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o We consider dense wireless random-access networks, modeled as systems of particles with hardcore
interaction. The particles represent the network users that try to become active after an exponential
back-off time, and stay active for an exponential transmission time. Due to wireless interference,
active users prevent other nearby users from simultaneous activity, which we describe as hardcore
interaction on a conflict graph. We show that dense networks with aggressive back-off schemes lead
to extremely slow transitions between dominant states, and inevitably cause long mixing times and
starvation effects .
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1. INTRODUCTION

We consider a stylized model for a network of N users sharing a wire-
less medium according to a random-access scheme. The network is repre-
sented by an undirected graph G = (V, E), called conflict graph. The set of
vertices V = {1,..., N} describes the network users, and the set of edges
E € V x V indicates which pairs of users interfere and are thus prevented
from simultaneous activity. The independent sets of G (sets of vertices not
sharing any edge) then correspond to the feasible joint activity states of the
network.

A user is said to be blocked whenever the user itself or any of its neighbors
in G is active, and unblocked otherwise. User i activates (starts a transmission)
at an exponential rate v; whenever it is unblocked, and then remains active
for an exponentially distributed time period with unit mean, before turning
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inactive again. The durations of the various activity periods are assumed
independent across time and among users. We will refer to the parameters
V; as activation rates.

Let Q* € {0, 1}" be the collection of incidence vectors of all indepen-
dent sets of G, and let X*(¢) € * be the joint activity state at time ¢, with
element 7 of X*(¢) indicating whether user i is active (X/(#) = 1) or not
(X*(t) = 0) at time ¢. Then {X*(¢) }>¢ is a reversible Markov process with

stationary distribution! 1% 16, 17, 25]
: x [Ticv vi" *
eV, ..., vy) = lim P (X" (¢) = x) = x € Q. (1)
—00

ZyeQ* [Lev v

We also mention that the model amounts to a special instance of a loss
network!?® 261 and that the productform distribution (1) corresponds to
the Gibbs measure of the hardcore model in statistical physics!® 7.

For the case v; = v, it follows from (1) that only the activity states cor-
responding to maximum independent sets retain probability mass as the
activation rate v grows large. This indicates that users that do not belong
to a maximum independent set have far fewer opportunities to be active.
This disadvantage is commonly referred as spatial unfairness, and the asso-
ciated starvation effects have major performance repercussions in wireless
networks.

It has been shown that spatial unfairness can be avoided by selecting
suitable user-specific activation rates v;, which provide all users with an equal
opportunity to be active in the long run!® 24, Even in those cases, however,
or in symmetric scenarios where spatial fairness is automatically ensured,
transient yet significant starvation effects can arise due to extremely slow
transitions between high-likelihood or dominant states. Intuitively speaking,
the activity process will typically need to pass through a low-likelihood or
bottleneck state in order for the process to transit between dominant states.
Visiting such a bottleneck state basically involves the occurrence of a rare
event, or even several rare events in different limiting regimes, and causes the
transition to take a correspondingly long period of time. Consequently, users
may experience extended stretches of forced inactivity (possibly interspersed
by long intervals with a rapid succession of activity periods), resulting in
serious performance degradation.

Motivated by these fairness issues, we investigate in the present article
the time for the Markov process to reach, starting from a given dominant
state, one of the other dominant states. We study these hitting times as well
as mixing properties in the asymptotic regime where the activation rates
v; grow large. This asymptotic regime, in which users activate aggressively,
is relevant in highly loaded networks and gives rise to the above-described
starvation effects. As shown numerically in Ref.[18] these starvation effects
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are particularly pronounced in dense topologies. As a prototypical worst-
case scenario, we focus on a specific class of dense conflict graphs, namely
complete partite graphs. In such networks the users can be partitioned into
K disjoint sets called components, such that each user interferes with all users
in all other components. This implies that a transition from an activity state
in one of the components to another component entails passing through
a bottleneck state where all users are inactive at some point. Based on this
observation and a regenerative argument, we establish a geometric-sum rep-
resentation for the hitting time, which we then use to obtain the asymptotic
order-of-magnitude and scaled distribution. For convenience we assume
all users within a given component to have the same activation rate, but
we do allow for users in different components to have different activation
rates.

The article is organized as follows. Section 2 presents a detailed model
description, and Section 3 gives an overview of the main results. In Section
4 we study the asymptotic behavior of the activity process within a single
component, which will be leveraged in Section 5 to prove the main results
for the hitting times. Section 6 is devoted to the analysis of the throughput
starvation phenomenon, while in Section 7 we study the mixing time of
the activity process. Lastly, Section 8 provides some final conclusions and
directions for future work.

2. MODEL DESCRIPTION

Consider a network represented by a complete partite conflict graph, where
vertices in the same component do not share an edge, while each vertex has
an edge with all other vertices in all other components. In other words,
in this class of networks two users interfere if and only if they belong to
different components. Thus, in particular, users within the same component
do not interfere. Denote by (i, ..., Cx the K components of G, with K € N
finite, and define L, := |G| as the size of component C;. Note that the
components (i, ..., Cx are the K maximal independent sets of the graph
G. Moreover, component C;, corresponds to a maximum independent set
if and only if I, > L; for all j=1,..., K. Figure 1 shows an example of
such a dense conflict graph, where K =5 and the components have sizes
{L1, Lo, Ls, Ly, Ls} = {3,4,6,2,5}. The corresponding state space Q* for
this graph is shown is Figure 2(a).

We assume that the exponential rate at which a user activates depends
only on a global aggressiveness parameter v and on the componentit belongs
to, namely

vi= fr(v) ifie G,
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FIGURE 1 Example of complete K-partite conflict graph with K = 5.

for some monotone function f;: Ry — Ry with lim,_,« fz(v) = oco. We
will refer to the function f;(-) as the activation rate of component Cj, for
k=1, ..., K. Preliminary results for the case v; = v forall : € V appeared in
Ref.’?”), but did not exhibit the full qualitative range of asymptotic behaviors
that will be revealed in the present article.

In view of symmetry, all states with the same number of active users in
a given component can be aggregated, and we only need to keep track of
the number [ of active users, if any, and the index k of the component
(), they belong to. More precisely, for each k=1,...,Kand I =1, ..., L,

(a) State space Q°* (b) Aggregated state space 2

FIGURE 2 State space * and aggregated state space 2, for the conflict graph in Figure 1.
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we aggregate all the feasible joint activity states that have [ active users in
component k, which are precisely (Ll"), in a new state (k, /) € Q. The unique
state where no user is active will be denoted by 0 € €2. This state aggregation
yields a new Markov process { X (¢) };>¢ on a star-shaped state space Q with
K branches, where each branch emanates from a common root node and
describes one of the components of the conflict graph. Figure 2(b) shows

the aggregated state space corresponding to the previous example.
Fork=1,...,K,let

Bk:{(k,l)lflka}

denote the branch of the state space 2 that corresponds to activity inside
component C;, where state (k, /) indicates [ users active in component Cj.

Then Q = {0} U UL, By, where 0 is the bottleneck state in which all users
are inactive.
The transition rates of the process { X (¢) },>o then read

q(0, (k, 1)) = Ly f(v),

q((k, 1),0) =1,
gk, D), (k,14+1)) =Ly =1 fiv), 1=1,....L—1,k=1,...,K,
q((k, D), (kI=1)) =1, 1=2,....L, k=1,...,K.

The stationary distribution of the process { X(¢) },>¢ can be easily seen to be
K Lo, 1
mo(v) = (1+ v l) ,
o) = ( ;;(l)m )

Ly ;
k1) (V) =7T0(V)(l)fk(v), l=1,..., L, k=1,..., K. (2)

The state (k, ;) corresponds to the maximum activity state inside compo-
nent G, which becomes the most likely state within the branch B, asv — oo.
Define the transition time from state (k;, [;) to state (ko, lv) as

Ty, (k1) (V) :=1inf{t > 0 : X(¢) = (ko, b)|X(0) = (ky, lh) }.

We now introduce a few parameters that will turn out to play a key role in
the asymptotic distribution of the transition time. Define for k # ko,

v o= lim — S

L 3
S SO )
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To avoid technicalities, we assume throughout that all parameters y;, are well
defined. In view of (2), y;, may be interpreted as the stationary fraction of
time that the activity process spends in branch B as v — 00, excluding the
target branch By,. As it turns out, y;, also equals the fraction of time that the
activity process spends in branch B, during the transition from 0 to (ks, l»)
as v — 00.

Branch By, is called dominant if y, > 0 and we let K, := {k # ko : y; > 0}
be the index set of all dominant branches. Note that, by construction, the set
K. is never empty and thus there is always at least one dominant branch.

3. MAIN RESULTS

In this section we present our main results, which are all related to the
asymptotic behavior of the transition time T(y, 1), (k.5) (V) in the asymptotic
regime of a large activation rate v.

Our first result characterizes the asymptotic order-of-magnitude of the
mean transition time in terms of the activation rates and the network struc-
ture. For any two real-valued functions f(-) and g(-),let f(v) ~ g(v) as v —
oo indicate that lim,_,, f(v)/g(v) = 1.

