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A Gibbsian model for message routing

in highly dense multi-hop networks
Wolfgang Kénig , Andrés Tdbias

Abstract

We investigate a probabilistic model for routing in relay-augmented multihop ad-hoc communication
networks, where each user sends one message to the base station. Given the (random) user locations,
we weigh the family of random, uniformly distributed message trajectories by an exponential probability
weight, favouring trajectories with low interference (measured in terms of signal-to-interference ratio) and
trajectory families with little congestion (measured by how many pairs of hops use the same relay). Under
the resulting Gibbs measure, the system targets the best compromise between entropy, interference and
congestion for a common welfare, instead of a selfish optimization.

We describe the joint routing strategy in terms of the empirical measure of all message trajectories.
In the limit of high spatial density of users, we derive the limiting free energy and analyze the optimal
strategy, given as the minimizer(s) of a characteristic variational formula. Interestingly, expressing the
congestion term requires introducing an additional empirical measure.

1 Introduction

1.1 Background

In spatial wireless telecommunication systems, one of the prominent problems is the question how to conduct
a message through the system in an optimal way. Optimality is often measured in terms of determining the
shortest path from the transmitter to the recipient, or, if interference is considered, determining the path
that yields the least interference. If many messages are considered at the same time, an additional aspect of
optimality may be to achieve a minimal amount of congestion. These are problems of optimal routing through
a network, a subject of mathematical traffic theory or optimization that is currently very popular and under
demand.

Many investigations concern the question just for one single transmitter/recipient pair, which is a question
that every single participant faces. However, a strategy found in such a setting may lead to a selfish routing,
and it is quite likely that the totality of all these routings for all the individuals is by far not optimal for the
community of all the users. Furthermore, the combinatorial or algorithmic efforts required to find all these
optimal routings may be huge. Instead, the entire system may work even better if an optimal compromise is
realized, by which we mean a joint strategy that leads to an optimum for the entire system, though possibly
not for every participant. An additional benefit might be that it follows simple rules that are easy to implement
and computationally little costly.

In this paper, we present a probabilistic ansatz for describing a jointly optimal routing that takes into
account the following three crucial properties of the family of message trajectories: entropy, interference and
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W. Kénig, A. Tobias 2

congestion. That is, we consider a situation in which all the messages are directed through the system in a
random way, such that each hop prefers a low interference, and such that the total amount of congestion is
preferred to be low. Parameters control the strengths of influence of the three effects.

Let us describe our model in words. Let the locations of all the users be given randomly as the sites of
a Poisson point process, which we fix. Each user sends out precisely one message, which arrives at the
(unique) base station, which is located at the origin. We consider the entire collection of possible trajectories
of the messages through the system. We employ an ad-hoc relaying system with multiple hops, such that
all the users act as relays for the handoffs of the messages. The maximal number of hops is k. € N for
each message. Each k-step message trajectory is random and a priori uniformly distributed. The family of
all trajectories is a priori independent.

Now, the probability distribution of this family that we want to study is given in terms of a Gibbs ansatz by
introducing two exponential weight terms. The first one weighs the total amount of interference, measured
in terms of the signal-to-interference ratio for each hop, and the second one weighs the total congestion,
i.e., the number of times that any two trajectories use the same relay. Under the arising measure, there
is a competition between all the three decisive effects of the trajectory family: entropy, interference and
congestion. Furthermore, the users form a random environment for the family, which not only determines the
origins of all the trajectories, but also has a decisive effect on interference and congestion. While the latter
has a smoothing effect on the fine details of the spatial distribution of all the trajectories, the effect of the
former is not so clear to estimate, as the superposition of signals have a very non-local influence.

We consider this measure an interesting object to study. It describes an idealized situation in which the
operator distributes all the message trajectories uniformly randomly and jointly optimizes the interference
and the congestion of the entire system at the same time. Our main interest is in understanding the spatial
distribution of the totality of all the message trajectories.

In this generality, the measure under consideration is a highly complex object, as it depends on all the user
locations and on many detailed properties and quantities. However, we make a substantial step towards a
thorough understanding by deriving approximative formulas for the behaviour in the limit of a high spatial
density of the users. In this case, the limiting formulas turn out to be deterministic and to depend only on
general spatial considerations, not on the individual users. It turns out that the limiting situation is described
in terms of a large-deviation rate function and a variational formula, whose minimizers describe the optimal
joint choices of the trajectories. These are our main results in this paper.

The main object in terms of which we achieve this description is the empirical measure of message trajec-
tories sent out by the users, disintegrated with respect to their length and rescaled to finite asymptotic size.
These measures turn out to converge in the weak topology in the high-density limit that we consider in this
paper. The counting complexity of the statistics of the message trajectories can be written in terms of multi-
nomial expressions and afterwards, in the limit of finer and finer decompositions of the space, approximated
in terms of relative entropies, using to Stirling’s formula. The interference term can also be handled in a
standard way [HJKP15], since it is a continuous function of the collection of empirical measures of message
trajectories.

However, a key finding of our paper is that the congestion term is a highly discontinuous function of
these empirical measures. Indeed, one cannot express it in terms of these measures. Instead, one needs
to substantially enlarge the probability space of trajectories and introduce another collection of empirical
measures, the ones of the locations of users (relays) who receive given numbers of incoming messages. The
congestion expression then turns out to be a lower semi-continuous function of these empirical measures,
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and hence the limiting congestion term is still expressible in terms of the weak limits of these measures.
Again, using explicit combinatorics and Stirling’s formula, we arrive at explicit entropic terms describing the
statistics of these measures. The two families of these crucial empirical measures together enable us to
describe all the properties of the message trajectories that we are interested in. We establish a full large-
deviation principle for the tuple of all these measures with an explicit rate function and obtain in particular their
convergence towards the minimizer(s) of a characteristic variational formula. We also derive their positivity
properties and characterize them in terms of Euler-Lagrange equations.

The purpose of the present paper is to introduce the model, provide a mathematical framework and to
establish the main analytical objects. However, there are a number of questions with regard to content about
this model, which we do not address here. Here are some of these questions:

1 How does the number of hops of a message depend on the distance of the transmission site to the
origin, e.g., in the long-distance limit?

2 Does the density of trajectories increase unboundedly in particularly highly dense areas, or do the
messages avoid such areas for the sake of having lower interference?

3 How long is a typical average length of a hop? Does this average length depend much on whether it
is one of the first hops or one of the last hops of the trajectory? Does it depend on the denseness of
the area that the hop traverses?

4 How do these crucial quantities depend on the parameters of the model, in particular on 3 and 7, in
particular in the limit of large values?

We decided to defer the analysis of such questions to future work, as they have a strongly analytic, rather
than probabilistic, nature. Even though we are stressing the applied nature of the model and the questions,
certainly the application of the mathematical framework that we introduce to telecommunication is by no
means the only source of interest for such a model. Indeed, instead of the very particular choices of the
interference and the congestion terms, our results can be easily extended to every other continuous (or at
least lower semi-continuous) functionals of the crucial empirical measures, and applications are generally
imaginable to other situations, e.g., in biology, chemistry or physics.

Apart from the potential value for the understanding of a new type of message routing models in telecom-
munication, the present paper provides also some interesting mathematical research on topological fine
properties of random paths in random environment in a high-density setting, a subject that received a lot
of interest for various types of such processes over the decades. We remind the reader on a nhumber of
investigations of the intersection properties of random walks and Brownian motions (both self-intersections
and mutual intersections) in highly dense settings, see the monograph [Ch09] and some particular investiga-
tions in [KM02, [KM13]; in all these works, one is interested in large-deviation properties of suitable empirical
measures, and the lack of continuity of the path properties is the main difficulty. Let us mention that the
main aspect of the approach in [KM02] is the same as in the present paper: an approximation of combina-
torics in finer and finer decompositions of the space by entropic terms. Another line of research in which
similar questions arise is a mean-field variant of a spatial version of Bose-Einstein statistics, like in [AKQ8],
where the statistics of the empirical measures of a diverging number of Brownian bridges with symmetrized
initial-terminal condition is analyzed in terms of a large-deviation principle in the weak topology. While [AK08]
works with the same method as we in the present paper (spatial discretization with limiting fineness), [T08]
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showed that a method based entirely on the notion of entropy is able to derive such results in a more general
framework.

Let us give a short guidance to the organization of the remainder of this paper. We introduce the model
and necessary notation in Section[1.2] present our main results in Sections[1.3|(the limiting free energy of the
model),[1.4] (the description of the minimizer(s)) and[1.5] (the large deviation principle and the convergence of
the empirical measures), and in Section [1.6] we discuss and comment our findings. The remaining sections
are devoted to the proofs: in Section [2l we prepare for the proofs by introducing our methods and deriving
asymptotic formulas for the probability terms and the functionals, in Section [3] we put all this together to a
proof of the limiting free energy, the large deviation principle and the convergence of the empirical measures,
and in Section 4l we analyze the minimizer(s) of the characteristic variational formula.

1.2 The Gibbsian model

We introduce now the mathematical setting. For any n € N and for any measurable subset V' of R", let
M (V') denote the set of all finite nonnegative Borel measures on V. We are working in R¢ with some fixed
d e N.

Our model is defined as follows. Let W C R? be compact, the territory of our telecommunication system,
containing the origin o of R%.

1.2.1 Users

Let u € M(W) be an absolutely continuous measure on W with ;(17) > 0. Note that we do not require
that supp(u) = W. For A > 0, we denote by X* a Poisson point process in I/ with intensity measure .
They points X; € X? are interpreted as the locations of the users in the system, while the origin o of R% is
the single base station. We assume that X* = {X;: i € [*} with [, = {1,..., N(A)}and (N()\)),so a
standard Poisson process on Ny and (Xi)ieN is an i.i.d. sequence of IV -distributed random variables with
distribution z(-)/u(W) defined on one probability space (€2, F,P). Since 1 has a density, all points X;
are mutually different with probability one. Furthermore, X* is increasing in ), and its empirical measure,
normalized by 1/,

LA:;X:(SX“ (1.1)

iel>

converges towards x almost surely as A — oo.

These assumptions on the users can be relaxed, see Section[{.6.71

1.2.2 Message trajectories

We now introduce the collection of trajectories sent out from the users to o, i.e., for uplink communication.
(The downlink scenario, that is, communication in the opposite direction, works very similarly and will be
described in Section[1.6.3l) For any i € I, we call a vector of the form

St= (S, = K;, 8 =X;,8 € X*,... 8., €X*Si =o0)eNx ( U W’“) x {0}, (1.2)
keN
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A Gibbsian model for message routing 5

a message trajectory from X; to o with K; hops. That is, S* starts from X; and ends in o after K, hops
from user to user € X*. Hence, the users receive the function of a relay. We fix a number k.. € N and
write S,imax (X?) for the set of all possible realizations of the random variable S? with K; < kpay, i.e.,
with no more than k., hops. Hence, elements s* = (s* ,s{,s,..., Siil—l’ Siil) of Si (X*) satisfy

sty € {1,... kmax} and s = X;. We write Sy, (X*) = [T.c;a Sk, (X?) for the set of all possible
realizations of the families S* = (.5%);c;». We use the notation [kuyax] = {1, .. ., kmax }-

Given i € I, we consider each trajectory S? in (1.2) as an S,imax (XA)—vaIued random variable. lis a
priori measure is given by the formula

. 1 ) )
s ———  s'eS] (XY (1.3)
N(A)=~
That is, its restriction to {s' € S;  (X*): s'y = k} is the uniform distribution for any k € [kynax], and its
total mass is equal to k... Recall that it fixes the starting point X; and the terminal point o.

