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Abstract

The TCP window size process appears in the modeling of the famous Transmission
Control Protocol used for data transmission over the Internet. This continuous time
Markov process takes its values in [0, 00), is ergodic and irreversible. It belongs to the
Additive Increase Multiplicative Decrease class of processes. The sample paths are
piecewise linear deterministic and the whole randomness of the dynamics comes from
the jump mechanism. Several aspects of this process have already been investigated
in the literature. In the present paper, we mainly get quantitative estimates for
the exponential convergence to equilibrium, in terms of the W; Wasserstein coupling
distance, for the process and also for its embedded chain.

Keywords. Network Protocols; Queueing Theory; Additive Increase Multiplicative Decrease Processes
(AIMD); Piecewise Deterministic Markov Processes (PDMP); Exponential Ergodicity; Coupling.
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1 Introduction

The TCP protocol is one of the main data transmission protocols of the Internet. It
has been designed to adapt to the various traffic conditions of the actual network. For
a connection, the maximum number of packets that can be sent at each round is given
by a variable W, called the congestion window size. If all the W packets are successfully
transmitted, then W is increased by 1, otherwise it is multiplied by § € [0, 1) (detection of
a congestion). As shown in [4, 9, [19], a correct scaling of this process leads to a continuous
time Markov process, called general TCP window size process. This process X = (Xt)t20
has [0,00) as state space and its infinitesimal generator is given, for any smooth function

f:[0,00) — R, by

1
L(f)(z) = f'(x) + x/o (f (ha) — f(x))H (dh) (1)

for some probability measure H supported in [0,1). This window size (X;), increases
linearly (this is the f’ part of L) until the reception of a congestion signal which forces
the reduction of the window size by a multiplicative factor of law H or equal to ¢ in
the simplest case (this is the jump part of L). The sample paths of X are deterministic
between jumps, the jumps are multiplicative, and the whole randomness of the dynamics
relies on the jump mechanism. Of course, the randomness of X may also come from a
random initial value. The process (Xt)t20 appears as an Additive Increase Multiplicative
Decrease process (AIMD), but also as a very special Piecewise Deterministic Markov



Process (PDMP). In this direction, [I5] gives a generalization of the scaling procedure to
interpret various PDMPs as the limit of discrete time Markov chains. In the real world
(Internet), the AIMD mechanism allows a good compromise between the minimization of
network congestion time and the maximization of mean throughput.

Our aim in this paper is to get quantitative estimates for the convergence to equilibrium
of this general TCP window size process. This process X is ergodic and admits a unique
invariant law, as can be checked using a suitable Lyapunov function (for instance V(z) =
1+, see e.g. [2, B, 17] for the Meyn-Tweedie-Foster-Lyapunov technique). Nevertheless,
this process is irreversible since time reversed sample paths are not sample paths and it
has infinite support. This makes Meyn-Tweedie-Foster-Lyapunov techniques inefficient for
the derivation of quantitative exponential ergodicity.

The embedded chain X of the process X is the sequence of its positions just after
a jump. It is an homogeneous discrete time Markov chain with state space [0,00). As
already observed in [4], it is also the square root of a first order auto-regressive process
with non-Gaussian innovations and random coefficients. We obtain the following results
concerning X. We show first that it admits a unique invariant probability measure v, and
that it converges in law to v given any (random) initial value X,. More precisely, using a
coupling technique on trajectories, we prove an ergodic theorem of geometric convergence
to equilibrium with respect to any Wasserstein distance. Then we provide non asymptotic
concentration bounds, thanks to Gross’s logarithmic Sobolev inequalities.

Similarly, the continuous time process X admits a unique invariant probability measure
i, and converges in law to p, for any (random) initial value Xy. The reader may find
explicit series for the moments of x and v in [9] [I5 [16]. We obtain three main results that
describe the way X converges to equilibrium. We first show the existence of a coupling
with exponential decay. We use this result to prove an exponential ergodic theorem in
term of Wasserstein distance. Eventually, we provide a uniform bound over the starting
law that implies strong ergodicity. This kind of uniform estimates, though classical for
processes on a compact set, is rather unusual for real valued processes.

