0) € My, for some M, then the A )-dynamics and A.,-dynamics with that initial
data coincide. In particular, if ;1 (0) = 6z € M with x € C, then u(t) = 8z(), where x(t)
is the trajectory of A with x(0) = x.

For all our purposes it is sufficient to prove the following property of our NLDS.

Proposition 10 Let the measure 1 = (0) on (R3)* have the following properties:
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(i) Unit mass:
/ (xa+xp +xpat+xaptx0)dun=1, (32)
R3)*
(i) Exponential moment condition: for some a > 0, A < 0o we have
(exp{aL (X)}) ) <3A (33)

(see (24)),
(iii) For some x € C we have

Pxrov (1 (0), 8,) < ¢, (34)
with & small enough (depending on a and A).

Consider now some Non-Linear Dynamical System A« (NLDS), defined by the initial
state (0). In other words, Ao = Ao (Y (+)), for some Y (-) € Y (u(0)). Then for t — oo the
evolving measure u(t) satisfies:

@
pxrov (1(1), 824)) = O (35)

for appropriate z(t) € C,
an

(exp{aL (X)}) ) = O. (36)

Moreover, the convergence in (35), (36) is uniform over all Y () € Y(1(0)) and all initial
measures [1(0) satisfying (32)—(34).

To establish it we first prove the following simpler fact.

Proposition 11 For every T, ¢ there exists a value (T, €), such that the following holds:

(i) Forevery T we have e(T,e) —> Qas e — 0.
(ii) Let u be any measure satisfying (i)—(iii) above. Then for every t € [0, T] we have
Pxrov (1), 8x) < &(T, €).

Proof Let the sequence of measures 1, (0) converge to §, in the KROV metrics, and let it
satisfy the conditions of the Proposition 10. Let us consider the set of trajectories w, (),
0 <t < T. The family of these trajectories, viewed as functions of ¢ € [0, T'], is a family
of uniformly bounded functions (due to the compactness of the set of measures with the
properties (i)—(iii)), which also are equicontinuous. Indeed, every version of the vector field,
along which any of the measures 1, () has to evolve, is continuous and bounded in norm
by the constant 4 = 10. Therefore it is compact, and so has a limit point, the function w(z),
with ©(0) = §,. But u(¢) has to be a trajectory of NLDS, and since there is just one such
trajectory starting from §,, we conclude that p(¢) = 8,¢).

Therefore p, (t) — 8y for every ¢ € [0, T'], and this convergence is uniform in ¢. The
existence of the function £(7', €) follows from the compactness of the balls {u : pgrov (i, 8x)
< a} of measures satisfying the moment condition. g
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Proof of the Proposition 10 1. To begin with, we prove that once ¢ is small enough, there
exists the time moment 77, at which for any initial (0), satisfying conditions of our propo-
sition,

(exp{aL ()E)})H(Tl) <e. 37

Indeed, suppose first that the value of the exponential moment of the initial measure (i (0) is
fixed, (exp{aL(x)})0) = M, and also that

PKROV (,tl(t), Sz(t)) <& forallt €0, Tc], with &€ small enough, (38)

where T¢ is the time it takes to go once around the cycle C. We claim that at the moment 7¢
we have (exp{aL(X)})umr.) < cM, where ¢ < 1 is some constant, which depends only on
the parameters of our model. In particular, c is independent of [1(0).

To see that we note first that for any point xo with L(xo) > 10 (see definition (24)) and
under Cyclic Dynamics Ao = Aso(Y (), for Y (-) € V(8.), z € C, we have after the time
shift by ¢ that L(x7.) < L(Xo) — C(¥x), where the constant C(y,) > 0 depends only on the
service rates y,. This follows directly from Lemma 8 of Sect. 4.2. From the same lemma and
due to the condition (38) we have that under any dynamics As(Y () with Y (1) € V(i (0))
we have for the same point that L(X7.) < L(xp) — %C (). So we have proven our claim,
with ¢ = exp{—%C(y*)}.