Under our joint reference measure, all the trajectories are independent; indeed it gives the value

. 1
s=(s"ien = [ Ny (1.4)

i€l

to the configuration s € Sy, (X™). Thus, it gives a total mass of kv 1o S, (XH).

max

1.2.3 Interference

Now we introduce interference. Let us choose a path-loss function, which describes the propagation of
signal strength over distance. This is a monotone decreasing, continuous function ¢: [0, 00) — (0, 00). A
typical example for such ¢ is the one corresponding to isotropic antennas with ideal Hertzian propagation,
i.e. £(r) = min{1,r~“}, for some a > 0, see e.g. [GT08, Section Il.]. The signal-to-interference ratio (SIR)
of a transmission from X; € I* to € W in the presence of the users in X* is given as

(X — =)
% Zjeﬂ £(|Xj - x\)

We will call the denominator of the r.h.s of (1.B) the interference. See Section [1.6.2] for a discussion about
the relevance for telecommunication.

SIR(X;, z, X*) =

(1.5)

More generally, if 110 € M (W), we define for any z,y € W

SIR (2, y. i) = 12— YD) (1.6

S 007 = y)po(dz)’
where we call the denominator interference w.r.t. po. Then, in a slight abuse of notation, we have
SIR(X;, z, X*) = SIR(X;, z, Ly), where we recall the empirical measure L, from (L1).

Now, given a trajectory configuration s = (s),c;x € Sk (X?), we put

&(s) =Y > SIR(si_y,s;, L)~ (1.7)

i€l 1=1

We provide an interpretation of this in Section [1.6.2|

DOI 10.20347/WIAS.PREPRINT.2392 Berlin 2017



W. Kénig, A. Tobias 6

1.2.4 Congestion

Now we introduce the congestion term. Given a trajectory configuration s = (5%);c;x € Sg,...(X?), we
define

s"‘_lfl
m;(s) = Z Z 1{s] =si}, i€l (1.8)
jerr =1
as the number of incoming hops into the user (relay) 56 = X, of any of the trajectories. Then we take
M(s) = > my(s)(my(s) — 1) (1.9)

i€lX

as the total congestion term that is caused by the trajectory configuration s. Note that %Sm(s) is equal to the
number of pairs of hops that jump to the same relay.

1.2.5 Gibbsian trajectory distribution

Now we define the central object of this study: a Gibbs distribution on the set of collections of trajectories as
follows. For any s = (s%);c;»n € Sk,... (X?) put

P (5) = Z},ﬁl(XA) (1;[ N(A;Sil_l) exp { —6(s) — AM(5) . (1.10

where v > 0 and $ > 0 are parameters. This is the Gibbs distribution with independent reference measure
given in ([{.4), subject to two exponential weights with the SIR term in (1.7) and the congestion term in (1.9).
Here

Z7P(XA) = Z ( W) exp{ —v6(r) — BQJT(T)} (1.11)

PESkpay (X*) €I

7,8
A XA

ditional on X*, and it is a probability measure on S;._._(X?). In the jargon of statistical mechanics, it is
a quenched measure, which we will consider almost surely with respect to the process (X’\),\>0. In the
annealed setting, one would average out over (X’\),\>0, see Section

is the normalizing constant, which we will refer to as partition function. Note that P (+) is random con-

1.3 The limiting free energy

The main goal of this paper is the description of this model in the limit A — oo in the quenched setting.
Our first result describes the limiting free energy, i.e., the exponential behaviour of the partition function.
In order to state this result, we introduce the following notation. For k& € N, elements of the product space
Wk = WH0L-k=1} will be denoted as (g, . . ., Tx—_1 ). Forl = 0, ..., k—1, the [-th marginal of a measure
Ve € M(W¥) is denoted by m, € M(W), iie., mup(A) = v (W01 50 A s WAFL-k=1}) for
any Borel set A of IV/.

Now we introduce the objects in terms of which we will be able to describe the asymptotics of the entire
telecommunication system.
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A Gibbsian model for message routing 7

Definition 1.1. An admissible trajectory setting is a collection of measures U = ((v3,)F=%, (11m)5_,) with
v, € M(W*) forall k and p,,, € M(W) for all m, satisfying the following properties.

Emax 00 00 Emax k—1
(2) Z ToVk = I, (17) Z o = [, (1ii) M = Z My, = Z Zmyk (1.12)
k=1 m=0 m=0 k=1 I=1

The measure v}, is the measure of the k-step trajectories and /i, the measure of the users that receive
precisely m incoming hops; note that there is no reason that they be normalized (like for 1). Observe that
both the length £ of the trajectories and the number m of times that a user is used as a relay are random
in our model. Condition (i) expresses our assumption that each user transmits precisely one message, (ii)
says that each user serves as a relay for precisely m message trajectories for some m € Ny, and (i) says
that the relays can be calculated in two ways: according to the number of incoming hops and according to
the index of the hop of a trajectory that uses it. See Section [{.6] for more explanations and interpretations,
moreover for a modified version of our model where the assumption (i) is relaxed. By

(1.13)

- dv log %% — v(V) + »(V), if the density 9% exists,
Hv(V ’ V) — fV dv ( ) ( )
+0o0 otherwise,

we denote the relative entropy [GZ93, Section 2.3] of a Borel measure v with respect to another Borel
measure  on a measurable set V.

For an admissible trajectory setting U = (1), (pt,)3_,) we define

kmax
p(d Yy — o
E / dvg f, wherefk(azo,.. !Bk1 E fW ]a; | |), T = 0,
-

1—37z|)

(1.14)
Zm — 1) (W) (1.15)

m=0

and

Kmax Kmax 1
MOk | 116m (2— MW’“*1>—1——
;Hwk U | p® —l—;%wﬂ | pem) + p(W) Z (W) o’

(1.16)
where we recall M =) m/iy, from Definition L1Liii), and c,, = exp(—1/(ep(W))(ep(W))~™ /m!
are the weights of the Poisson distribution with parameter 1/(egu(1)). Note that according to (i) and (iii) in
L12), we have M (W) < (kmax — 1)(WW). From the representation in (1.28) below, one easily sees that
I() is well-defined as an element of (—o0, 00| and ¥ +— () is a lower semicontinuous function that is
bounded from below. A tedious but elementary calculation shows that I is convex. In Section I will turn
out to govern the large deviations of the trajectory configuration.

We fix all the parameters W, 1, £, kiax, ¥ @and 3 of the model. Our first main result is the following.

Theorem 1.2 (Quenched exponential rate of the partition function). For P-almost all w € (2,

lim %log Z7P (XM w)) = — inf (I(W) +~vS(¥) + SM(V)). (1.17)

A—00 U admissible trajectory setting

See Section for a discussion and Section [3.4] for the proof. An analogous result holds for downlink
communication, see Section
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1.4 Description of the minimizers

From the variational formula in (1.17), descriptive information about the typical behaviour of the telecommuni-
cation system can be deduced, see Sections[T.5land[1.6] Hence, it is important to derive the Euler-Lagrange
equations and to characterize the minimizers in most explicit terms. Our main results in this respect are the
following. Note that the case k. = 1 is trivial.

Proposition 1.3 (Characterization of the minimizer(s)). Let ky,.x > 1. The infimum in the variational formula
in LI7) is attained, and every minimizer U = ((v3,)F™%, (1tm)_,) has the following form.

k—1
vi(dzo, ..., dzg—1) = p(dzg) A(zo) (C(xl)M(dxl))e’”f’“(xo”"x’“*l), k € [kmax){1.18)
1

pnlde) = plde) B@) S om0 e, (119)

~

where A, B,C: W — [0, 00) are functions such that the conditions in (L12) are satisfied.

The proof of Proposition[.3]is in Section

While explicit formulas for the functions A and B can, given the function C, easily be derived from (i) and
(iiy in (C12) (see (@.10)), the condition for C' coming from (iii) is deeply involved and cannot be easily solved
intrinsically; see (4.12) — (4.14). We have no argument for its existence to offer other than via proving the
existence of a minimizer U and deriving the Euler-Lagrange equations. By convexity of I, S and M, every
solution W to these equations is a minimizer.

In case kmax = 1, the only admissible trajectory setting is ¥ = (v, (f4m)men,) With i = v1 = p and
m = 0 otherwise, therefore this W minimizes (1.17). Thus, the limiting free energy is strictly negative, it has

dy)e(|ly—o
value — [, u(@@%'

1.5 Large deviations for the empirical trajectory measure

Actually, the minimizers of the variational formula in (1.17) receive a rigorous interpretation in terms of im-
portant objects that describe the telecommunication system. Indeed, for fixed k& € [kpax] and for a collection
of trajectories s € Sy, (X*), we define

1
Rax(s) = 5 > s (1.20)

ielr: st =k

the empirical measures of all the k-hop trajectories, which is an element of M(W’“) The second crucial
empirical measure is the one of the users whose number of incoming messages is equal to a fixed number

m € Npy: )

Pam(s) =5 > b (1.21)
This is an element of M (V). Then
UA(s) = ((Ran(5))helbmar)s (Prm(5))meny) (1.22)
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A Gibbsian model for message routing 9

satisfies the definition of an admissible trajectory setting, apart from the fact that instead of (i),

ﬁ‘;"f‘ moR\k(s) = L) holds, and instead of (i), Y ~_, Pyxm(s) = L, where we recall that L, con-
verges to /. almost surely as A — oo. According to our remarks after Definition T3], Ry (s) and P ()
play the roles of v, and p,,, respectively, in an admissible trajectory setting, which explains this term. Fur-

thermore, for s € Sy, (X?), we can express the congestion term as
M(s) = AM(W,(s)).
Moreover, for the interference term we have
S(s) = AS(Wx(s)), (1.23)

where we typically do not have an equality, because the interference terms in G are taken w.r.t. L, while
the ones in S are taken w.r.t. . However, since L tends to i almost surely, this difference vanishes in the
limit, see Proposition 3.2

We consider now the distribution of W (.S) with S distributed under the product reference measure intro-
duced in (1.4), normalized to a probability measure, Pg’gﬁ; note that the normalization Zg’O(XA) is equal
to kgéi) Our next main result is a large-deviation principle (LDP; see ({.25)—(1.26)) and the convergence
towards the minimizers of the variational formula.

Theorem 1.4 (LDP and convergence for the empirical measures). The following statements hold almost
surely with respect to (X ™) \o.

(i) The distribution of W, (.S) under Pg’g( \ satisfies an LDP as A\ — oo with scale )\ on the set

kfmax

A= ( 11 M(W’“)) x M(W)No (1.24)
k=1
with rate function given by A 5 W +— [(V) + p(W) log kmax, which we define as oo if W is not an
admissible trajectory setting.

(i) Forany~y, B € (0,00), the distribution of ¥ (.S) under P}i , converges towards the set of minimiz-
ers of the variational formula in (117).

For the reader’s convenience, we recall that the LDP states that the rate function I + p(W) log kpax is
lower semicontinuous and

1
lim sup 3 log Pg’go (UA(S)e F) < — i%f (I+ (W) 10g kmax), (1.25)
A—+00 ’
.. 1 0,0 .
ll)I\I_l)loglf X log Py (Wa(S) € G) = — Hclzf (I+ (W) 10g kmax), (1.26)

for any closed set I' and any open set (7 in A. See [DZ98] for more on large deviation theory. On A, we
consider the product topology that is induced by weak convergence in each factor; this is equal to coordi-
natewise weak convergence, see Section [3.3]for more details. Convergence of a distribution towards a set is
defined by requiring that for any neighbourhood of the set, the probability of not being in the neighbourhood
vanishes.
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The proof of Theorem [L.4{i) is in Section Assertion (ii) is a simple consequence of (i), since the
functionals S and M are bounded and continuous on the set Bo = {¥ € A: M(V) < C} for any C,
and B is compact in A (see Lemma [4.). Denoting the level sets of the rate function I + 11 10g kpax by
P, ={V e A: (V) + p(W) log kmax < a} for @ € R, we see that &, N B¢ is compact for any « and
C'. Thus, Varadhan’s lemma can be applied to prove the assertion (ii).