Theorem 3.1. Ifk) # ko, then

1 1
ET 1), (ko) (V) ~ — fig ) ———— L asy — oo.
(ki) (ko o) In S T () g?:f
(4)

The first term on the right-hand side of (4) corresponds to the asymptotic
mean escape time ET(;, 1,y,0(v) from the initial branch Bj,, while the second
term describes the contribution of the mean time spent visiting dominant
branches, possibly including branch By, as well. Let

) ETw 1),0(v)
o = lim
v=00 BTy 1), (hy.to) (V)

€[0,1] (5)

denote the relative weight of By,.
Our second result gives the asymptotic distribution of the transition time
Tk 1), (ko,1o) (V) scaled by its mean as v — o0.

Theorem 3.2. Ifk; # ko, then

T by (V
(ki) (ko) (V) 47 a5y oo,
ET 1), (ko) (V)
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TABLE 1 Overview of the possible asymptotic distributions of the scaled transition time.

o A S Limiting distribution Scenario
0 ] ] 8o (trivial r.v. identical to 0) la
g (B Bn B Bm
non-empty [ Zi:l H,(i ,,,,, R y—; ..... ﬁ) 1b
Y7 Exp; (%) ifBi/yi=Ar Vke A 1b*
%] non-empty  Exp(1/ys) 1c
non-empty non-empty W 1d
0, 1) [ (] Exp(1/a) 2a
4 B Bm B Bm
Exp(1/a) + 39, H,(ﬁ o B (l_wm) 9
non-empty @ Exp(1/a) + Zlg:l Exp(ﬁ) ifBr/yr=% Vke A 2b*
1 or _ 1— Olksk
Exp(m) it Bi/yr = =% Vke A 9b*
Exp(1) i Br/ve =154 =21 B YheA bk
] non-empty Exp(1/a) +Exp(1/(1 —a)ys) 2c
Erlang(2, 1/a) ifo=ys/(14ys) 2c*
non-empty non-empty Exp(l/a)+ (1 —a)W 2d
1 — — Exp(1) 3

The random variable Z can be expressed as

ZLZav+(1—a)W,

where the random variable Y is exponentially distributed with unit mean and
the random variable W is independent of ¥ and has a more complicated
distribution; see (21), which depends on the sizes and activation rates of the
dominant branches only. The possible distributions of Z are summarized
in Table 1. In several cases the distribution of Z is exponential, which may
be expected in view of the connection with many exponentiality results for
the occurrence of rare events'!2 361214 In addition, we identify various
cases that lead to non-exponentiality, typically due to the fact that the activity
process spends a substantial period in branches other than k; and k.

Our third result concerns the starvation phenomenon. Fork =1, ..., K,
define the random variable

t
7 (1) 1=/ Tix(s)esads,
0

which measures how much time the activity process {X(t) },>0 spends in
branch B, during the interval [0, ¢]. We can think of 7;(¢) as a measure of
the throughput of component C;, over the time interval [0, ¢]. We speak of
complete starvation or zero throughput of component Gy in [0, t] when 7, (¢) = 0.
The next theorem provides insight into the time scales at which throughput
starvation occurs for a component of the network.
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Theorem  3.3. Assume X(0) = (ki,l1) and hko# k. If t(v) ~
CUET(kl,ll),(kz,l) (V), withw € RU {O}, then

E%P@Muwpﬂ»zpwzwy (6)

In particular, if t(v) = o(ET (1), (ko,1) (V)), then
k@Pme»:Q:L

i.e., all users in Gy, have zero throughput for a period of length t(v) with probability
one asv — 00.

The limit in (6) says that, even if there is long-term fairness among the
components, for large values of v all users in C;, will face starvation on all
time scales smaller than the mean transition time from the initial component
to CkQ.

For the Markov process at hand, slow transitions and starvation effects
are intimately related with the mixing time. The mixing time of a process is
a characterization of the time required for the process to reach equilibrium.
Indeed, due to the complete partite structure of the conflict graph, the
process is bound to be stuck in one of the dominant branches, leading to
slow convergence to equilibrium. In Section 7 we define the mixing time
in terms of the total variation distance from stationarity and prove a lower
bound for a large enough activation parameter v. This lower bound (see
Proposition 7.1) indicates that the mixing time of the process is at least as
large as the mean escape time from the dominant branch, which establishes
a direct connection between transition times and mixing times.

4. HITTING TIMES WITHIN A SINGLE BRANCH

In this section we study the activity process within a single component,
where it behaves as a birth-and-death process, bringing the asymptotic be-
havior within the realm of classical results. In Section 5 we will leverage these
results in conjunction with a geometric-sum representation to prove both
Theorems 3.1 and 3.2.

We first present a few results for the case where the two states (ki, /1)
and (ke, lb) belong to the same branch, i.e., kf = ko and [ > . In this
case, the presence of the other components does not affect the transition
time, and hence we focus on a single branch, dropping the component
index until further notice. Within a single component of size L, the process
{X(t) },>0 evolves as an elementary birth-and-death process on the state
space {L, L—1,...,1,0}, so we can exploit several classical results for such
processes. If we denote by f(v) the activation rate for this component as a
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function of v, then the transition rates read

g(LI+1) = (L—10) f(v), 1=0,...,L—1,
glLi-1)y=1, I=1,... L.

4.1. Asymptotic Growth Rate

We first show how the mean transition time scales with the aggressiveness
parameter v.

Proposition 4.1.1. For L > 1, > ls > 0,

(L — Iy —1)!

ETy (V) ~ I FOEETL a5y — oo,
Proof. First observe that ET;, ;, (v) = 52:71 ET;;-1(v), so we can exploit a

[11

general result for birth-and-death processes!!!), which in the present case

says that, for0 < [ < L,

L

1 (V)
ET;,_ = - X
Li-1(v) 7 n_z_ ()
Now (2) implies that 7, (v) = o(7wr(v)) asv — oo foralln=1{,...,L—1,s0
that
1 [—1)I(L—-1)!
ET,(v) ~ 20 U DULZ DY it oy s oo

[ m(v) L!

Thus E7;;-1 (v) = 0(ET},41,,(v)) asv — ooforalll =1, ..., lb, and hence
ETy, 1, (v) ~ET,414(v) as v — oo and the result follows. O

In order to gain insight in starvation effects, we are particularly interested
in the time for the activity process to reach the center state 0, referred to as
escape time, because at such points in time users in other components have
an opportunity to activate. Proposition 4.1.1 shows that

ET;,.0(v) ~ %f(v)’“l, as v — oo. (7)

Hence, the mean escape time grows asymptotically as a power of f(v), with
the exponent equal to the component size minus one, and independent of
the starting state /;.
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4.2. Asymptotic Exponentiality

We now turn to the scaled escape time, and show that it has an asymp-
totically exponential distribution. We will leverage the following well-known
result for birth-and-death processes, which is commonly attributed to Keil-
son!3 or Karlin and McGregor!1%.

Theorem 4.2.1. Consider a birth-and-death process with generator matrix Q on
the state space {0, ..., L} started at state L. Assume that 0 is an absorbing state,
and that the other birth rates {}; Y= and death rates {u;}-_, are positive. Then
the absorption time in state O is distributed as the sum of L independent exponential

random variables whose rate parameters are the L nonzero eigenvalues of —Q.

Let Q(v) be the generator matrix of the birth-and-death process
{X(t) };>0 on the state space {L, L —1,..., 1,0}, with 0 an absorbing state.
Let {0;(v)}\-, denote the non-—zero eigenvalues of —Q(v). It is known!?"
that these eigenvalues are distinct, real and strictly positive, so we denote
0<61(v) <bO(v) <--- <6r(v). Theorem 4.2.1 gives

L
Tro() £ Y Yi(v), (8)
=1

with Y1 (v), ..., Y7 (v) independent and exponentially distributed random
variables with EY; (v) = 1/6;(v).

The following lemma relates the growth rates of the eigenvalues as v —
oo to the mean escape time E77, o (v).

Lemma 4.2.1. lim, . 0;(v) -ETo(v) =1ifi=1andoo ifi=2,..., L.

The proof of Lemma 4.2.1 is presented in Appendix A, and it exploits
detailed information about the growth rates of the eigenvalues obtained
via symmetrization and the Gershgorin circle theorem. Lemma 4.2.1 shows
that the smallest eigenvalue ; (v) becomes dominant as v — oo, but also
proves the asymptotic exponentiality of the escape time. Indeed, denoting
by Lx(s) = E(e*X), with Re(s) > 0, the Laplace transform of a random
variable X, (8) gives

L
s -1
Lrpomrn &) =1 (14 o grm)

=1
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Lemma 4.2.1 implies that

i 1
vll)ngo LT, 0w /ETow) ($) = TR

The continuity theorem for Laplace transforms then yields that the scaled
escape time has an asymptotically exponential distribution as stated in the
next theorem, where Exp(A) denotes an exponentially distributed random
variable with mean 1/A.

Theorem 4.2.2.