Let now k be the smallest integer, such that 3Ac* < e. We want to repeat k times the pro-
cedure of the previous paragraph. Its duration is, evidently, k7. Suppose that the parameter
¢ is so small that the function &(k7¢, €), defined in Proposition 11 satisfies (kT¢, ¢) < &
(see (38)). Then the desired repetition is possible, and so (37) indeed holds, with 77 = k7.

2. Summarizing, at the moment 77 we have:

@

(exp{aL ()}, 1) <& 39)

(1) pgrov(u(Ty), 8,;) < (T}, ¢) for some z € C.

Let us use now the compact . From (39) immediately follows that u(77)[K] > 1 — &.
Hence, due to Lemma 9 of Sect. 4.3, there is the time moment 7, = 7> (K, ), after which
the restricted measure ©(7})|x would evolve under the dynamics A(Y () with Y(-) €
V(1 (0)) to a §-atom, of mass at least 1 — . According to Lemma 11—or rather its M = oo
version—for some z € C the distance pgrov (1 (1) + T5), 8,¢t) at that moment would be at
most £(T5, (T, €)), which is small. If it would have been the case that this atom has unit
mass, than after time 7 it would already be on the cycle C. Since, however, we know only
that its mass is above 1 — ¢, we can claim that at the time moment 7| + T, + T¢ its distance
from C is at most K&, where K is some universal constant. Therefore for the total measure
w(Ty + T, + T¢) we can claim that

(ii") pxrov (U (T} + Tr + T¢), 8;) < K¢ for some z € C and some universal K,, while

(") (exp{aL(X)}) u(r, +1,+7¢) < c€, With ¢ < 1 the same as in the first step of the proof.

So what happened is that the estimator ¢ of the exponential moment, appearing in (39),
multiplied by K>, is the estimator of the KROV distance on the next step, while the estimate
of the exponential moment is improved by a constant ¢. This argument can be iterated; on
the next step we will have

(") (exp{la L (X)) u(ry+2(ro+70)) < €€,

(ii") pxrov(u(Ty + 2(T» + T¢)), 8,) < Ksce for some z € C, and so on, which completes
the proof. a
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5 Euler Scaling Limit of the NLMP

In this section we will show that in the limit of high load our Non-Linear Markov process
tends to the fluid model, introduced above.

Theorem 12 Suppose that for every N we are given the initial state vV of the (scaled—
see (1)) NLMP Vol\é, and the sequence vV converges to the measure p in the KROV metric,
i.e. pxrov(WY, ) — 0. Consider all the KROV-limit points u(t) of the set of trajectories
(0N (@) =vV(N1),t €[0,T1}, N=1,2,.... Every such limit point, called Euler fluid limit
of the NLMP, is necessarily a trajectory of the fluid model A ..

(Any trajectory of A, obtained via this limit, will be called a fluid solution.)

Note As was mentioned above, the system A, does not possess the uniqueness prop-
erty. The uniqueness property for the subclass of the trajectories of A.,—the fluid solution
trajectories—does not hold as well. That means that the above set of all limit trajectories
w(t) might contain more than one element, and so the trajectory w,~ (¢), which satisfies

w,~ (0) = 1, does depend on the sequence v — p.

Proof 1. We start by considering the open system. Then we can consider every node sepa-
rately. Let us take the node A, say. In the open system case its evolution is defined by pre-
scribing the initial state, vg’ —the distribution of the quantity ¢;(0) € R?, which is the initial
queue, scaled by the factor % —together with the rate function }\%’ (1) = {)Lg (1), Ag A} e
R?, r > 0, which defines the Poisson flows of incoming clients. For our applications it is
enough to consider the case when all our rate functions A-s are uniformly bounded:

AN (%) <CN, (40)

since this is definitely the case for our closed system. The service times of the clients are
exponential, with respective rates Ny4, Nyga (this scaling is due to the Euler limit we are
going to study). As above, the BA clients have priority. That means that if, while a user
of class A is being served, a class BA user arrives, the service of A user is interrupted
until the moment when there will be no B A users in queue (the preemptive priority service
discipline).