1.6 Discussion
1.6.1 Mathematical essence

Going away from applications in telecommunication and formulating in more abstract terms, this work is
about a large-deviation description of a disintegration of the local times of a highly dense family of random
trajectories in R according to their number of hits in given sites. More precisely, we register the total number
of steps into a given site x coming from all the random trajectories, seen as a measure in x and disintegrated
according to this total step number. The reason why one has to introduce the measures ji,,,, m € Ny, is that
the number of users receiving a given number of incoming messages cannot be expressed in terms of the
trajectory measures in a way that is continuous in the weak topology when taking the limit A — oc. Indeed,
it is possible to write, for each fixed A > 0, the empirical measure P, ,,, as a functional of the collection of
the empirical trajectory measures R) i, k € [kmax], but this functional is highly discontinuous. In the high-
density limit, sites standing close to each other are identified with each other in the weak topology, and their
distinctness is washed out. On the other hand, after the introduction of the measures P, ,,,, the congestion
term is a lower semicontinuous function of them and can be handled in terms of an LDP.

We demonstrate the practical value of our analysis by an application to certain relevant functionals of both
the trajectory family and the local time family. It is clear that our results persist to many other choices of
these functionals; essentially to all (lower semi-)continuous and bounded ones. Our approach will be fruitful
for many other investigations of such mathematical models also in quite different applications.

1.6.2 The SIR term

In a mathematical description of a telecommunication system, one typically requires that the signal-to-
interference ratio be larger than a given threshold, in order that the signal can be successfully transmitted.
However, our model is designed in the spirit of a common wealth approach, where we do not want to con-
sider any single message, but the total quality of transmission in the entire system. This quantity is the sum
of all the reciprocal values of the SIRs of all the (hops of the) messages. It is exponentially weighted with a
negative factor, which “softly” keeps all the SIRs at positive values on an average.

The choice of the reciprocals of the SIRs comes from the fact that the bandwidth used for a transmission
is defined [SPWOQ7] as
R

logy(1 + SIR(-))’

where R is the data transmission rate, and SIR is defined as in (1.5) without the factor of % In the high-
density setting A — oo that we study, this quantity can be approached well by (a constant times) the
reciprocals of the SIR. [SPWO07, Section 3] suggests that in case of multi-hop communication, the used
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bandwidth equals the sum of the used bandwidth values corresponding to the individual hops, which explains
our choice of the sum over [ in (L.7).

Note that the conventional definition of interference of a transmission from X; to z is Dy, 1 £(|:X; —
x|), in contrast to our definition in (L.5), where we added a factor of % According to this convention, we
should say “total received powerinstead of “interference”, cf. [KB14] Section I.]. As we are interested in
the limit A — oo, where it makes no difference whether or not we add ;/(|X; — z|) to the denominator,
we will stick to our expressions “SIRand “interference". However, note also our additional factor of 1/,
which we think is appropriate, at least mathematically, to our setting, in which we consider the high-density
limit A\ — 0o0. We actually weight the “usual” SIR term by the density parameter. The interpretation of the
appearance of the factor of 1/ is that, in order to cope with an enormous number of messages in a system
with one base station and a fixed bandwidth, one can either distribute the messages over a longer time
stretch or decompose the messages into many smaller ones, and the factor of 1/ is a crude approximation
of a combination of these two strategies.

1.6.3 Downlink communication

In the downlink scenario, instead of users sending messages to the base station, the base station sends
exactly one message to each of the users, using the same relaying rules. One can define a Gibbsian model
analogously to the one defined in Section [1.2] now for trajectories from o to X; instead of the other way
around. The SIR term and the congestion term have to be redefined in an obvious way. We are certain that
analogues of all our results are true and can be proved in the same way, hence we abstained from spelling
them out.

1.6.4 Sending no or multiple messages

All our results can be extended to the possibility that users send no message or multiple messages. This
models the standard situation in which large messages are cut into many smaller ones, who independently
find their ways through the system.

For this, we have to enlarge the trajectory probability space: to each user X; € X*, we attach the
number P; € N of transmitted messages, and for each j € {1,..., P}, there is an independent tra-
jectory X; — o. The empirical trajectory measure I?,; must be augmented by these trajectories. The
main additional assumption then is that ZZI:}X mo Rk converges to some measure iy € M (W) with
0 # po < p. Then the Definition [T.7] of an admissible trajectory setting W = ((vk)k, (ftm )m) changes so
that now Zzi‘}" ToVk = [ is required instead of (i) of (1.12). ((ii) and (iii) remain unchanged, since they
refer only to the number of relaying hops.) Furthermore, in the definition (I1.16) of the rate function I, in each
summand of the first of the three terms, © must be replaced by (i, while the two others remain unchanged.

The SIR term also has to be changed. The number P; can be interpreted as a signal power of the user
X;. Thus, according to [BB09, Sections 2.3.1, 5.1], the SIR of his transmission of a message to x € W
should be defined as follows
_ (X a])P,

X 2jen UIX; — )Py
One could also incorporate (possibly random) sizes of the messages, which would require an additional
enlargement of the trajectory space.

SIR((XM R), xz, (Xj7 Pj)jel*)
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1.6.5 Interpretation of the variational formula

The interpretation of an admissible trajectory setting W = ((v3,)F™%, (11,)_,) is given after Definition L1
they play the role of the empirical measures introduced in Section[I.5 For each k, the term fi.(zo, . .., Zx_1)
describes the SIR-term of the k-step trajectory (z, . .., 2x_1), and | fx dvy is the average SIR-term of the
admissible trajectory setting. For each m, the term %m(m — 1) (W) is the linear rate (in \) of the
number of pairs of incoming messages experienced at users who receive precisely m incoming messages.
The entropic term I in (T.17) describes the entropy of the choices of the indices 7 of the users X; and the
indices j = 1,..., K; — 1 of the relays S} of the trajectories S°; it can be understood as the exponential

rate of counting complexity.

For a measurable set V and for v, 7 € M(V'), let us write

- d -
Hy(v|v) = /Vdu log d_;’ if v < vV and oo otherwise. (1.27)

Note that Hy (v | 7) = Hy (v | ) if (V') = v(V). Thus, we have

(W
[(V) = Hias] (( ) o ) + (W) Hn, ((Mﬂ(g/v))>meNo POl/(emw»)
— M(W)lo g%—é (1.28)
+ 3 W He @l e ) ST (W) Hi (| 12).
k€[kmax] meNy

where we wrote N = N/N (V) for the normalized version of a measure N on a set V, Po,, for the Poisson
distribution on N with parameter «v and ¢ for the counting measure on [k:max]. The terms on the r.h.s. in the
first line are entropies for the trajectory length and the number of incoming messages per relay with respect
to natural reference measures. The terms in the last line are entropies for the distribution of the trajectories
and of the locations of the relays that receive a given number of incoming messages. From (1.28) it is easy
to see that I is bounded from below, using Jensen'’s inequality and the finiteness of the counting measure on
[kmax)- (From the LDP in Theorem [T.4(i), one obtains that inf I = — (W) log kpax-)

1.6.6 Interpretation of the minimizer(s)

Proposition[1.3]tells us quite some information about the limiting trajectory distribution and the limiting spatial
distribution of users with a given number of incoming messages under the measure PK ’fﬁ Indeed, both
have densities that are u®’“-almost everywhere positive. It is remarkable that the k-step trajectories follow a
distribution that comes from choosing independently all the k sites with measures that do not depend on &
(the starting point according to A(x) x(dx) and all the other k— 1 sites each according to another measure),
weighted with the SIR-term. Furthermore, all the measures of the users receiving m messages superpose
each other on the full set supp(u), and at each space point x, this number m is distributed according to

some Poisson distribution, weighted with the congestion term e ~#7(m—1),
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1.6.7 Non-Poissonian users

In fact, the main results of this paper hold for any collection of (random or non-random) point processes
((Xi)i=1,...N(3))as0 on W for which L = %Zﬁ({\) dx, converges weakly (almost surely, if random) to z
as A — oo. Neither the independence or monotonicity in A, nor the Poissonity of (INV(A))xso is used for
the proofs. For example, our results remain also true for the deterministic set X* = W N (%Zd) and u the
Lebesgue measure on V.

1.6.8 The annealed setting

Of mathematical interest might also be the annealed setting, where we average also over the locations of the
users. In order to get an interesting result, we have to assume that L) satisfies a large deviation principle
on the set M (W) with some good rate function .J. (In the case of a Poisson point process with intensity
measure A\u, J would be [HJPT6], Proposition 3.6] the relative entropy with respect to p, see (1.13).) Then
the large-\ exponential rate of the annealed free energy should be equal to the negative infimum over
o € M(W) of J(po) plus the quenched rate function terms from the right-hand side of (L17) with u
replaced by 1o everywhere. Also our other results on the LDP and the form of the minimizer(s) should have
some analogue, which we do not spell out.

2 The distribution of the empirical measures

Having seen in Section that the Gibbsian model can be entirely described in terms of the trajectory
setting W, (s), i.e., of the crucial empirical measures R) j(s) and P ,,,(s) defined in (L20)—{21), we
now consider the question how to describe their distributions. We have to quantify the number of message
trajectory families s that give the same family of empirical measures. The plain and short (but wrong) answer

is
)3 [y = @
N | |

SESkax (XN Ry k(8)=vg Yk, Py m(s)=pm Ym  icl*

where we recall I(V) from (1.76) and recall that ¥ = ((Vk)ke[kmax]s (Hm)men, )- From such an assertion,
it is indeed not far to conclude Theorem but the problem is that this statement is not true like this.
Actually, there are very many W’s such that the left-hand side is equal to zero, for example if any of the v’s
or [iy,’s has values outside %No. However, if we do not consider single W’s, but open sets of W’s, then the
idea behind (2.3) is sustainable. Therefore, we proceed in a standard way by decomposing the area W into
finitely many subsets and count the message trajectories only according to the discretization sets that they
visit. In Section we introduce necessary notation for carrying out this strategy, and in Section we
derive explicit formulas for the distribution of the empirical measures in this discretization.

For the purpose of the present paper, where we consider the high-density limit A — oo, we later need
to take this limit and afterwards the limit as the fineness parameter ¢ of the decomposition of 11/ goes to
zero. The outcome of these parts of the procedure is formulated in Proposition [3.3] In Proposition [3.2] the
consequences for the interference term and for the congestion term are formulated.
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2.1 Our discretization procedure

Let us now head towards the formulation of the discretization procedure. We proceed by triadic spatial dis-
cretization of the Poisson point process (XA)DO, similarly to the approach of [HJKP15]. To be more precise,
we perform the following discretization argument. Note that we may assume that our telecommunication ter-
ritory W is taken as W = [—r, r|¢, by accordingly extending y trivially. We write B = {37"|n € Ny}. For
0 € B, we define the set

Ws = {[x — 70,2 +7r0]": . € (2r6Z)* N W}

of congruent sub-cubes of W of side length 276 and centers in (2r67Z)%. Note that IW; is a finite set, o is a
center of an element of I¥/5 and any intersection of two distinct elements of W5 has zero Lebesgue measure.
Elements of W5 will be called §-subcubes. We will assume that for all § € B, the J-subcubes are canonically
numbered as Wf, R Wf,d, which can be done e.g. according to the increasing lexicographic order of the
midpoints of the subcubes. For j = 1,...,679, let C’(Wf) denote the centre of the d-subcube I/Vf. Now,
for Lebesgue-almost every x € W, for all & € B there exists a unique VV;S that contains x; let us denote this
W) by W, and the set of all = € W for which Wy is well-defined by 1. For such z, the d-discretization
operator is defined as gs5: x + C(W§£). We will often use the simplified notation 2° = 5(z).