Tro(v)
———— — Exp(1l), asv — oo.
ETro(v) T

This result can be understood as follows. For large v, the probability of
hitting state 0 before the first return to state L. becomes small. So the time
T7.,0(v) consists of a geometrically distributed number of excursions from L,
which return to L without hitting 0, followed by the remaining part of the
excursion that hits 0. Hence, apart from this final part, 77 ¢(v) is the sum of
a large geometrically distributed number of i.i.d. random variables, which
indeed is expected to be exponential.

The fact that the time until the first occurrence of a rare event is asymp-
totically exponential is a widely observed phenomenont*!. Exponentiality
of the hitting time of some subset B of the state space typically arises when
the probability of hitting B in a single regenerative cycle is “small”, and the
cycle lengths are “not too heavy tailed”!® 14, This is also true for our sit-
uation, and hence an alternative proof of Theorem 4.2.2 can be obtained
using [6, Thm. 1] (which is a generalized version of Ref.['?)). We do not
use the probabilistic approach in Ref.!®! here, because the special case of
a birth-and-death process allows for explicit analysis. Let us finally remark
that for reversible Markov processes similar exponentiality results were estab-
lished in Refs.[!=131. Aldous!! showed that a result like Theorem 4.2.2 can
be expected when the underlying Markov process converges rapidly to sta-
tionarity. This is indeed the case for the Markov process { X () },>¢ restricted
to a single branch.

To extend Theorem 4.2.2 to the case of a general starting state 0 < [ < L,
we need the following technical lemma, whose proof is given in Appendix
B.

Lemma 4.2.2. Let T(v), U(v), V(v), W(v) be non-negative random variables.
Consider the properties
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(i) lim,_ o EV(v)/EU(v) =lim,_,o EW((v)/EU(v) = 0.

(it) For every v>0, U—-V<4qT<qU+W, de PU-V>1 <
P(T > t) S}P’(gf—l—W> t) for everyt > 0.

(iir) U(W)/EU(v) — Z asv — 00, whereZ is a continuous random variable in-
dependent of v.

Then,

(1) If (i) and (ii) hold, then lim,_, . ET(v) /EU(v) = 1.
(2) If (1), (it) and (iii) hold, then T'(v)/ET (v) 4 Z,asv — o0,

Proposition 4.2.1. Forany0 <[ <L,

T,
L(U)—d>Exp(l), asv — 00.
ET0(v)

Proof. The birth-and-death structure of the process and the strong Markov

property yield the stochastic identity 77 o(v) L Tr.:(v) + T;0(v), which
gives the stochastic bounds 77 0(v) — T1,;(v) <« T1.0(v) <« Tr.0(v) (the

two terms in the lower bound being dependent). It follows from Theo-

rem 4.2.2 that 170(v)/ET70(v) 4 Exp(1l) as v — oo. In order to com-
plete the proof, we can then use Lemma 4.2.2, taking U(v) = 170 (v),
V(v) = T1,;(v) and W(v) = 0. The condition that needs to be checked is
lim,, o EV(v)/EU(v) = 0, which follows directly from Proposition 4.1.1. O

4.3. More General Coefficients and Applications

We can extend our analysis to more general activation and deactivation
dynamics inside a single branch, described by

gl+1) =af(v), (=1,....L—1,
gl—1)=d, 1=2 .. . 1L,

where a;, d; are positive real coefficients. Specifically, Proposition 4.1.1 can
be generalized to the following result. For L > [; > Iy > 0,

L—-1

( [T - )f(v)L_lrl’ as v — 0. ®

Enl,lg(v) ~ d
i=lot1 i+1

lo+1

Also Lemma 4.2.1 and thus Proposition 4.2.1 can be shown to hold for these
more general rates (see Appendix A).
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These results for general coefficients have some interesting applications,
beyond the model considered in this article. One example is the continuous-
time Markov process { M;},>oon S = {0, 1, ..., ¢}, describing the number of
busy servers at time ¢. Suppose that the service rate of each server is 1 and the
arrival rate is v, which will grow large in a heavy-traffic regime. The escape
time 75 0(v), choosing a, =1 and d, =n, n=1, ..., ¢, then describes the
time it takes for this system to drain (i.e., to have all the servers idle) when
starting with s > 1 busy servers. Then (9) gives ET; o (v) ~ vl /clasy — oo,
which does not depend on the starting state s > 1. The scaled drain time
obeys Tsvo(v)/ETs,o(v)—%Exp(l) as v — oo.

5. PROOFS OF THEOREMS 3.1 AND 3.2

In this section we investigate the asymptotic behavior of the transition
time Tk, 1), (k1) (V) as v — 00 for any pair of states (ki, ;) and (ke, o),
with k; # ke. In Subsection 5.1 we provide a stochastic representation of the
transition time, which we use to derive the asymptotic mean transition time in
Subsection 5.2 leading to Theorem 3.1. In Subsection 5.3 we will obtain the
asymptotic distribution of the scaled transition time leading to Theorem 3.2.
In Subsection 5.4 we consider in detail the random variable W that occurs
in Theorem 3.2. We give an overview of all possible forms of asymptotic
behavior and the conditions under which they occur in Subsection 5.5.

5.1. Stochastic Representation of the Transition Time

Consider the evolution of the process as it makes a transition from a state
(k1, ) to a state (ko, lo) and defining the following random variables:

° T((,g)’l)’o(v): time to reach state 0 after state (kp, 1) is visited for the first
time;

e N;(v): number of times the process makes a transition 0 — (k, 1), k # ko,

before the first transition 0 — (ko, 1) occurs;

AT(;’(),{J) (v): time spent in state 0 before the i-th transition to state (%, 1),

k£ ko, i=1,..., Ny(v);

To,(kQ,l) (v): time spent in state 0 before the first transition to state (kg, 1);

T((,:)l) o(v): time to return to state 0 after the i-th transition to state (k, 1),
k;ﬁkg,i: 1,...,Nk(l));
Tky.1), (k. 1) - time to reach state (ko, lp) after the first hitting of state (ko, 1).

With the above definitions, it is readily seen that the following stochastic
representation holds.



374 Zocca et al.
Proposition 5.1.1. The transition time Ty, 1,). (k1) can be represented as

Ni

d 0 5(0) (i)
Tk iy, thooty) = Ttk iy, vy + T 1y 0 + Z Z (To,<k,1) + T(k,l),O)
ktho i=1

+ T, ks1) + Tlhor1). (o) (10)

where the dependence on the parameter v is suppressed for compactness and all the
random variables representing time durations are mutually independent as well as
independent of the random variables Ny (v), k # ko.

Denote F(v) = Zle Ly, fr(v). The random variables T((}?l)’o arAe 1.i.d.
copiesof T(x1),0,2 =1, ..., Ny(v), k # ko, while the random variables T, (x, 1)

and T()(,i()k,l)’ k#ko,i =1,..., Ny, arei.id. copiesof Ty iExp(F(v)),which is

the residence time in state 0. Write X = Geo(p) when X is a random variable
with geometric distribution P (X = n) = p(1 — p)", n € NU {0}. Define the
random variable N(v) := Zk;ﬁkg Ny (v), counting the total number of en-
trances in branches other than ke before hitting the target branch Bj,. For
all k=1,..., K, denote p,(v) := Ly fr(v)/F(v). Clearly,

N) £ Geo(pr, (1)),

Pro (V) )
Pro (W) +pr(v) 7”

We want to distinguish the branches that significantly affect the dynamics
of the process (and hence the transition time) from those that do not. The
quantity EN, (v) - ET 1),0(v), for k # ke, is the mean time that the process
spends in branch By, along the transition 0 — (ko, ly). Note that Proposition
4.1.1 gives

while the marginal distribution of N, (v) is Geo(

1
ET(r1).0(v) ~ L—ﬁ(v)’*—l, as v — 00, (11)
k
and that
L
EN, (v) = pr(v) _ k fr(V) ' (12)
DPr(V) Ly, fr, (V)
Therefore,

ENi(v) -ETn,o(v)  fi(w)™
EN;(v) -ET( o)  fi(w)Li’

as v — 00,
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which shows that indeed only the visits to dominant branches asymptotically
contribute to the mean transition time.

5.2. Asymptotic Mean Transition Time

We present here the proof of Theorem 3.1. Consider the stochastic
representation (10) of the transition time T\, 1), (k1) (V). Proposition 4.1.1
implies that

ET vy ~ ——— =2 asv - 00,
(k1) G, 1) (V) o (In _1)fk1( )

and that

1
ETk.1).0(v) ~ Efkl W)=l asv - oo.
1

Hence  ETu, 1), (k1)) = 0 (ET(kl,l)’o(v)) as v —>o00. Moreover,
ETO’(k,l)(V) = o0(1). Lemma 5.2.1 below 1mplles that ]ET(kQ,l),(kg,lg)(V) =
O(ET(kl,zl),(kQ,zg)(V))- The asymptotic relation (4) then follows using the
definition of K,, the asymptotic estimate (11) and the identity (12).