For the future use we will introduce the functions

1 t
AN == | AN(s)ds, i=A,BA,
1 N 0 1

which together form a 2D vector A" (r). We will also denote by Ng7 (r) € R* the pair of
queues at the moment t. By N QIN (), i = A, BA we denote the number of clients which
have arrived to the server A during the time interval [0, #]. We can as well assume that
to every client the service time is assigned at the moment of its arrival. The sum of these
required service times for clients arrived during the time interval [0, ] will be denoted by
N WX (¢); this function has a stair-like graph. By Nw? () we denote the remaining required
times for clients queuing or being served at the moment #; the graph of these functions are
saw-like.

We also consider the fluid model at this node. So ¢ ;(#) will denote the evolution of the
initial measure ¢ ; (0) on R? under fluid dynamics governed by the inflow with rate A ; (). By
Q,(t) = A, (t) we denote the amounts of fluid arriving to our node during the time interval
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[0, t]. Again, the fluid BA has priority over the fluid A, that is, it goes out first at rate y;
whenever present.

Our goal is to prove convergence to the fluid limit. Let us assume that the scaled inflows
and initial states of the node converge to those of the fluid model as N — oo, that is

lim sup [[AN(@#) — A@)] =0 41)
N—=004¢(0,T]

and
NIEI;O PKROV (qN 0),q (0)) =0. (42)

In what follows, we will need the following three bounds. The first one is the statement
that the process W/ (¢) is very close to the function y ~' A¥ (1)—namely,

lim E( sup |WY (1) —y—lAN(t)n) =0. (43)

N—oo 1€[0,T]

A simpler claim concerns the sum Nw?" (0) of the service times of all the users present in
the queue Ng" (0) at the initial moment ¢ = 0. Namely, for the conditional distribution of
w™ (0) under the condition g (0) = g we have

E|(w"©) |¢"©) =q) —y~'q| =y MVlqll (44)
for some ¥ (N) — 0 as N — oco. Moreover,

sup pxrov (W (1), ¥ '¢N (1)) < ¥ (N) sup pxrov (¢" (1), 0). (45)
t€[0,T] t€[0,T]

Of course, for every fixed ¢ the convergence in (43) follows from the Central Limit The-
orem. The problem is that we need the convergence at all moments 7. We will obtain (43) by
constructing the finite-point event, which contain the one we are interested. Indeed, consider
the event E(ty, ¢), ¢ > 0, which consists of all trajectories such that

WY (t)) > yi ' (AN (%) +¢). (46)

Note that the function Ax (#) has its derivative < C (see (40), so if the event E (¢, ¢) hap-
pens, then all the events E(f + t,c¢ — Ct) happen as well, since the function WY (¢) is
non-decreasing on every trajectory. Therefore we can replace the infinite union by the finite
one:

2CT/c c ¢
U Ewoc U E(kyg3)-
0<1o<T k=0

and use the fact that for any fixed + < T and c the probability of the event E(z, 5) is ex-
ponentially small in N. The remaining cases (corresponding to the second coordinate, AB,
and to the lower estimate in (46)) are immediate.

The proof of (45) proceeds in a similar way. First of all, there is a natural coupling
between the processes w" (¢) and g (¢), corresponding to the fact that we can assume that
the service time of every client is known at its arrival moment. Consider the event E'(ty, ¢),
consisting of the trajectories where

wh (to) = v (g (to) +¢) .
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We would like to use the argument similar to the above, saying that if the bad event E’ (¢, ¢)
happens at 7, then on a whole segment around #, something unlikely has to happen as well.
Partially it can be done, since for every trajectory we have w A Nto+ 1) > wy M(ty) — 7, and so
we have for every trajectory in E’ (to, c) that w' Nto+1) > Vi (qA (to) + ¢ —yat). If we can
claim that g N(ty)) +¢c—yaT > q4 (to + 1)+ c/2 for all T small enough, then we would be
done. However, the outcome that g Nito+1)>q A N(ty) +c/2 — yat is not excluded, even if T
is very small. Yet, the probability of the increase of the queue by c¢/2 — y4 7 during the time
T is exponentially small in t as 7 — 0. Therefore, the event U0<[0<T E’(ty, ¢) is contained

in the union [UZC Tle gr (k3&, 51U [UZC /e gr (k3. §)] for some suitably chosen C’,
where E” (k5% K3 %) is the event that on the segment [k sers (k+ 1);% 3¢ ] the increment g4 N((k+
1)2‘—5,) (kzc’) > ¢/4, and we are done.