Now, if v € M(W), then forany § € B, 1% = v o g;' is an element of M(W;) with the property
V(W0 = v(W)),Vj =1,...,6 % Note that M(Ws) = [0, 00)"?, which can be embedded in R"s.
Thus, weak convergence in M (Ws) is equivalent to norm convergence. On the other hand, if v € M (W)
for some d € B, then v defines an atomic measure on W that has the same weights on each Wf as v and
no mass anywhere else. Throughout the rest of this paper, we will denote this measure on W the same way
as v, for simplicity. We proceed analogously for W*, k € [kp.y] instead of .

Now we are able to define what a standard setting is, the interpretation of which will be given right after
the definition. For any set X, let P(X') denote the power set of X.

Definition 2.1. A standard setting is a collection of measures

max max 67>\ max
U = (), (D )ses, ()5 seamo, on
2.2

(Mm);f:m ((lufn)?rj:O)tSEIB% ((/ﬁi%/\)fnozo)éeﬂ,»o, (Md’/\)éeB,»o)

with the following properties: For any 0,0" € B, A > 0, k € [kmax), m € Ny and s, sg,...,Sk_1 =
1,...,07% respectively,

1 1> € M(W), with the property that the event { L} = 11>} has positive probability,

28 <86 = poMpawy) = puo,

S A=

3 ust = pu

5
4 1’ = po o5 Inparticular, ji° 249 s

5 10 € M(W*). Further, we have S_F™% vl = 1o, moreover/\z/,f”\(V[/‘s0 X...xW?2 ) eN,.

= S Sk—1

6 5, S 6 e V]i 7)\|7j(v[/(éc) - Vz’)\
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5, A—=00
7y = 1/,‘2,
_ . 510
8 V) = 0(0s,...,0s) . Inparticular, v} == v,

9 vo* € M(W) with the property that > o, 12> = 11, moreover A\uZ}(W?) € N.

kmax
10 Zm Omum - Zl 1 lek ’

11 5’§6:>uf,'ﬁ

P(Ws) — th)\’

12 pf) =2,

5
13 118, = lm © 05 . In particular, 113, i L.

Let us introduce also the empirical measure

1
= Piul(s) = 5 D 6. 8 E Sk (XY, (2.3)

me&Ng i€IN

The interpretation of a standard setting W is the following:

(i)

(ii)

(i)

For A > 0 and § € B, u®* is the d-discretized version P!(s) of the empirical measure P, (s) of any
configuration s € Sy, (X?); recall that this coincides with the empirical measure L of the Poisson
point process X * of users defined in (L) by means of our assumption that each user is picked precisely
once in such a configuration. The consistency criterion (2) ensures that /fs’* = Pf(s) for the same s.
Forany § € B, 1>* converges to the J-discretized version 10 of fu.

If % corresponds to the discretized version of the rescaled empirical measure of the transmitters,

then V,f’A equals the J-discretized version R‘ik( ) of the rescaled empirical measure R) j, of the k-hop

trajectories, related to L via the constraint Zim‘"‘l" 7T0V2)\ 1> in (B), which means that each user

sends out exactly one message. Again, we have a consistency relation (8), which ensures that for any
A> 0and k € [k, 127 = RS . (s) for the same s for all § € B. For fixed § € B and k € [Kmax),
1/,‘}A converges to 1/,‘3, and the I/,f’s are the corresponding d-discretized versions of a limiting (continuous)
measure v}, describing the asymptotic spatial distribution of k-hop trajectories.

Finally, for any m € Np, A > 0 and § € B, 12 equals the J-discretized version (L3*)° of the rescaled

empirical measure
L= Y oy
i€IN: m;=m

of the spatial locations of users receiving exactly m incoming messages. The constraint Zm 0 um =
p® in @) means that each index i € I* belongs to exactly one of the sets {i € I*: m;(s) = m},
while the constraint Y07 mu® = S SV 1m0 means that the total number of relaying hops
taken by all users equals the total number of incoming messages received by each relay, on any subset
of Ws. The consistency relation (1)) ensures that for any /\ > 0andn € N, ,u“ P‘s . (s) for the
same s for all & € B. For fixed § € B and m € Ny, u®* converges to 1%, and the 1l,’s are the
corresponding d-discretized versions of a limiting (contlnuous) measure [, describing the asymptotic
spatial distribution of m-hop trajectories.
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Note that the condition () in Definition 23] in particular implies that forany A’ > A > 0 and 0 € B we
have
NN (A) > MPrMA), YA C Wy

as a direct consequence of the fact that almost surely, (X)‘),\>0 is increasing.

Since in the definition of an admissible trajectory setting it is not required that 11,,, (W) > 0 holds only for
finitely many m, we will often need the following notion of controlled standard setting in order to perform our
large deviation analysis.

Definition 2.2. A controlled standard setting is a standard setting WV as in 2.2) with the following extra
property:

2 6)\
ILH;oZm Zm (Ws) < oo, foralld € B. (2.4)

Note that by part (8) of Definition 23] we have ZZZT‘ kvd(WE) = kadx kv, (W*) for any standard
setting. Using this, we have the following lemma.

Lemma 2.3. Let U be a controlled standard setting as in 22). Then ¥ = ((v4)i™s, (1m)3_,) is an
admissible trajectory setting.

Proof. Part (8) of Definition 2] claims that for all § € B and A > 0 we have 1™ o0 = 1%, By

parts (3) and (@) of Definition 2.7}, we have limg o limy_, o, Vg = v, in the weak topology of M (W*), for
any fixed k& € [Kuax]. Similarly, by parts (@) and (8) of Definition 2] we have limgg limy o0 p®* =
i in the weak topology of M (WV'). Moreover, since taking marginals is a continuous operation also
limg o limy o0 mw,‘z’A = mov for all k in the weak topology of M (W). Thus, we have (i) in (T12) for
()= In order to see that (i) holds for (fi,)_,, one can use part (@) of Definition [ﬂl together with
(2.4) and dominated convergence. Finally, by part (10) of Definition[2.3] (2.4) in Definition 2.2]and dominated
convergence, we see that for any controlled setting ¥, we also have

o o kmax k—1 kmax k—1
. 5 . .
mpy, = lim E mpd. = lim lim E m = lim lim E 7rl1/ = E g TV
Z fm 510 Fom 510 A—oo i 510 A—oo k
m=0 m=0 k=1 I=1 k=1 l=1

in the weak topology of M (). This implies (iii) in (T12) for ¥. Hence, ¥ is an admissible trajectory
setting. O
2.2 The distribution of the empirical measures

In this section, we describe the combinatorics of the system. For a standard setting W as in Definition 2.1]
let us introduce the configuration set

TNW) = {5 € S (XN | RL4() = v Y, P (s) = piy) ¥im | 2.6

forfixed 0 € Band A > 0. In words, J‘”(E) is the set of families of trajectories such that the d-coarsenings
of the empirical measures of the trajectories and the hop numbers are given by the respective measures in
the setting W. Note that J‘M(g) depends only on the §-\ depending measures in the collection W.
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In case ;> (W) > 0, we will refer to the entity s8,i = 1, ..., \u®*(W;) as the ith user or ith transmitter,
the entity s*, 7 = 1,. .., )\,u‘S’A(W(;) as the trajectory of the ith user, s’ | as the length (number of hops) of
s', st asthe [-th relay of s* (for [ = 1,...,s", — 1), finally m;(s) as the number of incoming messages at
the relay si).

The combinatorics of computing #J‘”(g) is given as follows.

Lemma 2.4 (Cardinality of J>*(¥)). For any §, A > 0, and for any standard setting ¥,

# N (V) = Ng,\( )XNM( )XNa,\( ), (2.7)
where
5 d
AP (W)
N;, (O) = < - ), (2.8)
" =1 )\Vg)\ W(S X W(S - X Wzi 1))?1,.%.,1‘16_1:1)]]22?
5—d
)\ oA Wzi
’ L1\ (i (WF))meno
N2 W) - 51_[ ()\kadx Zl 1 7Tle( ))! B 5—d ()\Zi:omﬂm(mé))! 210
A= _ pale H;.jzo m!/\“m(Wi) - Pl Hf;): m'A“m(W{S) . .

Proof. We proceed in three steps by counting first the trajectories, registering only the partition sets Wf that
they travel through, second, for each m € Ny, the sets of relays in each partition set that receive precisely
m ingoing hops and finally the choices of the relays for each hop in each partition set. Since every choice in
the three steps can be freely combined with the other ones, the product of the three cardinalities is equal to
the number of all trajectory configurations with the requested coarsened empirical measures.

(A) Number of the transmitters of trajectories passing through given sequences of d-subcubes. For each
configuration s € J%*(¥) defined in (@.8), in each J-subcube W7, i = 1,...,07% there are

3
AP (W?) users. Out of them exactly Avp™ (W7 x W7 x ... W ) take exactly k hops, having
their first relay in T, their second in W) etc. and their (k — 1)st relay in W7, forany k € [kpax]
and i1,...,i5_1 = 1,...,0~% Such choices in different sub-cubes Wf corresponding to the trans-
mitters are independent. Thus, the total number of such choices equals the number N(S{)\(g) defined in

@:8). Note thatfori = 1,...,67¢,

kmax kmax
> Z VAW X W x o ox W) =Y mqpNWP) = iAW),
k=1 i1,...,0_1=1 k=1

where we used part ([B) of Definition 2.1} hence the multinomial expressions in (2.8) are well-defined.

(B) Number of incoming messages. In this step, for any d-subcube Wf , we count all the possible ways to
distribute the incoming messages among the relays (= users) X; € W5 under the two constraints
that in W7 there are A\pu®*(W7) potential relays, and for any m € Ny, exactly \u®*(W?) receive
precisely m incoming messages. Such choices are clearly independent of each other for different o-
subcubes. Hence, the total number of such choices equals the number N(%A(g) defined in (2.9). Again,
the constraint (9) from Definition[2.3limplies that the multinomial expression (2.9) is well-defined. Clearly,

all choices in this part are independent of the choices in part (A).
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(C) Number of assignments of the hops to the relays. Assume that we have chosen one possible choice in
part (A) and one possible choice in part (B). We now derive the number of possible ways of distributing,
for any ¢, all the incoming hops in Wf among the users in Wf. Let us call this number M;, then we
know from part (&) that M; = A S S™F 1, (W), since each such hop is the I-th of some of
the trajectories for some [. The cardinality of the set of relays in Wf is equal to A Z:j:o um(W{S), and
in part (B) we decomposed it into sets, indexed by m, in which each relay receives precisely m ingoing
hops. Let us call such a relay an m-relay. Think of each such relay as being replaced by precisely m
copies (in particular those with . = 0 are discarded), then we have A Y>> mui,,,(W}) virtual relays
in Wi‘s. ( Note that this is equal to M; by one of our constraints.) Now, if all these m copies of the
m-relays were distinguishable, then the number of ways to distribute the M; ingoing hops to the relays
would be simply equal to M;!. However, since these m copies are identical, we overcount by a factor of
m! for any m-relay. This means that the number of hops into W is equal to M;!/ H;’fzo(m!)’\“m(wf).
Since all these cardinalities can freely be combined with each other, we have deduced that the number
of possible choices is equal to the number Ng/\(i) defined in (2.10).