The following lemma guarantees that once the process has entered the
target branch By,, even if it may exit from it, the mean time it takes to
reach the target state (kg, lv) is negligible with respect to the mean overall
transition time.

Lemma 5.2.1.

ET o1y, (i) (V) = 0 (EThy 1), (ko) (V) as v — o0.

Proof. Consider the event

E(v) = {the first b — 1 transitions are all toward the state (ko, o)}

-1
= ﬂ{the i-th transition is from (ke, 7) to (ke, i+ 1)}.
i=1

Exploiting the fact that all these events are independent, we can compute
l—1

P(EWw)) = 1_[ P (the ¢-th transition is from (kg, ¢) to (ke, i+ 1))
i=1
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_ T =1 i) Ly —2) fr (V)
L =D fiyW) 1 Ly —2) fiy (V) 42
(L, = lo+ 1) fi, (v)
(Lyy, = b+ 1) fi, V) + (b + 1)

and clearly lim,_, P (£(v)) = 1. We have that

b1 ]
E{ Tko. 1), (ko 1 & = =: ;
{1y, (ki) W IE (W) } ; T —m) fu () g)

where g(v) | 0 as v —oo. Consider the events £&/(v)=
{the first transition toward state 0 is the n-th one}, for n=1,...,5 — 1.

Note that the event £°(v) can be decomposed as £°(v) = Ufj;ll & (v). Using
the events £(v) and &’ (v), we can write

ET k1, (ko s) (V) = E{ Thy. 1, (hoots) (W) [E (V) P (E())
b—1

+ ) B{ Tl 1), oty M ES WP (ES(v)) . (13)
n=1

If the event & (v) occurs, then the first transition is toward state 0. In this
case, we have

E{T k.1, (ho.t) IE; (V) } S E{ Tk 1y.0(W) IEf (V) } + EToy, (o 1) (V)
1
<
(L, — 1) fry(v) +1

+ET(k1,ll),(k2JQ)(v)’ (14)

and

. . 1
PEO) = G T 1o

Moreover, for n =2, ..., lb — 1, we have

E{Tthy.1).(hy.ts) W) IE; W)} S E{T(hy 1) (hy.ni—1y W) IE (V) } + ET (kg -1, (ho.1z) (V)
< E{T(k1), hp,n—1) W)IE W) } + ETp (ke 1) (V)

< E{ Tl 1), (k1) DINEW) } + ET 1y 1), (ho,10) (V)
(16)
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From (13)-(16) it follows that

ET 1y, (hoty) (V) < gW) +ET k1), (hoote) WP (EC(W)) + E{ Thp.1y.0(v) IES (V) }
<2gW) +ET 4 1), (ki) V)P (E°(V)) .

We divide both sides by ET(, 1), (.1) (v), which is greater than 1 for v suf-
ficiently large, thanks to (7). Since g(v) and P (£¢(v)) are both o(1), the
proof of the lemma is complete. O

5.3. Asymptotic Distribution of the Transition Time

We now turn to the proof of Theorem 3.2. It is clear that only the dom-
inant branches that asymptotically contribute to the expected magnitude
of the transition time will play a role, possibly along with the escape time
from the initial branch. As we will show, the various dominant branches may
play different roles, depending on whether the expected number of visits
during the transition time is zero, O(1) or infinite in the limitas v — oo. We
introduce

Ni(v)
A(W) = Tgono(v) and  B) =Y > Ty (), (17)
keK, i=1

whose means correspond to the two terms at the right-hand side of (4). From
the definition (5) of the coefficient «, it follows that

. EA(v)
o = lim .
v—o00 EA(v) + EB(v)

When a = 0 the term A(v) becomes asymptotically negligible compared
to B(v), while the opposite holds when a = 1. Proposition 4.2.1 already de-
scribes the asymptotic behavior of A(v) after scaling. We need to understand
the asymptotic behavior of B(v), and for this purpose, it will be convenient
to use a slightly different representation for it.

Define p.(v) 1= ZkeK* pr(v) and p(v) := 172(1‘1;22—*(”) Introduce the ran-

dom variable N, (v) := Geo(1 — p (v)), which represents the number of visits
to the dominant branches, before entering the target branch By,. Introduce

the sequence (™ (v))j=1 of ii.d. random variables, 7 (v) (zlr(v), where

(V) < T(x,1),0(v) with probability p(v)/p.(v) for every k € K,. Then

N, (v)
B(v) < > 2@ (). (18)
=1
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For k € K, we define

Ly fr(v)

B = lim .
V—00 LkQﬁQ(v)

(19)

In view of (2), Bx may be interpreted as the stationary ratio between the
number of visits to branch k and to branch ks as v — oo. Thanks to (12), B,
also represents the asymptotic mean number of visits to branch B, before
the first entrance in branch B, as v — 0o, when the process starts in state 0,
ie.,

Pr = lim EN;(v). (20)

To avoid technicalities, we henceforth assume that all the parameters B, are
well defined. Moreover, we introduce the parameter f := ) _,_ . Br, which is
the asymptotic mean number of visits to dominant branches before hitting
B, as v — 00, i.e., B =lim,_, o EN,(v). Based on the definition of the pa-
rameter B in (19), we partition the index set K, of the dominant branches
into three subsets, namely

K.=NUAUS,
using the following rule:

(1) ke Nif By =0;
(2) ke Aif By € Ry;
(3) ke Sif By = 0.

The branches in A, A and S will be called non-attracting, attract-
ing, and strongly attracting, respectively. Define moreover the coefficients
YN 2= D pen Vio VA = D pea Ve and ys == Y, s Vi, with the parameters yj, as
defined in (3).

We are now ready to present the proof of Theorem 3.2. Specifically, we
prove thatif ky # ke, 1 < l; < L}, and 1 < ly < I,, then

T o o V d
(ki) (ko 1) (V) 4 oa¥ 4 (l—a)W, asv— oo,
ET 1), (k1) (V)

where « is the constant defined in (5), Y is an exponential random variable
with unit mean and W is a random variable independent of Y, with Laplace
transform

1

ﬁw(s) = 5 .
L+ hea mr75 +57s

(21)
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The crucial idea of the proof is to use Lemma 4.2.2 with the dominant
term U (v) defined as the sum of the two random variables introduced in

(17), i.e.,

Ny (v)

U(V) = A(U) + B(l)) = T(klﬁl)’o(v) + Z Z T((Ij,)l),()(v)'
kekK, i=1

Theorem 3.1 implies that ET , 1), (k1) (v) ~ EU(v) as v — 00, and its proof
shows that all the other terms present in the stochastic representation (10)
are negligible compared to U (v). Note that

Uw)  A) B(v)  EA(v) A(v) = EB(v) B(v)
EU(v) EU(v) EU() EU®W)EA(v) EU(v)EB®)

Recall that A(v) and B(v) are independent by construction. If we knew that

there exist two random variables Y and W such that A(V)/EA(U)—d)Y and
B(v)/IEB(v)—dwv as v — oo, then

vw) —d>aY+(1—oz)W asv — o0
EU(v) ’ ’

and Lemma 4.2.2 would imply that

T v d
() o) V) —aY+ (1—-a)W, asv— oo
ET 1), (k1) (V)

Proposition 4.2.1 immediately gives that

Alv) 4
— Y, as v — 00,
EA(v)

where Y is an exponential random variable with mean one.

Thus it remains to establish that the random variable B(v)/EB(v) con-
verges to W in distribution. For B(v) defined in (17) it follows from (18)
that EB(v) = EN, (v)Et(v) and that

L) EBw (5) = GN,0) (Lrw)/EBw) (5)) = GN, ) (L) /Er ) (S/EN, (1))
(22)

where

1
1+ (1= 2)EN(v)’

G, (2) = Bz = (23)
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We need to understand the asymptotic behavior of the random variable
t(0)/Et(v). Let Tp(v) = Tr1,0(v). Then Loy (s) = X pex, 245 L) (5)
and, using EN, (v) = pr(v)/pr, (v) from (12), we get

Lewy/Erw) (S/EN:(v)) = Le () (m)

;bk(v) s
=2 .(v) Tk(v)(EN*(v)]Er(v)>

keK*
_ZENk(v) ( sETy(v) )
< EN,(v) L0 /E T EN, (W) Et(v) /"

From the definition of y; in (3) and the identity in distribution (18), by
means of (11) and (12), we can see that

. EN;(V)ET(v)
—1 . keK., 4
T IR ENWET () =D

which shows that, as claimed at the end of Section 2, y;, equals the asymptotic
fraction of time that the activity process spends in the branch B), during the
transition from 0 to (ks, lv) as v — oc. For k € K,, define

BT EN.(WEr(v)

and note that lim,_, o A (V) = y&/Bk. Indeed, by using equations (20) and
(24), we get

i Ty, (v) . ENyWET,(v) 1 Yk
im hp(v) = hm — = lim = —.
—oo EN, (V)Et(v) v—oo EN,(vV)Et(v) EN,(v) B

Combining (22)—(25) yields

-1

Layene () = [ 1+ (1= Leyeen (S/EN. () JEN. () |

-1
EN;(v) SETy(v)
=11+ (1 — kEXK:* EN*( )ETk V) /ETy (v) <W>>EN*(v)i|

_ 1
=1+ (EN*(\)) - Z ]ENk(V)ETk(u)/IETk(v)(Shk(v))>i|

L ke K*
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—1
= [1 + Z ENe(v) (1 = L1087, ) (Shk(v)))j| : (26)
keK*

In order to obtain an explicit expression for Lp(,)/Epw) (s) as v — 00, we
need the following technical lemma, which is proved in Appendix C.