From (41) and (43), we get

Jlim IE( sup WY@ —y ' A@) ||> =0 (47)

N—oo [Gl

Note that

pxrov (W (0), ¥ 'q(0)) < E(E[(w"(©0) | ¢"(0)=q) -y 'q]))
+ oxrov (v 14" (0), ¥ 'q(0)) .

(Here we treat w™ (0) in the Lh.s. as the probability distribution.) So we get from (42) and
(44) that

pirov (W (0), ¥ 'q(0)) < (N pxrov ((0), 8) , (48)
where p(N) — 0 as N — oo, and 0 €R? is the origin.
Next, we need the following estimate (see for instance [9]):

Lemma 13 Let A(t) and A'(t) be two inflows to the fluid priority node with initial (non-
random) fluid levels q(0) and g’ (0). Then

SUP lg(®) —q'®l < Lllg(©0) —q'O)|| + sup [INOEPNGIE

t€(0, tel0,

where L = L(yy, y»).

Proof Let us consider a fluid single-class node with variable capacity. Namely, let ¢; (0) be
the (scalar) initial fluid level, let A(¢) be the inflow, and introduce S;(¢) to be the server
capacity, which is the amount of work the server can do during the time interval [0, ¢]. (For
example, in our situation S (#) = y;¢, but we will consider more general case, with S;(¢) not
necessarily linear.) Introduce the virtual level

V() =q1(0) + A (1) — $1(2) (49)

and the unused service capacity

U(t):max{O,— inf V(s)}. (50)
s€[0,1]
Then
a®)=vVvH)+U@), t=0. (51)

@ Springer



Spontaneous Resonances and the Coherent States 97

Let us introduce the sup norm on the space of functions. Then the functionals {g, (0), A;(-),
S1()}—> V() and {(V(),U()} = qi1(-), given by (49) and (51), have finite norms, since
they are linear. The non-linear functional V (-) — U(-), given by (50), has finite norm as
well. Indeed, the functional V (-) — infjy V() has norm < 1, since for any pair x(-), y(-)
of scalar functions

inf x(s)— 1nf y(s)

< _
nf. sup () = ¥(5),

s€[0,1]
and so
sup | inf x(s)— 1nf y(s) < sup |x(t) —y@®);
tef0,7] |$€10.7] 1€[0.T]

the same holds for the functional {x(¢)} — max{0, x(¢)}, since

sup [max{0, x(r)} — max{0, y(1)}| < sup |x(r) — y(®)|.
1€[0,T] 1€[0,T]

Therefore the composed functional, taking the triplet {g;(0), A(-), S;(-)} to the pair {g;(-),
U (+)}, defined by (49)—(51), has finite norm.

That proves the desired statement for the first component of g. Now, to finish the proof,
we note that the capacity of the server for the users of the second class is given by S>(¢) =
1 U(t), where U (¢) is the unused server capacity for the high-priority class (with S;(¢) =
yit, t > 0). Then we repeat the argument above. ]

Next we formulate as a separate statement the obvious remark that the evolution of the
current remaining service time variable, w(¢), coincides with the evolution of the level of
some evidently constructed fluid system.

Lemma 14 Let users uj of two possible types i = A, BA, with service times hl] arrive at

the initially empty server at times tl-j, j=12,..., and let w;(t) be the evolution of the
remaining service times. Consider also the fluid model with two classes of fluids, which
starts in the empty state and is governed by the fluid inflows

A (D) =y, Z h,]

o
jitl <t

(Le., our fluids have “viscosities” yl_l and yz_l.) Then at every moment t > O the current
levels of fluids at the server equal to y;w;(t),i =1, 2.