The remainder of the paper is organized as follows. In the next preliminary section,
we introduce some notations and give the statements of the main results. In section [3]
we focus on the embedded chain X and establish its convergence to equilibrium. The last
section is devoted to the study of the continuous time process X and contains the proof
of the results announced in section

2 Notations and main results
Let us first explain how the trajectories of the process X may be constructed. The jump

rate (or jump intensity) of X is given by A(z) = x for every = € [0,00). If Xy = x then
the process will experience its first jump at a random time 7" solution of

T
/ AMXs)ds = E,
0

where F is an exponential random variable of unit mean. Since the trajectories of X are
piecewise deterministic with slope 1, this is nothing else but

T
/ Mz +s)ds = E,
0



which leads to T' = v a2 + 2E — x. Then, the sample paths of the process X generated by
(@) may be constructed recursively as follows. Let X( be its non-negative random initial
position, (En),121 be a sequence of i.i.d. exponential random variables of unit mean, and
(@n),>1 be a sequence of iid. random variables of law H. Assume that Xo, (En),>
and (Qn),; are independent. We define by induction the jump times (73,),, and the
positions just after the jumps (Xt,),,>; as

Tp=Th1+ X} | +2E,—Xr,, and Xrp, = Qny/X7  +2E,. (2)

If we set Ty = 0, then for every n > 0 and ¢ € [T}, T),41), we have Xy = Xp, +t — T, and
in particular, X1, = QnXT;' For every t > 0, one can also write the series representation

o)

X = Z(XT" +t— Tn) ]l[Tn,Tn+l)(t)'
n=0

The sequence X = (X1, )0 18 the embedded chain of X. According to (), this discrete
time Markov chain with state space [0, 00) satisfies the recursion

X?%-i—l = 37/4—1()22 + 2En+1)- (3)

Thus, the embedded chain X is the square root of a first order auto-regressive process
with non-Gaussian innovations (2Q2FE,,),>1 and random coefficients (Q%)n>1, as already

observed in [4]. The embedded chain X is homogeneous, and its transition kernel K is
given, for any = > 0 and every bounded measurable f : [0,00) — R, by the formula

K@) = [ ) Ka.dy) = B[ (@Va" +25) (@

where F is an exponential random variable of unit mean and @) is a random variable of law
H independent of E. We show in section Bl that the embedded Markov chain X admits
a unique invariant probability measure v, and converges in law to v given any (random)
initial value Xj. Similarly, the continuous time process X admits a unique invariant
probability measure p, and converges in law to p, for any (random) initial value X,. We
recall that explicit series for the moments of p and v can be found in [9, [I5] 16].

Despite the apparent simplicity of the dynamics (), the quantitative study of the long
time behavior of X is not easy, mainly because the jump rate depends on the position x of
the process. Our strategy is to couple two trajectories starting at two different points in
such a way that they get closer and closer. It seems difficult to stick the two trajectories
in order to get total variation estimates since the sample paths are parallel between jump
times. Thus, we provide quantitative bounds in terms of the Wasserstein coupling distance.
Recall that for every p > 1, the W, Wasserstein distance between two laws ;1 and v on R
with finite p*" moment is defined by

—1

W) = (int [ e =y o)) (5)

where the infimum runs over all coupling of p and v. In other words, II runs over the
convex set of laws on R? with marginals p and v, see e.g. [20, 21]. It is well known that for



any p > 1, the convergence in W), Wasserstein distance is equivalent to weak convergence
together with convergence of all moments up to order p.

The jump part of L ensures that the process will remain essentially in a compact set.
The jumps act in a way like a confining potential. On the other hand, the jump rate is
small when the process is close to the origin. This prevents the decay of the Wasserstein
distance to be exponential for small times (see the remark below for more details).

In section [3] we first establish the following geometric convergence to equilibrium of
the embedded Markov chain X for any Wasserstein distance.

Theorem 2.1 (Wasserstein exponential ergodicity for the generic embedded chain). Let
X = (Xt)iz0 and Y = (Y)i>0 be two processes generated by (Il). Assume that L(Xo) and
L(Yy) have finite p™ moment for some real p > 1. Let X and Y be the embedded chains
of X and Y. Then, for any n > 0, with a random variable Q ~ H,

Wy(L£(Xn), £(Ya)) < E(Q)PW,(L(Xo), £(Y0)):
In particular, if v is the invariant law ofX then
Wy (L(Xn),v) < E(QP)PW,(L(Xo0),v).

We also establish in section Bl non asymptotic concentration bounds in the ergodic
theorem by using Gross logarithmic Sobolev inequalities:

Theorem 2.2 (Gaussian deviations for the ergodic theorem for the embedded chain). Let
X be the embedded chain associated to @) and starting from Xo =2 > 0. Assume that
H is the Dirac mass at point 6 € (0,1). Then for any u > 0 and any 1-Lipschitz function
f:[0,00) = R,

P(%Zf(f(k)—/fdv
k=1

The exponential convergence to equilibrium of the continuous time process X is ad-
dressed in section @ The idea is to exhibit a coupling, i.e. a Markov process on [0, 00)?
for which the marginal components are generated by (I), with prescribed initial laws. The
infinitesimal generator L of this coupling is defined for every smooth f : [0,00)? — R by

n(l — 52)u2>.