Lemma 5.3.1.
(a) Ifk € N, then

1}li_)nolo ENy(v) (1 = L7,y /E73(0) (shi (1)) = 0.
(b) Ifk € A, then

‘ S
UILIEIOENk(V) (1 _ ETk(U)/ETk(V) (Shk(‘))>) = %

(c) Ifk € S, then

lim EN; (v) (1 = L1,0)/ET,0) (Shi () = vas.

From Lemma 5.3.1 and (26) it follows that

-1
. VkS
Lw(s) = Im Lpw)mpe) (s) = |:1 +> 5 7s/Br +> yks} :
ke A keS

The independence of Y and W easily follows from the independence of the
corresponding terms in the stochastic representation (10).

5.4. The Random Variable W: Properties and Interpretation

The random variable W is defined by its Laplace transform; see (21).
We remark that the shape of the distribution W is fully determined by the
branches in A and S, independently of the branches in N. Indeed the
random variable W can be represented as

d —_
W= -y W,

where W is a unit-mean random variable that in no way depends on
the parameters of the branches in the set /. On the other hand, the pres-
ence of the factor (1 — yy) reflects the fact that the branches in A/ do affect
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the mean of the asymptotic scaled transition time: indeed convergence of
the first moments holds if and only if @ = 1 or N = . Indeed,

aEY + (1 —a)EW=a+ (1 —a)(1 — yn),

and, if N # @, then yy > 0andsoa EY + (1 —a) EW < 1 when o # 1.

Whenever either A or § is empty, the distribution of W is known ex-
plicitly; cf. Table 1. However, also in the scenario where both .4 and & are
non-empty, it is still possible to give an interpretation of the distribution of
w.

If A# 0, define m:=|A| and label the branches belonging to A as
1,2,...,m. Let Ba:=) ;B € (0,00) be the asymptotic mean number
of visits to attracting branches as v — 0o. Consider a hyper-exponentially
distributed random variable H with rates B;/y, and probabilities B;/B4,
k=1,..., m, whose Laplace transform is

m

B Bulw
Farls) = ; BaBilvits

Furthermore, consider a marked Poisson process with rate A = B4/vs
and i.i.d. marks distributed according to H. The random variable W in (21)
corresponds to the sum of arandom time 7, with 7 exponentially distributed
with mean 1/u = ys, and the total size YW(7) of the marks associated with
all the events in interval [0, 7 ]. Indeed

Br  Br/vk

o0 5 n .
ET—%—W(T) (s) = f e St t<2k:1 BA Br/vits >M€_mdt
t=0

m

_ —1
A Br  Br/Vk s
= 1 — e —
i T (X;ﬂAﬂk/J/kJrs) +/J

k=

- -1
ViS
=[1+) ——— +5 .
; T+ s/ B VS}

The stochastic equality W =7 4+ )V (7) may be interpreted as follows.
Define p 4 :=) .4 pr(v) and ps := ), s pr(v). The total number of visits
during the transition time to the branches in § is geometrically distributed
with parameter py,/ps. Since the durations of these visits are independent
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and each relatively short compared to the transition time, the total normal-
ized amount of time spent in the branches in § is exponentially distributed
in the limit as v — oo with mean ys. The visits to the branches in S are in-
terspersed with visits to the branches in A. The number of visits to branches
in § between two consecutive visits to branches in A is geometrically dis-
tributed with parameter p 4/ps. The normalized durations of the visits to
the branches in A have the hyper-exponential distribution H as specified
above. By similar arguments as mentioned above, the normalized amounts
of time between these visits are independent and exponentially distributed
in the limit as v — oo with mean ys - pi,/pA = vs/Ba. In other words, the
visits to the branches in A occur as a Poisson process with rate A = f4/ys.

5.5. An Overview of the Possible Limiting Distributions

In this subsection we present an overview of all the possible limiting
distributions of the scaled transition time by means of Table 1.

The case o =1 always yields asymptotic exponentiality: this happens
when the escape time from branch B;, dominates the total transition time.
As soon as o # 1, the set of dominant branches starts to play an important
role. In particular, the shape of the asymptotic distribution depends only on
the branches in the sets A and S and changes substantially whenever one of
these two subsets (or both) are empty.

In the case « = 0 a diverse range of behaviors may occur, with asymptotic
exponentiality only in a somewhat degenerate special case lc.

The behavior fora € (0, 1) isjustaweighted combination of the extreme
cases @ = 0 and o = 1, as described in Theorem 3.2. It does not give rise to
fundamentally different behavior, but, interestingly enough, it does yield
asymptotic exponentiality in some very special cases.

If all users have the same activation rate, no matter which component
they belong to, then without loss of generality, we may assume f,(v) = v,
k=1, ..., K. Under this homogeneity assumption, the sizes of components
become crucial. Indeed, if one defines L, := max;y, L; to be the size of
the largest component, then K, = {k # ko : L, = L, }. In this case the orders
of magnitude of the two dominant terms defined in (17) of the stochastic
representation (10) are

Ly —1
EA(U) = ET(kl,l),O(v) ~ and
ky
N (v) ‘ ple—1
EB(v) =E Z Z T((,:’)l)vo(v) ~ | K| 7 sV 0o,

keK, i=1 ke
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and hencefor1 < < IL;,,1 <l < Ly, and k; # ko,

Tipexy n | K|
L* Lk

w—1
ET k1), ke, 1) (V) ~ ( )v’ . asv — oo.

2

Moreover, B/yr = (1 —a)/a for every k € A and thus only two possible
scenarios can occur, namely 1b* and 2b*#* (see Ref.!?”)). The discriminating
factor between these two scenarios is «. If k) ¢ K,, then o = 0, and thus we
are in scenario 1b*. If instead % € K,, then o = L,/ (|Ki|L), which means
that scenario 2b*** occurs, and hence asymptotic exponentiality arises.

In Table 1, we denote by (H;) ey a sequence of i.i.d. hyper-exponential

random variables, i.e., H; 4 H (see the deﬁdnition of H in Subsection 5.4),
while G is a geometric random variable G = Geo (), independent of all
the other random variables.

6. THROUGHPUT STARVATION AND NEAR-SATURATION

In this section we show how the results for the asymptotics of the transi-
tion time T, 1), (k) (v) in Theorems 3.1 and 3.2 can be exploited to gain
insight into phenomena such as throughput starvation or near-saturation.
More specifically, in Subsection 6.1 we present the proof of Theorem 3.3,
which gives an asymptotic lower bound on the probability of throughput star-
vation, while in Subsection 6.2 we prove Proposition 6.2.1, a complementary
result that indicates over what time scales throughput near-saturation occurs.

6.1. Proof of Theorem 3.3

Recall that 7, (¢) has been defined in Section 3 as 7, () = fot Tix(s)en,) ds.
Observe that 1y, (¢(v)) > 0 implies ¢(v) > T 1), (k1) (v), because the
throughput of branch By, remains zero until the activity process enters By,.
Hence

P (thy (£(v)) > 0) < P (Tiy.t), (hoo1) (v) < L(V))

—]P>< Tk ). (he1) (V) _ t(v) )
ETw.0). (1) (V) ETw 1), (k1) (V)

Taking the limit as v — 00, Theorem 3.2, gives lim,_, o PP (rk2 (t(v)) > O) <
P (Z < w), and (6) follows.
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6.2. Throughput Near-saturation

Assume that at time ¢ = 0 there is at least one user active in C, i.e.
X(0) = (k, 1) € By. Define the total full-component active time in [0, ¢] as

t
71 [0, ¢] :=/ Lix(s)=(hLp} ds,
0

the residual time in G, during [0, ¢] as

t
R [0, t] 1=/ Lix (e, vrero.s1y ds,
0

and the full-component active time contained in the residual time in G
during [0, ¢] as

t
7,°[0, ¢] 1=/ Lixryesyvrero,s1y Lix(s)=(k 1,01 ds.
0

For compactness, we have suppressed the implicit dependence on the pa-
rameter v and the initial state (k, /) in the notation. From this point onward,
we will also drop the subscript k to keep the notation light.