Another auxiliary result is needed:

Lemma 15 Let g € R? be (random) queue to our server, and w be the corresponding (ran-
dom) amount of total work (=service time needed). The service times of the users are in-
dependent, and within the i-th class identically distributed with mean yfl. Then, for any
veR?,

pxrov (¥ ', 8,) < prrov (0, 8,) . (52)

@ Springer



98 A. Rybko et al.

Proof Since the norm || - || is convex, we have for the conditional random variable w|g = ¢
that ||y ~'g — v|| <E|(w|g = G) — v||. Averaging over g gives (52). O

Now, we derive the following result

Proposition 16 Under the assumptions made above,

lim sup pxrov (¢~ (1), q(1)) =0. (53)
N—001¢10,7]

Proof First,

sup pxrov (¢~ (1), ¢ (1)) <max{y, y2} sup pkrov (v 'q™ @),y 'q(1)).
te[0,T] t€[0,T]

Then we write a chain of inequalities. First of all we have

sup pxrov (¥~ 'g™ (1), ¥ 'q(1))
tel0,T]

< sup pxrov (w" (1), Vﬁqu(f)) + sup pxrov (W" (1), VﬁIQ(I)) ,
1€l0.T] 1€10.7]

and the first summand can be bounded by (45). To estimate the distance pgrov(w™ (1),
y~'q(t)) we have to exhibit some joint distribution of y~'g(¢) and w" (t). We take the
following one: first, we choose the coupling between y ~'g(0) and w” (0), using (44) and
(42), getting

pxrov (Y (0), ¥ 7'q(0)) < 24 (N) pxrov (¢(0), 0) .

Given the joint realization of the initial values (y ~'g(0), w™ (0)), the evolution of the coor-
dinate ¢ (¢) is deterministic, defined by the flows A ;(¢) of the arriving fluids. The evolution
w™ (¢) is stochastic, governed by the Poisson process with net rates A (¢). Therefore for
every t we have to exhibit the coupling between the distribution of the vector w" () and
deterministic value ¢ (¢). The resulting KROV distance is precisely what the Lemmas 13 and
14 allow us to control:

prrov(w” (1), y~'q(0) | w" (0).4(0))
=E(|w"®) -y~ 'q@) | | w"(0),4(0))
=L <||wN(0) -y 'qO)| +E ( sup |W"(s) — V_IA(S)II)> .
s€l0,1]
It remains to apply bounds (47) and (48) and deduce (53). O
2. The proof of our statement for the closed system does not require any extra arguments,
since the closed system is a special case of the open system, where all the flows satisfy the
relations defining the closed system. O

6 Main Result

In this section we finally formulate and prove our main theorem, which claims that the
NLMP started from some special initial state behaves similarly to the fluid model in its
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periodic regime, at all times ¢ € (0, 00). Since we know already that the NLMP is in turn a
limit of networks of size M, as M — oo, our theorem implies that the large size (M > 1)
Markov process VAA; behaves similarly to the fluid model for a very long time, which time
diverges as M — oo, provided the number N of clients per node exceeds some value Ny. In
particular, there are initial states for the networks V,{Z, which lead to a long time oscillations,
before the network reaches its stationary state.

Theorem 17 Let ¢ > 0. Then there exist the values Ny, ¢’ > 0, a > 0 and E < oo such that
for all N > Ny the states v™ (1) of the NLMP process VY., started at the initial state v" (0)
with the properties:

PKROV (VN 0, 5x(0)) <é,
with x(0) € C,

(exp{aL () < E,
satisfies for all t > 0

prrov (VN (1), 8,) <&, (54)

where x, € C is some moving point, depending on the process v ={v" (), t > 0}. In partic-
ular, the process v™ (t) has no limit as t — 0.

In words, we are proving that if we start the NLMP with high load N per server, from
the state close to some atomic measure §, with z belonging to the cycle, then it never goes
to a limit.

For that, we need a general lemma, which is formulated in the Euler scaling. First, we
recall the definitions. Let A(¢) = {Ai(®),i =1,...,k} be the rates of Poisson inflows of the
customers of k types, and y;,i =1, ..., k be their rates of service. The discipline of service
will be irrelevant here; we need only that the server is not idle if the queue is not empty. We
call the flow A(¢) to be underloaded, with parameters (T, 8), if for any ¢

k 1 t+T
Z—/ L(Odt <(1—8)T.
i Vi J

Below we are talking about the flow with load N. That means that we consider the situation
when the input rates are given by NA(t) = {NA;(t),i =1, ..., k}, while the service rates are
equal to Ny;.