We also see that all the choices in the three parts are independent of each other, i.e., can be freely
combined with each other and yield different combinations. Hence, we arrived at the assertion. O

3 The limiting free energy: proofs of Theorems 1.2 and 1.4

In this section, we prove Theorem[1.2] that is, we derive the variational formula in (1.17) for the high-density
(i.e., A — 00) exponential rate of the partition function. Our first step is to derive the large-\ exponential
rate of the combinatorial formulas for the empirical measures of Lemma[2.4]in Section Furthermore, in
Section [3.21 we formulate and prove how the interference term and the congestion term behave in the limits
A — 00, followed by d | 0. In Section given an admissible trajectory setting, we construct a standard
setting containing it. Using all these, in Section [3.4] we prove Theorem

For the rest of this section, we fix the set {2; C €2 of full >-measure on which we do our quenched
investigations:
0, = {w €Q: X,(w) € Wy Vi €N,

e Pw): X, 5 31
i U E W) Xifw) € WF} W(W9), ¥j=1,...,67% V6 e IB%}.

A—r00 A J

That P(€2;) = 1 holds follows immediately from the Restriction Theorem [K93, Section 2.2] combined with
the Poisson Law of Large Numbers [K93, Section 4.2] and the fact that p is absolutely continuous.

3.1 The asymptotics of the combinatorics

Let us fix a controlled standard setting ¥ as in (2.2). Fix any w € {21, and let the quantities I and X refer

to this w. Denote
69 kmax k—1

N (@) = [T TT TT vy ovo, (3.2)

i=1 k=1 [=1
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Recall the notation Hy (- | -) from (T.27) and ¢,,, = exp(—1/(ep(W))(ep(W))~™/m! from [I6). Note
that the rate function I defined in (1.76) has also the representation

kmdx

Z Hye (v, | %) — (Zmum’ ) + ZHW(um | pem) +p(W) —1 — l, (3.3)
m=0

e
k=1

which we are going to use here. We now identify the large-\ exponential rate of the cardinality of J‘”(E)

both on the scale A log A and A:

Proposition 3.1 (Exponential rates of counting terms). Let W be a controlled standard setting. Let us write
kmax
U= ()25, ()=o) - We have

#Jé,)\ (g)
NEA(E)

as an equality in 0, co]. Moreover if I(¥) < oo, then

lim lim <1
310 A0 08

kmax

: : 1 5, _ k
lim lim MOgAlog#J (¥) = ;(kﬁ v (WF) Zmum 00,

almost surely.

Proof. Recall that W is an admissible trajectory setting, according to Lemma 2.3 In particular, [(V) €
(—o0, o0] is well-defined.

We use Stirling’s formula Al = (A/e) ) in the limit A — oo, which leads to

lim -1 at 0 log
m 0 = — a; log — 3.4
Aroo A g(a(lk),...,aw) ;Z & 34)
for any integers a{”, ..., a$ that sum up to o™ and satisfy 1 a® "2 a;fori = 1,...,n with positive
numbers aq, . . ., a, satisfying dora; =a.
From (2.8) we obtain that
1
1) =~ 1im L log N, ()
0o A
~ hmax 07 WX WS x ... x W )

g
— g g d 5 7 i1 i
=20, 2 AW X Wi x Wi )log R

where we also used that all the measures l/]i’)\ and ,u‘“ converge as A — oo to V,f and ,u‘s, respectively.
Now we add the term Hz LM (Wg) both in the numerator and the denominator under the logarithm and

separate these two terms. In the former, we write its logarithm as Z;:ll log ;ﬁ(Wi‘j), interchange this sum
on [ with all the other sums on the iy, . . ., 71 and write the sums over iy, ..., %1, %41, -, %k_1 in terms
of the [-th marginal measure of /9. This gives

5~k 54 5 (1176 5 5
2 va (W9 x Wy, X WE )
L) => > (W X Wi x o x W) log - L
i=1 k=1 41,....ip_1=1 (W)HA:“(W)
¢ kmax k—1
+ Z Zmyk W) log b (W7). (3.5)
i=1 k=1 I=1
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In the same way as for I?, we obtain

2 U 5 5 M5 (Wé)
I3(¥) = — lim + Llog N2, (2) = 375 4, (W) log S (36)
i=1 m=0 ?

Using (3.3), on ©; we have that the asymptotic behaviour of 3.2) is the following
N(g])\<g) = N(A))‘Ef;f kaax El 1 ﬂ'lI/k (W(s) - ()\u(w))k(l—ko(l))z ZZmax Zl 1 ﬂ_lyk (W(S)

On the other hand, also by Stirling’s formula, we can identify the large-\ rate of the quotient of the counting

terms in (2.10) and (3.2) as follows:

(W) = — lim < lo Nia(D)
o T TR gNM(g)
- A e , 7r/1/ f
y h ey Sk S A (W) ) S S e )
=—lim —lo
seo e T .
6™ kmax kK'—1 Emax k—1 (3-7)
=— Z Z Z T (W, <log Z Zmyk W) — (1 +log p(W)))
=1 k'=1U'=1 k=1 1=1
)
+ 2> (7)) log(md),
i=1 m=0

where for the last term we used the fact that W is controlled (see also Lemma 2.3), together with dominated
convergence. We can summarize the sum of the terms in (3.5), (8.6) and (3.7) as

1 #Jé’/\(g) 1 2 3,0
—Ah_{goxlogw = I5(V) + I5(¥) + Iy ()
k 5—d 5 5 5
ey v (W . x Wi
:Z Vg(WiiX---XW/ii_l)IOg (W m—— 61’“ )
k=1 0,...,i—1=1 Hl:o 2 (VI/,”)
(57‘1 [e’e} 5 5
+ DDt (W) log B (3.8)
i=1 m=0 5<W1 )
57d kmax k—1 k?max
mV
_ ( WlVg(Wi6)> log Zl(é{/é; k( )
i=1 \ k=1 I=1 (
+ >, (Ws)[m(1 + log (W) + log(m!)]
m=0

where in the first line on the right-hand side we changed the summing index ¢ into zy. Since we have

D up(Ws) =D (W) = p(W),
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and thus

m W’L 1
S5 (1) log L) <(W5>) (m(1-log (V) -Flog(ml)) = 3 M, (1, | 1 c)-+uW) =1,
=1 m=0

m=0
we obviously arrived at the discrete version of the entropy terms in (3.3).
Now we argue that taking the limitas ¢ | O through § € B, yields the desired entropy terms in (3.3). Letus

begin with the first line on the right-hand side of (3.8). For § € B, let us define (1)) with 1) € M(W*)
as follows,

54 5 (1170 B
V}lj = ,u Z ]lwa Wo Vk(vvio X WZ’“ 1>
X... X 9
1055l —1=1 et M®k(m/£) - X Wii 1)
so that for all &,
5 ¢ 5 (1A/6 5
v W- . X W/
HeOf |19 = Y ol x W) log ™ Vi)

i0yeensip_1=1 l 0 (W )

Now, 1/} 9 also converges to v in the weak topology ofM(Wk) for all k. Therefore, by lower semicontinuity
of the relative entropy (cf. [DZ98| Lemma 6.2.12 and Theorem D.12])

km X K} 5 5 km N
- vp (W x ... x W) -
im i 5 5 i in1 ok
h%nfz Z va(Wi x...x W _)log (W6> > Hye(ve | 1) (3.9)
k=1 i0,...,ixg—1=1 l 0 —1
On the other hand, by part (6) of Definition 2.1, for any §',6 € B, ¢’ < ¢, we have

5 (1170 & (1r70 8 (1r76' . —d
(W) = vy (WY) = Z vp (W), Vi=1,...,07"
JE{L,.0- 4} W' Cw)
Therefore by Jensen’s inequality, the complementary bound for lim supy( follows, such that the limit exists

with ‘=" instead of ‘>’. Similarly, we have the convergence of all the other terms on the right-hand side of
(3:8) to their continuous counterparts. Indeed, using that by Lemma[2.3] ¥ satisfies (T.12)(iii), we conclude

that .
o kmax k—1 kmax k—1 ) oo
. 51176 k=1 2Ji=1 Wle(W ) B
iy 5 (55 5 moty ) e ZEZEAAOD i (S 1),
i=1 \k=1 I=1 m=0
Finally, we have

= - 1
. 5 1,6
15{82_:0”% (4, | 1oem) + (W) — 1 — = E_:OH o | piem) + p(W) =1 = - (310)
The first part of Proposition [3.1] follows.
Moreover, if I(¥) < oo, then we have by continuity
lim 1i 1 2 () = lim i log Ny
ML, Xl oe T () =l lin Srogn s N
kmax k—1 679 kmax k—1 Emax
im lim 2_) ZZw (w?) Z ;mwv) Z( Juk(WF) € [0, 00).
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where in the last equality we used that by Fubini’s theorem, movy, (W) = vx(WF) for all k. Hence, the
second part of Proposition [3.7] follows. O

3.2 Approximations for the interference and the congestion terms

The limiting relations between the congestion terms in (1.9) and ({{.15), and between the SIR terms in {1.7)
and (I.14) are given as follows.

Proposition 3.2. Let ¥ be a controlled standard setting. Let us write V. = ((uk)’,jm?, (tm)S0_,) for the
admissible trajectory setting contained in V. Then

lim lim su ’— — M(V¥ ‘ =0, 3.1
610 A—o0 s€.Jb, P ) ( )
and

lim lim su ‘— — ‘ = 0. 3.12
640 A—oo se.Js, P‘Il) ) ( )

Proof. First, we consider the congestion term. Consider some s € J%*(¥) for A > 0 and § € B. Addition-
ally assume that s: € Wy foralli € I* and [ = 0, ...,k (which is always the case for s = (S%),c;x on
).

Then P{(s) = p** and P, (s) = pd; for all m € Ny, see the definition @8) of .J**(¥) and 22).
Recall that m;(s) is the number of ingoing messages at relay X; for the trajectory configuration s. Hence
we have

iel* m=0 m=0
=Sl — DLW = A mm — 1),
m=0 m=0

for all such s. Now, (2.4) in Definition 2.2] together with the fact that the total mass of u; equals the one of
I for any m, implies the assertion in (3.119).

We continue with the SIR term. We start with defining discretized versions of SIR-related quantities. Let
d € Band py € M(W5s) be arbitrary. Then one can define a -discretized analogue of the definition (1.6)
of SIR with a discrete interference term taken with respect to some measure i, as follows

(1€ —nl) (1€ —nl)
S, €0C = nDmo(dS) — S pp(wiye(jC(we) — )’

SIR5<€7 7, /LO) 5777 € W57

where we recall that C’(Wf) denotes the centre of the d-subcube Wi‘s. Furthermore, we define a J-
discretized version of the function fi(, %o, ..., Tx_1) = fx(To, ..., xk_1) defined in (L14) by

k
f’(g<u07§07 cee 75]6—1) - Z SIR5(€I—17 gla Mg)_la Ho S M(W)7£07 vee 7£k—1 € W57
=1

where we used the convention that all 7;-indexed sites are equal to the origin o, i.e., C(W{i) =0 =&
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Towards the proof of Proposition [3.2] let us fix an arbitrary controlled standard setting W. Our goal is to
prove that holds for this W. Note that for an admissible trajectory setting ¥ = ((l/k)’,jmff‘, (m)S0_0),
S() depends only on (u)k=%; observe that all SIR-related quantities in this paper depend only on the
trajectories, but not on the numbers of incoming messages at the users.