Note that R[0, £] < min{t, T(s.;.0} and that T"[0, 1] Z 7 [0, R[0, £]]. The
random variables 7[0, ], R[0, t] and t"*[0, ¢], being particular occupancy
times, are non-decreasing in ¢ on every sample path of the activity process
{X(¢) }1>0. Therefore, the random variables

1[0, 00] := tli)r(r)lor[o, t],

R[0, o0] := lim R[O0, {] = T(k,l),07

t—00

[0, oo] := lim [0, ¢]
— 00

are well defined. For 0 < s < ¢t < o0, we define

t[s, t] := 1[0, ¢] — [0, 5],
R[s, t] := R[O0, t] — R[O, s],
T[s, t] == [0, t] = [0, s].
From the above definition, itis easily seen that for every sample path, 7[5, ¢]

provides a lower bound for both t[s, ¢] and R[s, t], as stated in the next
lemma.
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Lemma6.2.1. For0 <s <t <00, t™[s, t] < tls, t] andt™[s, t] < R[s, t].
Proof. Rearranging terms, the differences t[s, {] — t"[s, t] and R[s, t] —

T'[s, t] can both be written as integrals with an integrand that is always
non-negative. O

In particular, Lemma 6.2.1 implies that, for every 0 < s < ¢ < oo
Et"[s, t] <ER[s, t]. (27)

However, as stated in the next lemma, in the limit as v — 00, the ratio of the
expected values of T"*[0, co] and T{;,;),0 = R[0, oo] converges to 1.

Lemma 6.2.2. For any initial state X (0) = (k, l) € By,

. ET™[0, oo]
lim ——— =1.
V—00 ]ET(k,l),O

Proof. Since the ratio is clearly less than 1 by (27), it suffices to show that
the liminfas v — oo is larger than 1. Applying the result in Ref.[??! and using
(2), one obtains that for every 1 < ! < L, if X(0) = (%, [), then

Tir,1),0 1 I
Ez"*[0, o0] = B( f L(x=hr) ds) = — )=,
0 Ly
and, thus, involving (7),

Eres O, Ly—1 L
iminf L 19001 e AW T

= 1.
v=oo  ET00 v=oo ET(k.0

|

The next proposition establishes a near-saturation property in the sense
that if X(0) = (k, [) € By, then for any time period ¢(v) = o(ET(;),0) ev-
ery user in C, will be active an arbitrarily large fraction of the time with
probability one as v — oo.

Proposition 6.2.1. Suppose  that X(0) = (k, 1) e By and that
Ten.0/ET k1.0 4 Zasv — . Then for every w € [0, 1] and every 6 > 0,

lim Hlf]P)('L' [0, Q)ET(k,l)’O] > (11— S)wET(k,l),o) >P(Z>w).

V—>00



Slow Transitions and Starvation 387

I I >
T T

(1 s 5)W() wo Yy
FIGURE 3 P (t"*[0, ooET]/ET > y) (lower line) vs P (R[0, woET]/ET > y) (upper line).

In particular, for any t(v) = o(ET(41.0(v)),
ligr_l)ioglfIP(r[O, ()] = (1=8)t(v)) =

Remark 6.2.1. As mentioned earlier, the hypothesis that 7 ;).0/ET(x.1.0 4

Z is not just a convenient assumption, but somethmg that we actually know.
In particular, Proposition 4.2.1 says that Z= Exp(l) Moreover, since the
result holds for every initial state in By, it is true also for a random initial
state in B;. Indeed, as seen in Section 4, the convergence in distribution of
Tir,0),0(v)/ET(k1,0(v) to Zasv — oo does not depend on the initial state, as
long as it belongs to By.

Proof. In order to keep the notation light, we denote in this proof the
hitting time 7(;,; 0 by 7. First, Lemma 6.2.1 implies that

P ([0, ET] > (1 — §)wET) > P (¢"*[0, oET] > (1 — 8)wET)..
Moreover, by definition of R[0, ¢] = min{¢, T}, we have

P (R[0, wET] > wET) =P (T > wET).

In view of the hypothesis that T'(v)/ET(v) 4 Z as v — 00, it therefore
suffices to prove that for every w € [0, 1] and every § > 0,

liminf P (t"°[0, wET] > (1 — §)wET) > hmmfIP’(R[O wET] > oET) .

V—>00
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Suppose that this latter statement is false, i.e., there exist wy € [0, 1], > 0
and n > 0 such that

liminf P (z"°[0, woET] > (1 — 8)woET)

<liminf P(R[0, ooET] > w)ET) — n. (28)

V—>00
Then it can be shown that there exists &, s > 0 such that

o ErT[0, wgET] .. ER[0, woET]
1151_1)10rolf BT < 1151_1)1£f —Er Ewp. 8- (29)

Indeed,

o ER[0, woET] Ez™[0, woET]
lim inf —

v—00 ET ET
o R[0, wgET S10, woET
=1iminf/ P sz —-P sz dy
=00 Jg ET ET
Lemma6.2.1 “o R 0, ET res 0, ET
s hminf/ P(wm)_p(wm) dy
V—00 (1=8)wy ET ]ET
o R[0, wgET 'S10, woET
2/ ﬁminf(lp(wzy)_p(wzy)) dy
(1-8)wy V—>00 ET ]ET
> néwy > 0,

where the second last inequality follows from the generalized Fatou’s lemma,
while the last inequality follows from (28) and is illustrated by Figure 3. Thus
we can take &, 5 := néwy.

Equation (27) yields

.. JET[wET, 0] . . ER[wET, oo]
lim inf < lim inf , (30)
V—>00 ET V—00 ET

and thus, summing term by term (29) and (30), since by definition
ER[0, 0] = ET,

.. JET™[0, o0] . . ERJ[0, o]
lim me <lim me — Ewp.s = 1 — Euy.5,
V—> 00 vV—>00

which contradicts Lemma 6.2.2. O



Slow Transitions and Starvation 389

7. MIXING TIMES

In the previous sections we have analyzed the transient behavior of the
Markov process {X(¢) };>0 in terms of hitting times, and we have shown
how this leads to starvation of individual users over certain time scales.
In this section we turn attention to the long-run behavior of the Markov
process {X(#)};>0 and in particular examine the rate of convergence to
the stationary distribution. We measure the rate of convergence in terms of
the total variation distance and the so-called mixing time, which describes the
time required for the distance to stationarity to become small.

The mixing time becomes particularly relevant when the network has two
or more dominant components, which together attract the entire probability
mass in the limit as v — oo. Indeed, in this case, the mixing time provides
an indication of how long it takes the activity process to reach a certain level
of fairness among the dominant components. We will prove a lower bound
for the mixing time using the notion of conductance.

With a slight abuse of notation, we denote by m(v) the station-
ary distribution of the process {X(¢)},>0 on Q. Define P!(x,y):=
P (X(¢) = y|X(0) = x) and denote by P!(x, -) the distribution at time ¢ of
the Markov process {X(?)},>o started at time 0 in x. We will also use the
notation uP) to denote the distribution at time ¢ of the Markov process
{X(t) } ;>0 with initial distribution p at time 0. The maximal distance over
x € 2, measured in terms of total variation, between the distribution at time
¢t and the stationary distribution 7 (v) is defined as

d(t, v) := max 1Py (x, ) = 7t (V) v
xXe

Define the mixing time of the process { X (¢) },>0 as
tmix (&, V) ;== inf{t > 0: d(¢,v) < e}.

For a fixed r € (0,1) consider the subset K(r) of branches whose sta-
tionary probability is asymptotically no more than r, ie., K(r) :={k:
lim, oo 75, (V) < r}. Define k =k (r) as the index corresponding to the
branch B, which has asymptotically the largest mean escape time among
those in k(r), i.e., such that for every j € k(r),

ET L; fe()b!
lim S o) _ g LifeO) 31)
V— 00 ET(j,l),O(V) V—00 LKfj(V) i—

The next result shows that the mixing time is asymptotically at least of
the same order of magnitude as the escape time from branch B,. For any
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two real-valued functions f(-) and g(-), let f(v) 2 g(v) as v — oo indicate
that lim,_, f(v)/g(v) > 1.

Proposition 7.1. For any r € (0,1) and ¢ € (0,1 — r), there exists a constant
Ce.r > 0 such that

f;((U)L”_l

tmix(e, V) 2 Cs,r LK

,  asvy — oo.

Proposition 7.1 shows that it can take an extremely long time for the
process {X(t)};>0 to reach stationarity, especially when v is large. Such a
long mixing time is typically due to the activity process being stuck for a
considerable period in one of the components, and thus not visiting the
states in the other components. In fact, the statement of the proposition can
be rewritten as

tmix (8, V) 2 G, ET (1,0, asv — oo.

We will prove Proposition 7.1 exploiting the presence of a bottleneck in the
state space and using the notion of conductance.

For any subset S C Q, let wg(v) = ) _¢7,(v) be the stationary probabil-
ity of the subset S. Define the probability flow out of S as

Qss(v) = Y m()q(s.s),

ses,s’'eS¢

where ¢ (s, s’) is the transition rate between states s, s" € Q for the process
{X(t) } ;>0 introduced in Section 2. Define moreover the conductance of S C Q
as

ms(v)

@s(v) = L)

The conductance profile of the process { X (t) },>¢ is defined as

®,(v) ;= min  Dg(v).