Lemma 18 Consider the Non-Homogeneous Markov Process |u(t), started from the initial
state 1(0), and suppose that its generating rate function X(t) is underloaded, with parame-
ters (T, 8). Then there exist values o > 0 and A < 0o, depending only on the pair (T, $),
such that if the exponential moment (exp{aL(X)}).(0) of the initial state is finite, then for
times t > t((0)) and for any load N

(exp{aL (O} ,0) < A.

Moreover, there exists the time T = T (T, §), such that for any initial state 1(0), satisfying
the estimate

(exp{aL ()}, <34,

@ Springer



100 A. Rybko et al.

we have, for any load N, that
(exp{aL ()}, ) <2A.

Proof We consider Poisson inflow with a general distribution 7 of the service time, having
finite exponential moment. In particular, exponential service time fits.

The users arrive to the node according to the Poisson processes with rates A;(¢). Their
service times are i.i.d. with distribution functions n; (k). Let E; = E(5;). We study the dy-
namics of the remaining service time, hence, the service discipline is of no importance. The
regime we are interested in is the underloaded regime; that means that for some § > 0, all T
large enough and all > 0

t+T
/ (ZA,-(S)E,-) ds<T(1-3).

Let du,(u) be the current distribution of the remaining service time. We want to study
the exponential moment

o0
0.0 = [~ auwdu ), (55)
0
where g, (1) = e**. We will show that the moment Q,(¢) satisfies the equation
Qu(t) <70 (0)+ C,  120.

The statistics of the observable L will then be easy to derive.
Note that the underload condition ensures the absolute continuity of Q, (). We will need
the quantities

oY = /oo (e*" — 1) dn; (h).
0

We assume that ¢ < +oo for all « <@ with o > 0.

Before studying the moments (55), we will consider the situation of the “broken” server,
when the clients (of one type) only come, but are not served. The queue then only grows
in time, as is the workload u. The corresponding exponential moment will be denoted by
QW (). We have:

0L () =r)d* 0L (1). (56)

Indeed, the event of arrival of a user with service time 4 at the queue with the current
workload u shifts the workload to the value u + h, so the value of g, changes from e** to
e¥WHh = gt 4 e (e¥h _ 1) Tn order to find Q("(t), we have to multiply the increment
e“"(e®" — 1) by the rate A(¢) of the arrival event and to integrate it with respect to d i, (i) x
dn(h), since u and h are independent. In this way we arrive to (56).

Next, let us study the case of “broken pipe”, when the inflow is zero, so the server works
only on the initial supply of clients. The evolution of the distribution w, of the workload is
given by the following simple relation:

mela+s,b+s] if0<a<b,

s 7b:
Hos [, 0] ://,,(—oo,b—t—s] ifa<0<b.
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In words, the atom at u = 0 grows with time. We denote the corresponding exponential
moment by fo) (t). The straightforward computation shows that

0P(t) = apo(t) —a QP (1), (57)

where po(t) is the current probability of the queue to be empty. Note that Q" (¢) is ab-
solutely continuous and (57) holds for almost all 7.
In the general case of several inflows we put the two relations together to get

0.(1) = KZ A (r)cb?) - a} Qu() + apo(1). (58)
Let us now rewrite ®%. We have
P = /OOO (e*" — 1) dn; (h)
= /Ooo ah dn;(h) + /Ooo [¢*" — 1 —ah]dn;(h) = aE; + aF;(a), (59)

where E; is the mean service time and F;(«) is continuous function of « € [0, @], which
satisfies F; (o) = O () as @ — 0. From (58) and (59) we get for ¢ < 1 the bound

Qu(t) <« [(ZM(I)E,) —-1+ in(zwa)} Qu(t) + 1. (60)

The Euler scaling with parameter N changes A(¢) to AN (t) = NA(¢) and n(h) to n™ (h) =
Nn(Nh). Hence, Afv(t)El.N does not depend on N. Let us show that NFiN (o) is small for
all N, once « is small. Indeed,

NaFN(a) = NZ/ [e*" — 1 —ah]dn(Nh)
0
A2 * eNn 4 @
_N/O [ew 1 NNh]dn(Nh)

- NZ%F<%> ~a?.