Now for 6 € B and A > 0, we define the following discretized analogue of &(-), which corresponds to
the case P{(-) = 4™, and RS () = v, Vk € [kmax), i.e., to configurations with empirical measure of

users corresponding to pf“ and empirical measure of trajectories with exactly £ hops corresponding to 1/2”\
forall k € [kmax):
kmax
Ssa(T Z/ Mdgo, ..., A& 1) LW oy En). (3.13)

One easily sees that if s € Sy, (X?) is such that si € Wy for alli € [*andl = 0,...,k, and it holds
that s € J (), in particular P{(s) = p®* and RS ;,(s) = v for all k € [yax), then we have

S X p Ll (sg! V6 Pl
Soa (¥ ZZ 2 AZZET(S;_%(a _) _—ZZSIR(; si)P, (s)P, Pi(s))

S
kllllep‘sL —k (s)°l el 1=1

(3.14)

where we recall the notation 2° = g5(z) for x € Wp.

Now, since (3.14) is true for all s € J**(W), further ¢ is continuous and bounded from below, moreover
y,i’A converges weakly to 1/, as first A\ — oo and then ¢ | 0 (what one easily sees using parts (Z) and (8) of
Definition 2.1), we conclude that the following holds.

Lemma 3.3. Let ¥ be a controlled standard setting. Then,

1
lim lim su Ssa(¥) — =G6(s)| = 0.
810 =00 oo 75, R\p) | sA (L) A ( )‘

Having Lemma[3:3] the proof of Proposition 3.2 reduces to proving that lims o limy o S5 (¥) = S(V)
for W satisfying the assumptions of the Proposition. Now, for fixed 0 € B and k € [kyax|, by the continuity
of Ws = R, &= [, £(dy)(ly — [) and part (3) of Definition 2.1} we have

/\ILHSO fé(/fi)\a 507 s 75’6*1) = f§<u5> 507 cee 7&6*1)7

uniformly in &, ..., &k—1 € W. We thus conclude that

max kmax
Z/ dg(]""7d§k—1>f§(:u6’)\7§07"'7§k—1) )\——>>oo ;/I/'Vék Vg(dé[)?'"7d§k—1)f5<:u67§07'"7§k—1)'

(3.15)
Using this assumption and also part (8) of Definition (2.1) together with the boundedness and continuity
properties of /, it follows that we have

kmax

kmax
lgﬁ)l/\lggo V <d€07" , A&k l)fk(ﬂ 0y k1) Z/ vi(dwo, . .., dag—1) fr(dzo, . . ., dzg—1).

(3.16)
Thus, the proof of Proposition [3.2]is finished. O
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3.3 Existence of standard settings

Recall that we equip A defined in (1.24) with the product topology of the weak topologies of the factors
M (W*) and that this is the topology of coordinatewise weak convergence. For k € N, let d(,-) be a
metric on M(W’“) that generates the weak topology on this space. Then,

kmax

do(U', W?) = de v U2 +22 ey (kg2 U Ue A (3.17)

is a metric on A that generates the product topology. For ¢ > 0 and ¥ € A, let us write B, (V) = {¥' €
A dy(V', ) < p} for the open p-ball around W. It turns out to be convenient to choose dj, to be the
Lipschitz-bounded metric [DZ98, Section D.2] on M (W), that is,

di(vi, i) = sup{[(f,vi) — (f,v)]: f € Lip,(W")}

for all k, where Lip, (/") is the set of Lipschitz continuous functions taking W* to R with Lipschitz param-
eter less than or equal to 1 and with uniform bound 1.

We have the following.

Proposition 3.4. On )y, for any admissible trajectory setting (see Definition[Id), ¥V = ((vk)k, (ttm)m ),
there exists a standard setting ¥ containing it. If Y . m(m — 1), (W) < oo, then ¥ can be chosen to
be a controlled standard setting.

Proof. We fix an admissible trajectory setting W and construct ¥ as follows. As is required in Definition
211 the measures 1%, V2 for k € [kmax and pd, for m € Ny are the d-coarsenings of the measures /i,
Vi, and fi,, respectively, and pu®* = LS. Now for € B and A > 0, pick some measures v°™ and ;i3
with values in +Ny such that the requirements @) S ot =t (IQI) S 0 poA = ,u” and (10)
SO0 mpd = Some Sy of Definition 24l are met, such that v = 1 and S} = 1d. as
A — oo and such that the collection W of all these measures is a standard setting containing ¥, which is
controlled if > m(m — 1), (W) < oc.

We claim that this can be done by taking suitable up- and downroundings of the numbers

L)
"”(W5 X WS )= (WE < ox W2 ) A(Wﬁ) {1 (W) >0}, k€ [kmax, (3.18)
for all sg,...,s,_1 = 1,...,0"% and dividing by ), analogously for the 1,,’s. Now, using the d-metric

defined in (3.17), we prove that the convergences required in Definition 2.3 hold for such W.

First, we prove the convergence of the J-coarsenings U° = ((12)y, (118,),m) to W in the dy-metric. We
claim that for any o > 0, there exists 5y € B such that U0 € B,(¥) forall B > § < &. Indeed, for
k € [kmax), v € M(W*) and § € B we see that the distance between v, and its J-coarsening is of order
0:

§—a
hd) = s 3 () = FCOVE x ... x WE_ )| me(da)
feLipy (W) ;0 5 —1 W<5><...><W‘5 i
vV dkd
< Z / |z — ( Y ng 1)|1/k(dac) < Vk(T/Vk)—2 ,
Jos-eJr—1=1 W5>< XWJ(Sk 1
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where we wrote x = (o, . . ., Tx_1); and analogously for i,,. Thus, we have
d max
% )
d(@@gT[; W\/_+§um 2.

Since Zf:;:o tm (W) < oo by (i) in (L12), there exists a constant C, only depending on W, such that
W € B,() forany § < Co.

Second, we ignore the up- or downroundings in the construction of W and prove the following. For 6 € B
and \ > 0, let /% be the collection of the measures introduced in (3.18). We claim that on €2;, we have

lim sup do (¥0, W) = 0.

Asoo
Indeed, for any k € [kmax] and so, ..., sp_1 = 1,...,6~% dp(v}, 1/,’3”\) is bounded from above by
su 62 VWS x . x W )M—l‘m <y(W) w—1‘
ety ,, oy e (W2 R i) T
(3.19)

Thus,

Kkmax oo ) é
LS (W,
Ao, %) < (3" (W) + 37 27l (W) ) shax W)
k 4 m
k=1 m=

which tends to 0 on §2; as A — 00, according to (3.9).

Now, if we add the suitable up- and downroundings, we only change distances in the d-metric by an error
term of order 1/, which vanishes as A — oo. This implies that W is a standard setting. It also follows easily
thatif > m(m — 1)u, (W) < oo, then ¥ is controlled.

O
3.4 Proof of Theorem
Abbreviate
)= (TT VO ) exp{ —78() = M)}, A> 07 € S (XP),
i€lX
and note that the partition function is given as
XN = ) ). (3.20)

Teskrndx (X )

Then Theorem[{.2]says that its large-\ negative exponential rate is given as the infimum of I(\¥) +~S(¥) +
BM(W), taken over all admissible trajectory settings W. Throughout the proof, we assume that the configu-
ration X* = X*(w) comes from some w € (2, defined in @3).

Having proved Propositions 3] [3.2 and [3.4] our strategy to prove Theorem is the following. First,
Proposition [3.4] gives a standard way how to construct from an admissible trajectory setting W a standard
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setting W that contains W. Then the lower bound for the partition function is easily given in terms of the
objects that are contained in any such ¥ and using the logarithmic asymptotics for their combinatorics from
Propositions 3] and [3.2] and finally taking the infimum over all such W, respectively W. The upper bound
needs more care, since the entire sum over r has to be handled. First of all, we show that the sum can be
restricted for all A > 0, modulo some error term that is negligible on the exponential scale, to the sum of
those configurations whose congestion exponent is at most C'\ for some appropriate large constant C' > 0.
This sum can be decomposed, for any 9 € B, to sums on configurations coming from a particular choice of
empirical measures on the d-partitions of /. The number of these empirical measures and the sum on the
partitions is negligible in the limit A\ — oo, and the asymptotics of the sums on r in these partitions can be
evaluated with the help of our spatial discretization procedure, using arguments of the proofs of Propositions
[Bdland[3:2in the limit A — oo, followed by ¢ | 0. Using these, we arrive at the said formula.

Let us give the details. We start with the proof of the lower bound. For any admissible trajectory setting W,
we pick W as in Proposition [3.4] and recall the configuration class J‘S”\(i) from (2.6). Then, forany A > 0
and § € B,

20N> Y 90 > #°2(8)

TEJ‘S*)‘(Q) SupTEJ‘S’)‘(E) HiGIA N

()\)*(Tiﬂ*l) exp{— sup (76(7‘)4—59}1@«))}_

reJOA(T)
(3.21)
Hence,

1 1 JOAN
lim inf — log ZZ’ﬁ(X’\) > lim inf lim inf — log # I (L) .
A—oo A 510 A—oo A SUD,.c 75 (1) Hiel/\ N()\)—(r_l—l)

1 1
—~limsuplimsup sup —&(r)— Slimsuplimsup sup —9M(r)
510 A—oo  reJEA(T) 610 A—=00  reJOA () A

— —I(W) — S(¥) — AM(W).
(3.22)
In the last step we also used Propositions [3.7] and [3.2] together with the fact that W is controlled. Now take
the supremum over all such W on the r.h.s. of ([8.22) to conclude that the lower bound in (1.17) holds.

The upper bound of Theorem requires some additional work. We start from (3.20). For C' > 0 we
have

230X = > (r) + > Y (r). (3.23)

TE€ESkmax (X*): M(r)<AC TESkmax (XA): M(r)>AC
Since the total mass of our a priori measure has a bounded large-\ exponential rate (see Section[1.2.2), we
see that

1
lim sup lim sup X log Z Y(r) = —oc.
Coo Ameo PESy i (XA): M(r)>AC

Thus, for C' sufficiently large, the exponential rate of Z;”B(XA) is equal to the one of the first term on the
right-hand side of (3.23). We additionally require C' so large that

inf (I(W) + vS(V) 4+ BM(V)) = inf  (I(¥) +~S(V) + SM(V)). (3.24)

U adm. traj. setting, M(¥)<C W adm. traj. setting

Let us write Sy,..c(X*) = {r € Sy, (X*): M(r) < AC}and Z]7C(XH) = doresp . oxn D).
The upper bound of Theorem [L.2]follows as soon as we show that

lim sup % log Z779(X*) < — inf (I(D) +~S(P) + FM(T)).  (3.25)

A—00 W admissible trajectory setting, M(¥)<C
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For fixed A > 0 and 6 € B, let us say that a collection of measures U°* = ((ygk)zm‘}x, (S22 )

lies in G(0,\) = G(4,\)(X?) if all these measures take values in lNo only and satlsfy the con-

H kmax 6)\ _ ) o 6,)\ _ o kmax . :
straints Sy ot = L3, 20 pd = L5 and Y pma S i S o mudt. We will

write J2M(WO) for the set JO*(¥) defined in (IEI). Then the union of J“(\If“) over all W% with
Zﬁzo m(m — 1)M%A(W5) < (C'is equal to

{(RS4(7)) ketomnds (Pam(T)meno) : 7 € Sty (X},

since these three equations characterize the tuple of the measures (R‘;’k(S))’,ziaf‘ and (P, (9))5_, if
(S)ier € Sk (X).

Using this, we can estimate, for any 0 € BB,

ZPPO(X) = > > D(r) < H#GE,N) sup > 90

\IfMeG(d,A): M(\IJE,A)SC re]é,A(\Ijé,A) ‘ljé’AEG(év)‘): M(‘ljé’x)gc TGJ&,)\(\I,&,A)
(3.26)
Hence,
1
lim sup— log Zz’ﬁ’C(XA)
A—00 )\
1
< lim sup lim sup — log #G(0, \)
610 A—00 A
(3.27)

#Jé,)\(\ljd,)\)
+ lim sup lim sup — log sup [ r—
50 Asoe A ws, AeG((S N Mws <o tinfe ey [ e N\~

1
—Vll%énfllmlnf inf —6( ) — fliminfliminf  inf  —90(r)|.