SCQ:mg(v)<r

The following result, valid for any Markov process on a finite state space
2 with conductance profile ®,, shows how the conductance of the process
yields a lower bound on the mixing time. It is a continuous-time version of
Theorem 7.3 in Ref.1?!) and the proof is relegated to Appendix D.
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Lemma 7.1. Foranyr € (0,1) and anye € (0,1 — 1),

l—r—c¢

Imix (€, V) > T(U)

In order to get a sharp bound for the conductance and hence a sharp
lower bound for the mixing time, we need to identify a subset § with low
conductance. As proved in Ref.[!, it suffices to look at the connected subsets
of the state space. Therefore the branches in K (r) become naturally good
candidates for being the lowest-conductance subsets of 2. From (2) it follows
that for any state (k, /) in branch By with [ < L,

—n(k’l)(v) = <le) f(v)l_l"‘, as v — oo.

T (k, L) (v)

Using this fact, we obtain the following asymptotic estimate for the conduc-
tance of branch B, as v — oo.

7,1y (V)
) -1 mew® T ()

Ly - Ly, mgyv) —
2t Tk (V) s Ty (V)

Pp, (V) = ~ Ly fi(w)' ™,

Thanks to the definition (31) of k =« (r), mp,(v) < r. Since by definition
®,(v) < Pp,(v), the asymptotic estimate for ®p, (v) and Lemma 7.1 imply
that for every ¢ € (0, 411) and for v sufficiently large

L,—1
A

ix\ & 2 1-
mix(e,v) Z (1 —7r I

, asv — o0,
which completes the proof of the lower bound claimed in Proposition 7.1.

8. CONCLUSIONS

We have studied hitting times and mixing properties in dense wireless
random-access networks. We have represented the activity processes in such
networks in terms of Markov processes on complete partite graphs. In partic-
ular, in dense networks, high activity rates lead to network behavior in which
users in maximum independent sets coalesce into components that compete
for the wireless medium. We have shown that components monopolize the
wireless medium for extremely long periods, which leads to long mixing
times and starvation of all other components. Hence, users in a particular
component alternate between enjoying long periods of access and facing
long periods of starvation.
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While the slow nature of the transitions is a common characteristic, the
asymptotic distribution of the scaled transition time depends crucially on
the structure of the network and on the initial and target components, and
there is a notable variety of possible scenarios. In particular, in some sce-
narios the distribution of the scaled transition time is non-exponential. This
is due to the heterogeneous activation rates among components in con-
junction with the presence of intermediate components where the activity
process resides for long periods along the transition.

The complete partite graphs that we focused on in the present article
are arguably the worst possible networks in terms of transition times and
starvation effects, given the size of the network. Indeed, the fact that the users
are grouped into components, with no interference within components and
full interference between components, turns out to be a key element for
starvation to occur. This is reflected in the fact that the transition times
exhibit exponential growth in the component size. Graphs that are partite
but not complete will have a less extreme tendency for starvation, although
the issue may still arise to a milder degree. The lack of interference between
some nodes in different components will result in bottleneck states where
some of the nodes may be active, and raise the likelihood of the bottleneck
state relative to the dominant activity states. This is illustrated by the work in
Ref.1?8] which investigates the transition times in a toric grid. The toric grid
is a bi-partite graph, but with fewer edges between the two components. The
results in Ref.[?®) show that the transition times, while still severe, are of a
lower order than for the complete bi-partite graph of the same size.

A. Proof of Lemma 4.2.1

We will prove a slightly more general version of Lemma 4.2.1, assuming
the rates of the process are those described in Subsection 4.3. Order the
state space as Q = {L,L—1,...,1,0} and consider the generator matrix
Q (v) of the process { X(t) } >0 with 0 an absorbing state. That is,

[ q1. ds, 0 .. 07
ar—1 f(v) qr—1 d—1 0
0 a9 f(v) qr-o dio 0

Q) = | . L ,

0 af(v) 1 &
0 0 0 0 0
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where the diagonal elements are ¢;(v) = —a; f(v) — difor =1, ..., L; and
qr.(v) = —d;. The matrix Q(v) can be written as

= (T ).

where T(v) is an L x L invertible matrix. Since the characteristic polynomi-
als of —Q(v) and —T(v) satisfy the relation p_g)(2) = —zp_T1()(2), the
spectrum of —Q (v) consists of that of —T(v) plus the eigenvalue zero with
multiplicity one.

Denote by D(v) the L x L diagonal matrix, whose diagonal entries are

{V& W) }i=r.1-1...1, where the &’s are the so-called potential coefficients, de-
fined recursively as

di1

Ec(v) =1 and § = ()

£, I=L—1,...,1.

The L x L matrix G(v) = —DW)'2T(v)D(v)~V? is tridiagonal and sym-
metric with diagonal entries G ;(v) = ¢7—+1(v) and Gy 41 (v) = gi41.:(v) =
- diai—1 f(v). Since G(v) is similar to —T(v), they have the same spec-
trum. Denote by D(p, R) the closed disc centered in p with radius R, i.e.,
D(p,R) ={z€C:|z—p| <R}

Consider the Gershgorin discs {D;(v)}2, of G(v), defined as D;(v) :=
D(—q;(v), R;(v)), where the radius R;(v) is the sum of the absolute val-
ues of the non-diagonal entries in the L — [+ 1-th row, i.e., R(v) =

Zm;ﬁ[l_H_] |Gr—141,m(v)|. Then

Dr(v) =D(dz, v drai—1 f(v)),

Dy 1(v) =D(d—1 + ar—1 f(v), Vdrar—1 f(v) + v di—1a1-9 f(v)),

Do (v) = D(dy + as f (), dzas f(v) +y/doar f(V)),
Di(v) =D(di + a1 f(v), Vdoar f(v)).

We now exploit the second Gershgorin circle theorem, which is reproduced
here for completeness.

Theorem A.1. If the union of j Gershgorin discs of a real r x r matrix A is disjoint
Jfrom the union of the other r — j Gershgorin discs, then the former union contains
exactly j and the latter the remaining r — j eigenvalues of A.
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In our case, for v sufficiently large, the disc Dy (v) does not intersect
with the union UzL:_ll D;(v), thus the smallest eigenvalue 0; (v) lies in Dy (v)

and the other L — 1 ones in U[L:_l1 D;(v). Hence, for v sufficiently large, the
following inequalities hold

01(v) <A+ B/ f(v), and 6;(v) > CfOv) =DV f(v), i=2,...,L,

where A,B,C,DeR; and, more precisely, A=d;, B=./drai1,
C=min_, ;1 and D=max{/dra,_1+/di—1a.—9,...,/dzas+
Vdaar, /dsar }. Therefore, for v sufficiently large,

_0) A+ BT
0;(v) T Cf(v) =DV (V)

and so lim, ., 01 (v)/0;(v) =0fori=2,..., L. Hence,

01 (v)
0;(v)

L
ET7,0(v) -01(v) =1+Z -1, asv— oo,
i=2

while for2 < i < L,

0;(v)
O1(v)

ETro(w) -60;(v) > — 00, asv — 00.

B. Proof of Lemma 4.2.2

The proof of statement (1) consists of a lower and an upper bound
which asymptotically coincide. Indeed, using the bounds in Property (ii),
one obtains that

liminf LM S g BYW ZEVO)
v—oo KU (v) v—00 EU(v)
ET(v) EU®) +EW()

lim sup < lim sup
voo EU(V) Y00 EU(v)

and

1.

Once again, the proof of statement (2) consists of a lower and an upper
bound which asymptotically coincide for all the continuity points of the tail
distribution of Z, which will be denoted by F(s) =P (Z > s).

For the lower bound, argue as follows. Property (i) implies that for any
8€(0,1), EW(v) <SEU(v) for v sufficiently large. Thus, using the lower
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bound in Property (iii), for v sufficiently large,
]P( T'(v) - t) ZIP( Uv) — V() - t)
ET(v) EU@Ww)+EW(v)
>P(UW)—Vw)>EUW)(1+6)1)
>PUW) >EUW)(1+4+28)t) —P(V(v) >8EU(v)?).

Property (iii) implies that

. U(v)
UIL%P(EUFW > (14 23)::) = F((1+26) 1),

Property (i) implies that for v sufficiently large, EV (v) < §?EU (v), so that

EV) 9

P(V(v) >8EU(v)t) < SEUG) = 1

by Markov’s inequality. Taking liminf’s, we obtain

1iminf]P’< ) > t) > F((l +25)t) - §
SR \ETw T )T .

Letting é | 0, we find

limian( ) t) > F (1) (32)
B \ETW = '

For the upper bound, argue as follows. Property (i) implies that for any
§e€(0,1), EV(v) <SEU(v) for v sufficiently large. Thus, using the upper
bound in Property (iii), for v sufficiently large,

IP’( T(v) . t) §P< UWw)+ W() - t)
ET(v) EU(v) —EV(v)
<PUW)+ W) > 1-=-8EUW))
<P(UW) > 1A-20EUMW)t) +P (W) >SEUWw)1?).