Hence, we get a uniform bound for o small enough and all N > 1 simultaneously (and,
by the limit, for the fluid model “N = co0” as well):

ol <a [Zki(t)(E; + (@) — 1} () +1, (61)

where »(a) ~ a.
The solution to the linear equation

x(t) =a()x (1) +b(1)
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is given by the formula
t
x(1) = (0, Nx(0) + / ¢(s, Db (5) ds,
0

where g(s, 1) = e/i 947 We apply it to (61), with x(1) = Qu (1), a(t) = a[Y; A (1)(E; +
»#(a)) — 1] and b(¢) = 1. By the underload assumption,

/ta(r)dt <C,—B(t—ys)

for some Cy, 8 > 0 and for all s < ¢, once « is small. Then, fot g(s,t)ds < Cp forall t > 0.
Hence,

0u(t) <P 0,00+ Cy,  1>0.

In our case the distribution 7, is exponential with the parameter y;. Let us show finally
that the exponential bound on the workload implies an exponential bound on the number of
customers (may be, with another exponent).

Indeed, under the condition that we are in the state with n; and n, customers of two
classes, the conditional distribution of the workload u is a measure fi,,,, on (RYHY*, with
mean value i = :’/—: + ’;—i By convexity of the exponent,

/ ey () = €

which provides us with the upper bound

o
77495 (n1+n2) au
enin < |Je dﬂnlnz ().

Taking expectations with respect to n;(¢), n,(t) we get

E (eiylil’z (nl(t)+n2(t))) < / e du,(u) = Qg (1),

which is the desired estimate. O

Proof of the Main Theorem The proof proceeds by “induction” in time. We suppose induc-
tively that at a certain (Euler) moment 7' the NLMP with the load N is in the state u(7T),
having two properties:

(exp{aL ()}, 1) < 3A, (62)
pxrov (1 (T),68,) < ¢ (63)

for some x € C. We will show that there exists the time 7', at which the same two conditions
hold for the measure u (7T + T')—except for different point x on the cycle C.

To see this we first consider the Non-Linear Dynamical System (NLDS) A, with initial
state (7). In other words, Ae = Aso(Y (), for some Y (-) € Y(u(T)). We can use the
Proposition 10, which tells us that for any 7’ large enough ,OKRov(Ago/le(T), Sx(ry) < €/3.
Choosing one such 7’ (uniformly in (T, satisfying (62)—(63)) we can claim that for the
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NLMP evolution we have pxrov (W(T + T'), 8xry) < 2¢/3, provided only that N is large
enough; indeed, we know from Theorem 12 that the NLMP converges in the KROV metric
to NLDS on any finite time interval, as N — oo, which convergence is uniform over the set
of initial measures satisfying (62). Note that we thus have reproduced the condition (63).
Proposition 11 tells us that for all # < T pxrov (AL w(T), 8)) < E(T’, &). Due to the
same convergence statement, for the NLMP evolution we have pgroy (U(T + 1), 8x¢) <
2&(T’, ¢) for all + < T'. In words, the measure u(7T + ) goes very close to the cycle tra-
jectory. Since we want to use Lemma 18, we can as well assume that T’ > 7, where 7 is
the time introduced in this lemma. Now all its conditions are satisfied, so Lemma 18 tells us
that (exp{aL(X)})(r+71) < 2A, thus the condition (62) is reproduced as well. O

7 Conclusions

Our main result indicates that there is an important similarity between large queuing net-
works and large systems of statistical mechanics. Namely, we have shown that the load per
server plays for some networks the same role as the inverse temperature in statistical me-
chanics. At high load the network can lose the property of uniqueness of the stationary state
and start to behave in the oscillatory manner. This phenomenon looks similar to the fact that
some 3D systems with continuous symmetry are not ergodic under Glauber dynamics, when
the temperature is low enough.

It is very interesting to understand how general this phenomenon is; our expectations are
that such non-ergodic behavior is a characteristic feature of the high load regime.

In the forthcoming publications we will show that the behavior in the low load regime
is always ergodic, which corresponds to the high temperature uniqueness of statistical me-
chanics.
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