A—00 rEJSA(TEA) A 50 Amoo reJOA(WIA) A

According to Lemma [3.5 below, the first term on the right-hand side is equal to zero. Now pick a sequence
(0,,)n and for each n a sequence (A, j); along which the superior limits as n — oo, respectively j — oo,
are realized. Now pick, for any n and j, a maximizer W%*=.j Pick \q so large that N'(\) < 2(W )\ for all
A > ). Hence,

k max

U cexnc (H M)W k)) X Mo (W), (3.28)

A>)No,0€B

where we wrote M, (V) for the set of measures on a space V' with total mass < «. (We recall from
Section [Z1] that we conceive all measures on W} as measures on W .) Note that M <o, (WF) is
compact in the weak topology of M(W’“) for any k, according to Prohorov’s theorem.

Without loss of generality (using two diagonal sequence arguments), we can assume that for all n € N,
Ponn s converges coordinatewise weakly to a collection of measures Uon = ((1/;S Jpmex (i0n)o_,) as
7 — 0o, and P converges coordinatewise weakly to a collection of measures ¥ as n — oo. Then, it is

clear that ¥ satisfies (i) from (1.12), and also that

kmax k—1 kmax k—1
lim lim E E mJ/k"’ = g iy
n—00 j—00

k=1 1=1 k=1 I=1
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In order to see that (iii) holds for Cf’ it remains to show that lim,, . limjﬁoo Z;’jzo mﬁfgv%,j =

> o My For N € N and for any continuous function f: W — R, we estimate

<Zm(/¢fﬁ““]—um > <Zm\ oAnS — iy P D Flloom [T 3 (W) = Fim (W)
m=0 m=N+1

where we write (v, f) for the integral of the function f against the measure v. The first term on the r.h.s.
clearly tends to 0 as j — oo, followed by n — oo, for any fixed /N. The second term can further be
estimated from above as follows

20 flls

710 32 ™ =D g w) + s w) < 2]

N -1
m>N

This clearly tends to 0 as N — oco. One can analogously show that Zm -0 ﬁfﬁ’ ™ tends to Z;j:o m
as j — oo followed by n — oo, and hence condition (i) from (T.12) holds. Also we have > -~ m(m —
D) (W) < C. Altogether, W is an admissible trajectory setting.

Nov& using the arguments of the proofs of Propositions .11 and 3.2 (which also involve the coarsened
limits W2 for fixed n € N) for the subsequential limits 5 — oo followed by n — oo, we conclude that

J(;ny)\n, j CI/j(sny)\n, j ~
lim lim - S (W) e = 1)
n—+00 j—00 1nfT€J5n,>\n,j(@5n,An7j) Hz’eIA"J N()\n’j) -1
and
lim lim inf —6( ) = S(V).
N—00 j—00 p.c 75n:An,j (\115" n.j) )\n]
Furthermore, Fatou’s lemma implies that
1 ~
—Blim inf lim inf inf —M(r) < =M (). (3.29)

n—00  j00 e ndn,j ({fﬁn,kn,j) /\n,j -

Thus, we conclude that ({3.25) (and therefore the upper bound in Theorem[1.2) holds, as soon as Lemma
is formulated and verified. This we do now.

Lemma 3.5. Forany d € B, almost surely,

1
lim sup — log #G (0, A) = 0.

A—00 A

Proof. For A > 0, let G1(0, \) denote the set of (v “)k“‘“ satisfying part (B) from Definition 211 It is easily
seen that its cardinality increases only polynomially in A. Now, given (V,i’\)km“ € G1(6,\), we will give an
upper bound for the number of (12:*)2°_) such that the pair of these tuples is in G(6, \). This is much more

demanding, since there is a priori no upper bound for m. We will provide a A-dependent one.
Forany A > 0, U%* € G(§,\) and j = 1,...,5 ¢ we have that

> miov
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in part|cular pr W) = O for m > (kmax — 1)N()). We also have that the numbers g™ (W?),
ST
Let ¢ > 0 be fixed. We claim that for all sufficiently large A > 0, there are not more than e N (\) ~
e (W) nonzero ones out of these quantities. Indeed, if there were at least [e N (\)] nonzero ones, de-
noted 2 (W?), ...,um(aN(mil(I/Vf) with 0 < mo < my < ... < mpevoy—1 < (kmax — 1)N(A),
then we could estimate

1N (/\)(W‘S) are ¢ times nonnegative integers.

max

(kmax—1)N(X) [eN (A
(B — DN > > dmpd) (W)) > Z /\mz,um NS W?) > 0}
m=0
[eN(A)]-1 1 fsN( )1 [eN(A)]-1 1
Z A (WL ) ( )>X > miz m~ =(eEN(V)(EN() - 1),
=0 m=0

which is a contradiction for all A > 0 sufficiently large.

Now, #G(d,\) can be estimated as follows. Let us first fix (v0%)fma e Gy(6,N),

i.e., satisfying part () from Definition 2.9, and let us count the number of (ugj)f,’jmg"‘”]v”

such that ((u,fk)gqu,(uy)(’fm 1N(A))) lies in G(0,\). Out of the kmad 2N()\) quantities

m=0
u (W), ... ’/”L((Skmax—l)N(A)(W ), =1,...,67¢ at most [eN(\)]d~¢ are nonzero. The number of

Emax N ()6~

[eN(A)]6—¢
the remaining kuaxd N (X) — [eN(A\)]d~¢ ones are equal to zero, according to part (@) of Definition 2]
we note that the potentially nonzero ones sum up to N (), and each one has a value in iNo- For this, there
are at most (N(’\()E}[avﬂ(;\ﬁd‘rd*l) combinations, for any choice of the set of the potentially nonzero ones.

Therefore, using Stirling’s formula as in (3.4), for any sufficiently large \, we have the following estimate

#G(5,\) < #G1 (6, A)( max (A)(s d)<N (A) + [eN(A)]67¢ - 1)

ways to choose them equals ( ) Having chosen [N (\)]d~¢ potentially nonzero ones so that

[eN(A)] [eN(A)]o~ —
d —d
= eO(A) exp < - )\[L(W) <(kmax - 5)6_d 10 ( mlsx _5 _) + 55 d 10g —k 8(5 6*d)>

X exp ( — (W) <65 4log % + log ﬁ))

Making ¢ . 0, we conclude that lim sup,_,, 5 log #G (0, ) = 0. O

3.5 The large deviation principle: proof of Theorem [{1.4(i)

In this section, we prove Theorem[1.4{i). The combinatorial essence of this theorem has already been proven
in Proposition[3.7] including the relations with -coarsenings. What remains to be done is to relate this to the
coordinatewise weak convergence on A. We will be able to use some of the arguments of Section 3.4

The lower semicontinuity of I + (W) log kyax was already discussed in Section the nonnegativity
in Section These together mean that I + p(W) log k. is a rate function.

We proceed with the proof of the lower bound. Let G C A be open. If inf; I = 0o, then there is nothing
to show, therefore let us assume that there exists ¥ € G with I(¥) < oo. According to Proposition [3.4]
there is a standard setting W containing V. Since G is open, there exists o > 0 such that B,(V) C G. Let
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us choose &y € B and, forany B 3 § < &, some A\g = \o(8) > 0 such that ¥°, U°* € B, () for any
A > Xo. Now we can estimate, for these d and A\,

PYG(A(S) € G) > PR (WA(S) € B,(W)) > PR ((Wa(S))° = ¥07)
_ 1 Z 1 S #J(S,)\(\Ilcs,)\)
ngo(XA) e [Ticir NSt~ ENO) SUp,e ooy [Liers N Ayt

Now, using Proposition[3.11and the fact that NV (\) /A — w(1V), we obtain

1
lim inf + log PR (TA(S) € G) = —u(W) 1og ki — 1(T).

A—00

Note that W is not necessarily controlled because M (W) < oo is not guaranteed. However, since for all
§€B,s=1,...,074 X >0, ul W?)/ul,(W?) does not depend on m, we easily see that Proposition

[3.1 holds for this W as well. Now, take the supremum over ¥ € G N {I < oo} to conclude that the lower
bound holds.

We continue with the upper bound. Let F* C A be closed. Let us choose an increasing sequence (A, )nen
of positive numbers along which the limit superior in (1.25) is realized. For A > 0, let us put

O\) = {¥ € A: PY%,(T5(S) = 1) > 0}.

AXH
If for all but finitely many n € N we have F' N O(\,,) = &, then

1
limsupxlog PO (TA(S) € F) = —cc. (3.30)
A—00 ’

Therefore, without loss of generality, we can assume that O(\,,) N F'is non-empty for alln € N. For § € B
and A C A, let us write A° = {W¥?: U € A}, where U’ is the coordinatewise J-coarsened version of .
Then we have

PR (U, (S) € F) = PYY 1 (W5,(S) € FNO(N)) = PYY 0 (05, (9)) € (FNO(A)))
#Jd,An \116
< H(FNON,))°  sup oo (%) T
Ve FNO(An) kmaxn 1nfr€J5,xn(\1,5) Hie[’\" N()\n>T_1

(3.31)
It is clear that (FF' N O(\,))° € G(6, ) = (O(\,))° foralln € Nand 6 € B, where G(6, \,,) was
defined in Section 3.4l Hence, by Lemma[3.5]

1
lim sup lim sup " log #(FNO(\,))° = 0.

610 n—00 n

It remains to show that

5. An (0
lim sup lim sup ilog sup # /(1) - < — inf I(W). (3.32)
510 n—00 n YeFNO(An) iIlfTGst,)\n(\I,é) Hiel/\n N()\TL)T*l_l ver
One can do this analogously to the proof of the upper bound of Theorem starting from (3.27). Indeed,
using Prohorov’s theorem together with a diagonal sequence argument, we find ¥* € A that the maximizer
in (3.37) converges to along a subsequence of d’s and \,,’s. The limit lies in F' because F’ is closed. Using
the lower semicontinuity of I together with Fatou’s lemma, we conclude that the left-hand side of (3.32) is
not larger than —I(¥*), which itself is not larger than — inf = I. This finishes the proof of the upper bound
in Theorem [.4] (i).
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4 Analysis of the minimizers

This section is devoted to the proof of Proposition[T.3] In particular, in Section 4.1 we show that the infimum
in (L17) is attained and, for any minimizer ¥ = ((14)™%%, (11 )3_o), for any k € [kumax], =" is absolutely
continuous with respect to v, and i is absolutely continuous with respect to each ,,. This is a prerequisite
for perturbing the minimizer in many admissible directions. In Section we finish the proof of Proposi-
tion by deriving the Euler—Lagrange equations. For the remainder of this section, we fix all parameters
W, 1,7, B and ky,.x. Moreover, we use the following representation of I from (.16).

Kmax 0 o
[W) = Hys(p@ M)+ > Hyp (s | 1) = (W) log ‘(quanu_)) '
k=1 m=0 .

4.1 Existence and positivity of the minimizers

We start with the following lemma, which follows almost immediately from the arguments of the proof of the
upper bound of Theorem in Section[3.4]

Lemma 4.1. The set of minimizers for the variational formula in (L17) is non-empty, compact and convex.