Property (iii) implies that

: U(v) _ _
lim PP (EU(V) > (1-— 25)z> = F((1—268)¢).
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Property (i) implies that for v sufficiently large, EW (v) < §?EU (v), so that

EW(QW) 6
P(W(v) > 3EU(v)t) < m < 7

by Markov’s inequality. Taking limsup’s, we obtain

) T(v) )
lim sup P <ETE)V) > t) < F((1-28) 1) + -

Letting § | 0, we find

, T
lim sup P (ET(:‘))) > t) < F(1). (33)

Combining (32) and (33) completes the proof.

C. Proof of Lemma 5.3.1

Statement (a) is trivial, since 0 < L7,y /E7,(v) () < 1 for all s € [0, oo
and B = lim,_ oo EN;(v) = 0 for every k € . Statement (b) follows im-
mediately after substituting B, € Ry and y; € (0,1] in the limit, since

T (v)/ET(v) <4 Exp(1). The proof of claim (c) is more involved, and we
need an auxiliary lemma.

Let S, (v) := Z?g‘)) Tk(l) (v). From the integrability of Nj(v) and 7T}(v),
it follows that ES; (v) = EN,(v) - ET,(v). Consider the random variable

Ne(v)

(@)
$0) = mw) Y o
i=1

. =h EN, .
E10 () k(V) k(v)IESk(v)

Since N,(v) has a geometric distribution, the Laplace transform of

Sk (v) /ES;(v) is given by

Ls,)/Es,) (5) = Gny) (L1300 /ET, () (S/ENE (1))
1
1+ (1= Loy Ene (S/ENy(v))) - ENy(v)’

and hence

L3 (8) = Ls, ) /Es,(v) ($hr (V) ENg (v))
B 1
1+ (1= Ly ETw) (SI())) -ENy(v)

(34)
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One can check that, if k € S, then

(1) Ni(v)/ENy(v) - Exp(1), and

. Var(T, () /ET(v)) __
(2) lim,_ %T(V)k = 0.

Fact (1) is a standard result for geometric random variables which uses
only the fact that lim,_, o, ENj(v) = oo for k € S. Moreover, since 7;(v) is a
first-passage time of a birth-and-death process, using Corollary 4 in Ref.!%), we
can obtain explicitly the asymptotic order-of-magnitude of Var(7}(v)) and
prove thatlim,_, o, Var(7;(v))/(ET} (v))2 = 1, from which claim (2) follows.

These two facts and the technical lemma below imply that

Sk (V) /ES; (v) 4 Exp(1), and hence

lim Ly, (s) = lim Ls,w)/Es,0) (shr(VEN: (1)) = 1 + sy

This fact, together with (34), implies that
Vli_)r&(l — L7y /ET0) ($he(v))) - EN,(v) = sy,

and the proof of statement (c) is concluded. We now state and prove the
technical lemma mentioned above.

Lemma C.1. Assume that

(1) {Xi(v) }is0 is a sequence of i.i.d. integrable random variables, X;(v) < X(v),
for everyv > 0,

(2) N(v) is an integer-valued random variable, independent of all the X;(v) s and
integrable for every v > 0,

(3) N(v)/EN(v) > Z asv — oo, withP (Z = 0) = 0,

: Var(X EX
(4) lim,_, o YRERUEEC) — 0,

Define S(v) := YN X (v). Then

S(v) 4
— 7, asv — o00.
ES(v)

Proof. First, Wald’s identity guarantees that Sy(v) is integrable and that
ES(v) = EN()EX(v) for every v > 0. Hence, without loss of generality,
we can assume that EX(v) =1 and study the asymptotic distribution of
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S(v)/EN (v). Define S, (v) := Y ", Xi(v). Note that we can rewrite

S(v)  S(v) N(v)
EN(v) N@W)EN®W)’

Now we claim that

SV E G sy oo (35)
N(v)

Indeed, for every € > 0 we may write
P (SW)/N ) = EX(v)[ > §)

=Y P(ISW)/N(v) —EX(v)| > 8, N(v) = n)

n=0

[eEN(v)] 00

= Y PG+ > P(.)
n=0 n=|eEN(v)]+1

LeEN (v) | 00

= Y PNO=n+ Y PUSO/NG) —EXM)] > 8, N©) =n)
n=0 n=eEN (v)]+1

<P (N(v) =eEN(W)}H Z P(S,(v)/n—EX(W)| > )P (N(v) =n).
n=eEN(v)|+1

Using Chebyshev’s inequality, we find that the second term is bounded from
above by

ad Var(X(v))
Z yartatv))

- P (N(v) = n)
n=eEN (v) |+1
Var(X(v)) > B Var(X(v))
=@Evow 2 PO =S G
n=eEN(v)|+1

For every § > 0 and every € > 0, there exists v ¢ > 0 such that for v > v,

P(N(w) <¢EN(W) <P(Z<e)+& and ZgTX((U”))Sg.

The first inequality follows from the fact that the c.d.f. of N(v)/EN(v)
converges pointwise to that of Z, by (3). On the other hand, the second
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inequality follows immediately from (4). Therefore, for v > v,

P(IS(w)/N(v) —EX()| > 8) <P(Z<e)+&+ 5—2

Take, e.g.,e =6,§ = 83. Then for v sufficiently large,
P(S(w)/N(v) —EX((v)| >§) <P (Z <) + 8% + 6.

Letting é | 0 and using the fact that P (Z = 0) = 0, we obtain (35). Then
hypothesis (3) and Slutsky’s theorem imply the conclusion. O

D. Proof of Lemma 7.1

In this proof we use the same notation introduced in Section 7, but
without writing explicitly the dependence on v.
Denote by u® the function defined by

S( ) = T, ifxes,
HSX) =10 otherwise.

Note that since Zyeﬂ w3 (y) = s, in general u’ is not a probability distri-
bution, but u’/ms always is. Denote by u? the distribution on € at time ¢
of the Markov process {X(¢)};>¢ if the initial distribution was equal to 7w
conditioned on being in §, i.e., /Lg = ,uS/JtS. For every y € Q we can write

ni(x) T o,
W (y) = ZTSP (x,9) = Z?SP (x, ). (36)

x€N x€S

We now claim that

wslluy — uillry = Y Y wP (%, ) (37)
xeS yese
and
DY wPl(xy) St Qs (38)
x€S yes*

Let us first prove equality (37). A well-known characterization of the
total variation distance (see, for instance, Ref. [21, Remark 4.3]) states that
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if i, ' are two probability distributions on €2, then

e — w'llrv = Yo (v =]

Y2 u(y)z1 ()
Applying this to the distributions p? and uj, we get
i —mgllv=" 3 [ 0) —us»]. (39)
YEQ: T (0215 (y)
If y € §, then

Ty Ty T
ui(y) = Zn—smx,y) < ZW—SP‘(x,y) =2 =,

xeS xeQ " §

and therefore we can restrict the sum on the right-hand side of (39) to the
states y € S°. Moreover, if y € S°, then by definition u (y) = 0. Therefore,

it = wolley = D i (9).
yese

By multiplying both sides of the last equality by 75 and using (36), we get

Ty
asllwy — pillv =75 Yy pui(y) =ms Y Z,;Pt(xv 1))

yese yeSt xe§ "

= ZZ]Tth(X, )’)»

xeS§ yese

and (37) is proved.

We now turn our attention to the claim in (38). For any x, y € €2, define
the random variable N,_,,(¢) as the number of transitions from state x to
state y during the time interval [0, ¢], so that

P(X(1) € SIX(O0) =x) < Y P(Neoy () = 11X(0) = %),
x'eS,yes

from which we get that
YO wePl(xy) =) P (X(1) € $X(0) = «x)
xeS yese xeS

<Y ome D, B(Neoy (D) = 1X(0) = x)

x€S x'eS,yes
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=Y m Y / (X(w) = ¥|X(0) = x) q(, y) du

x€S x'eS,y'ese

> W”y/ (Zﬂ?’ (w) = |X(0) = ))du

x'eS,yes’ xeS
Z q(x',y") / e du
xESyeb
Y Y ) =1 s
x'eS yeSt

and (38) is then proved. Note that we used the fact that

D P (X(w) = «1X(0) = x) < > 7P (X(w) = x|X(0) = x)

xeS xeQ

=Y mP(x, &) =7y

x€Q

From (37) and (38) it follows that

11} = wpllry < 1 @(S).

Assume that the subset S is such that wg < r, with r € [0, 1]. Then, since
S Qe
u> (S =0,

S S
[y — 7 llTv =r£1§§|ﬂA — oA =g =1—-mg>1-—r,

and, using the triangular inequality, we get

s s_ .S s
I—r=llng —mlley = Mg — ity + 1wy — wlly.

Since the state space 2 is finite, we have the following equality for the distance
from stationarity:

d(t) = max IP'(x,-) =7 () lltv = sup [[uP" — 7 (v)ll1v,
HeP ()

where P (£2) denotes the collection of all probability distributions on €2. By

taking pu = wS and time ¢ = tyix (), by definition of mixing time, we have
that ||,uf —7||tv < d(tnix(€)) = &, and therefore

I =7 < tix () P(S) +¢.

Rearranging and minimizing over S concludes the proof.
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