Proof. Recall that the three functionals I, S, M are lower semicontinuous and convex. Furthermore, it is clear
that we can restrict the infimum in (L.17) to those U that satisfy also M(¥) < C for any sufficiently large C.
But, as we have seen in Section[3.4] this set of U’s is compact. From this, all our assertions easily follow. [J

Now we prove that, for each minimizer ¥, ¥ is absolutely continuous with respect to v, and  is
absolutely continuous with respect to each p,,. (Note that the opposite absolute continuities are true by
finiteness of the entropies.) We need to show this only for k., > 1, as we explained after Proposition

Lemma 4.2. If kpay > 1 and U = ()%, (11m)_,) is @ minimizer of (L17), then u®* < vy, for any
k € [kmax), and p < pi, for any m € Ny.

Proof. The essence of the proof is the following. The congestion term M(-) and the SIR term S(+) are linear
in each y,,, respectively vy, as well as the third term in I(-) in (L16) in each p,,. On the other hand, the
function x — x log x has the slope —oo at x | 0. We show the following assertions about the minimizer
U step by step as follows. Recall that M = 3 .\ Mptm = 3] S M. We write > and >,
respectively, between measures in M (W) if their difference lies in M (1W*), respectively in M (W*)\{0}.

Fix a measurable set A C W such that y(A) > 0. Then we have:
1 M(A) > 0.
2 forany my < mg < mg such that fi,,, (A) > 0 and fi,,, (A) > 0, also fi,, (A) > 0.
3 uo(A) > 0.
4 py,(A) > 0forany m > kpax.

5 v (AF) > 0forany k € [kpax)-
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Indeed, these steps are verified respectively as follows. In each of the steps, for ¢ € (0, 1), we construct
an admissible trajectory setting W& = ((vf)F=s (1s,)%_,) such that I(WU) + vS(¥%) 4+ AM(T?) <
I(¥) +S(¥) + SM(W) for sufficiently small € > 0, and therefore U is not a minimizer of (L.17).

1 1f M(A) = 0, then in particular pg(A) = v1(A) = p(A) and p,(A) = 0 for all m > 0. Also,
mve(A) = (W x A) = 0, according to the definition of M.

Let us define ¢ as follows: 15 = (1 — &)va + e(u®2) /u(W), v = (1 — &)y for k # 2, p§ =
(1 —e)puy +epand u, = (1 — )y, for m # 1. Then we compute and estimate the three terms of
the entropy I(V) as follows.

kmax

S Hy (v | p(M7)2¢)

k=1
kmax 5M®2

<> Hsanap (1= | p@OFED) 4 Huea (S 1 20°%) + 0(6)
k=1

kmax

<N Hy(pe M) 1+ 0(e),

k=1
furthermore
W m
ZHW oo | 1) — 15,0 Tog & ”(m,))
' (4.1)
(ep(W))™™

< Hw ((1 = &)pm | 1) = pm (W) log + n(A)eloge + Ofe).

m!
For the second term we used the convexity of the relative entropy in the form
Hw((L—e)vi +ep|p) <A —e)Hw(n | 1) < Hw (v | p) +O(e). (4.2)

This in turn follows from [HJKP15, Lemmas 3.10, 3.11], which implies that, for any £k € N, £, €
M(WF)withn # 0 and £ < 7,

[ Hus (€ | ) = Hun((1 = )¢ )| = ¢
It follows that, as ¢ | 0,
I(WF) +7S(P°) + BM(¥) — [[(W) +9S(¥) + BM(V)] < O(e) + u(A)eloge,  (4.3)
which is negative for all sufficiently small € > 0. Thus, W is not a minimizer.
2 If M(A) > 0but fi,, (A) > 0, i, (A) > 0and piy,, (A) = 0 for some my < mgy < mg, then let
Vi = v forallk € [kmax] andlet p5, = (1 =€) ftmg + (1 fln, + Q2fliny )s fn, = (1 — Q1€) i,

Py, = (1 — €002) iy, Where v, i € (0, 1) are such that a; + ap = 1 and myoy + meay =
myp. Then, ¢ is an admissible trajectory setting with M/ = M. It follows similarly to the previous
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computation that I(W<) 4+ vS(W¢) + SM (V) < I(¥) 4+ vS(¥) + SM (W) for all sufficiently small
€ > 0. However, instead of (4.1), we have

Z Hy (115, | 12) = pi5, (W) log (M(Z#
< 3 | 1) 1V I o (4) ¢ s ()l +0()
ase ] 0

31t M(A) > 0but pp(A) = 0,let vy = (1 —e)yforall 1 < k < kpay, 15, = (1 — &)y, for all
m >0, u5 =ep+ (1—¢e)ppand v; = (1 —e)vy + ep. Itis again sufficient to consider the entropy
terms in I. The summands on k& > 1 can be estimated as follows.

kIIlaX ktnax
D Hws (v | n@(M) ) = 3 7 Hypn (1= ) | (1= ) e MM
k=2 k=2

kmax

<Y Hyn(o | @ M) + 0(e).

k=2

The summand for £ = 1 can be estimated with the help of (4.2) For the summand for m = 0, we
have

Hw (pg | 1) = Hyuna((1 — €)po +ep | p) + p(A)eloge
< Hyna((1 = €)po [ 1) + p(A)eloge + O(e) = Hw (po | 1) + pu(A)eloge + O(e).

while the remaining sum is handled as follows.

Zkumlu 15, (W) log =
m=1

= 3" Hiw((1 = &)t | 1) — (W) log =

m=1

Thus, holds also here, which implies the claim.

4 1f M(A) > 0but iy, (A) = 0 for some mg > Koy, let pi5, = (1 — &) pim, + M /mq, 15, =
(1 — &) for m ¢ {0,mo} and, moreover v = vy for all k € [kmax]-

oo oo em kmax k—1 kmax k—1

R 0
E mus, = (1 —¢) E Mpbyy + —— E E V) = TV,
m=1 m=1 mo 3 =1 k=1 I=1

as required.

On the other hand, we have

—iufnz (1-¢) Zum—Muz(l—e (1-¢) Zum— (1—e)u

m=1
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Therefore, if we put p§ = o — >~ p5,, then 1§ > (1 — )0 and U¢ is an admissible trajectory
setting. Now we can proceed analogously to (3) to conclude that I(W¢) + yS(¥e) + SM(¥°) <
I(¥) +S(¥) + SM(W) for sufficiently small ¢ > 0.

The proof of (§) is very similar to the ones of (2), 3) and (), therefore we leave it to the reader.

4.2 Deriving the Euler-Lagrange equations

In this section, we finish the proof of Proposition According to the results of Section[4.7] now we see that
(I12) exhibits at least one minimizer, and all minimizers have almost everywhere positive Lebesgue density
on the corresponding powers of supp p. Knowing this, we now carry out the perturbation analysis for the
minimizer(s) of the optimization problem in ({.17) and derive the shape of the minimizers in most explicit
terms.

We use the method of Lagrange multipliers in the framework of a perturbation argument. Let ¥ =
((g)mas (pam)S_y) minimize (LI7). Fix any collection of signed measures ® = ((73)i™%, (0n)_)
such that only finitely many o,,’s are different from zero, each 7, and each o,, has a simple function as a
Lebesgue density and they satisfy the following constraints:

kmax e} o0 kmax k—1
(1) Z moTr = 0, (17) Z om =0, (131) Z mo,, = Z Z T (4.4)
k=1 m=0 m=0 k=1 [=1

Then it follows from Lemma that, for any ¢ € R with sufficiently small |e], ¥ + e® = ((vx +
57’@22?, (o + eom)o_,) is a collection of (non-negative!) measures that satisfies (1.12) and is therefore
admissible in the variational formula in (1.17). That (1.12) is satisfied follows easily from (4.4). Furthermore,
the non-negativity follows from the fact that each 75, and each o, is a finite linear combination of measures
of the form 14 dLeb with A C W. Since only finitely many such summands are involved, there is a constant
C' > Osuch that |7,| < Cyy and |o,,| < Cuy, for any k € [knax] and m € Ny, and therefore it suffices

to take |e| < 1/C.
From minimality, we deduce that
0
0= —
Oe
We calculate the latter two terms as

; =0 (78(‘11 +e2) + AM(Y +€‘1>)> =7 Y (T fi) +B8 ) mlm— Do, (W),

de
ke [kmax] mENO

:0<I(\If + D) +AS(V + e®) + AM(T +sc1>)). (4.5)

where, as before, we used the notation (i, f) for the integral of a function f with respect to a measure .
Abbreviating M = >, . Z;:ll mugand My =37, Z;:ll T, We see that

0 B dvg dptm (ep(W))—m
| 1w ee) - ké[kz | (i1 +log dﬂ®k> + % (om 1+ logm> — o (W) log A
max m 0

dM
— <MT, 1+ log —>
dp

e=0

(4.6)
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Summarizing, we obtain from (4.5) that

0= <(I)7 (') ke ma] (gm>m€No)>a (4.7)

where

dv, d
hi = v fe+2—k+log e Mk®(k—1)) and g, = Bm(m—1)+1+log m —log

We conceive ¢ as an element of the vector space

A= H Mi XMi( )

ke [kmnx}

k

where M., is the set of signed measures, and ((A,) keftax): (9m)men, ) a@s a functionon [T, WH x

W™No_ The condition in (#4) means that ® is perpendicular to any function in

F = {((%k)ke[kmax}, (V) meno) : @u: WF — R, 4b,,,: W — R bounded and measurable for any k&, m,
EIE,E,CN’:W%]R:@;C(%,.. , Tp—1) xo —|—ZC’$1

and ¥, (z) = B(z) — mC(z) for x, xq, . .., 1 € W}

We have shown that, if ® is perpendicular to any simple function in F, then it is also perpendicular to
((Pk) kelkma]» (Gm)men, )- Since F is a closed linear subspace of A, it follows that it contains this element.
That is, there are three functions A B C on W such that, for any k respectively m,

k-1
he(zo, ..., Tp—1) = A(xo)—i—z C(z;) and  gn(z) = B(x)-mC(z), z,z0,...,T5-1 € W.
I=1
Using an obvious substitution, this is equivalent to the existence of three positive functions A, B, C' such
that
k—1

vi(dzo, ..., dzg_1) = p(dzg) A(zo) (C( )M(d:cl))e’”f’“(xo""’xkfl), k € [kmax], (4.8)

1
) = i) Ba) S )y e, 9)

From (i) and (i) in (T.12), we can identify A and B as

1
_ vfk(@0,...,7 1)
Alzo) E /Wk 1 | | (1) dxl))e k ke (4.10)

ke[kmax]
! C@)™ —smm—1)
= m(m=1), 4.11
B(x) % ml ¢ @)
m 0

Furthermore, condition (iii) says that

1 1 p(dr) _
S M(dx)go(C(x)) =T(CdM, z), xeW, (4.12)
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where (o) = > oy m&reAmm= /N e mmTl for o € [0, 00) and

- Z - Hk:_Q M(dxl) Fk(l'g,[['l,...,l’k_g,l’)
DM, z) = [ p(day) Skhmed Jursz iy N , (4.13)
=1 arid =1k (z0,s e Tl—1)
W Eke[kmax} fWk—l =1 ( Il) €
where
k—1
Fk($0,$1,...,l’k,2,l’) = Ze_’ﬁk(xo’yl), (414)
1=1
y! is the vector of length k& — 1, consisting of x1, . . ., 2j_2; augmented by x at the {-th place, and M(dx) =

C'(z)M (dz). This ends our derivation of the Euler—Lagrange equations for any minimizer ¥ of (L.17).

This description of C' and M is rather implicit and involved, therefore we cannot offer any simple criterion
for the uniqueness of the minimizers of (1.17). Also, the question of continuity of the tilting functions A, B
and C'is open.

Since I 4+ S + M is convex, it follows that any admissible trajectory setting ¥ satisfying (4.8)— is
a minimizer of (.17).
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