1-9 262

Zu+ LWK&:,’/)) < 2exp <—

L(f)(z,y) = div(f)(z,y) + w/o (f(ha, hy)p(x,y) + f(he,y)q(x,y) — f(x,y)) H(dh) (6)

if z >y and

L(f)(z,y) = div(f)(z,y) + y/o (f(ha, hy)p(x,y) + f(z,hy)q(z,y) — f(x,y)) H(dh)

if x < y, where div(f) = O1f + 02f and where p(x,y) and q(z,y) = 1 — p(z,y) are
chosen to recover the prescribed marginals (see section [)). This coupling is the only one
such that the lower component never jump alone. Let us give the pathwise interpretation
of this coupling. All the heuristic statements below are made more precise hereafter.
The positions of both “components” increase linearly with slope 1. The jump rate is an
increasing function of the position. Thus, “the higher a component is, the sooner it will
jump”. The dynamics of the couple of components is as follows:



1. After an “appropriate” time which depends only on the initial position of the upper
component, this one jumps.

2. Simultaneously, the other one “tosses an appropriate coin” whose probability of
success depends on the positions on the two components to decide whether or not it
jumps too.

3. In the case of joint jumps, both components use the same multiplicative factor.

4. Then, we repeat these three first steps again and again. ..
This coupling provides the following quantitative exponential upper bound.

Theorem 2.3 (Existence of a coupling with exponential decay). Given x,y > 0, there
exists a Markov process (X,Y) = ((X¢,Y2))i>0 on [0,+00)? such that X = (Xi)i>0 and
Y = (Yi)i>0 are generated by (@), with Xo = = and Yy =y, and for every t > 0,

E(X; - Yi) < min(1, clz — yle ).
In the general case, these constants can be chosen as
1_/1-Q
=-El—— d c=2 7
= 15(1=2) g

where @ ~ H. In the particular case when H is the Dirac mass at point 6 € [0,1), these
constants can be improved as follows:

~ 2sinh(1/2)vV1 -6 < 1-9 (8)
P e-1pr1tr1” 2

e—1 e+1

S Je—irisl S T2 ©)

In particular, if H = 01/ then ) and (@) become p >~ 0.31 and ¢ >~ 1.73.

and

If X = (X¢)iz0 and Y = (Y3)¢>0 are two processes generated by () and if IT is a
coupling of £(Xp) and L(Yp), we deduce from Theorem 23] that for every ¢ > 0,

0,00)2

< ce_pt/ |z — y| II(dz, dy).
[0,00)2
Taking the infimum over II provides the following Theorem, which can be seen as a main
result of the present paper:

Theorem 2.4 (Wasserstein exponential ergodicity). There exist explicit constants ¢ > 1
and p > 0, see (@) or (BHY), such that for any processes (Xi)i>o0 and (Yi)i>o0 generated by
@) with finite first moment at initial time, and for any t > 0, we have

W1(L(Xy), L£(Yy)) < min(L, ce™”) W7 (L(Xo), L(Yo))-
In particular, when Yy follows the invariant law p of (Il), we get for everyt >0
Wl(E(Xt)7 :u) < min(L ce—pt) Wl(ﬁ(X0)7 :u)



The jump rate A goes to infinity at infinity. The following theorem, proved in section
M, shows that the convergence to equilibrium is in fact uniform over the starting laws, as
it could be for a process living in a compact set.

Theorem 2.5 (Strong ergodicity). Let ¢ and p be the constants given by (@) or (89),
and let d = /1 —E(Q) where Q is a random variable of law H. Then, for two processes
X = (Xt)iz0 and Y = (Y3)i>0 generated by ([l) with arbitrary initial laws L(Xo) and L(Yp)
and for every t and s such that t > s > 0, one has

2ceP’

E——
dtanh(ds)

Wi (L(Xt), L(Y)) <

Theorem provides in particular a uniform bound in N € (0,00) if Xy = 0 and
Yy = N. This kind of uniform estimates are classical for processes on a compact set but
rather unusual for real valued ones.

Remark 2.6 (Role of the drift term). Let us consider the continuous time Markov process
Z = (Zt);50 with state space [0, 00), initial condition Zy =1, and infinitesimal generator

Af(z) = 2(f(2/2) = f(2)).

We denote by (Tn)n>0 the sequence of jump times of Z, with the convention Ty = 0. The
holding times are given by 7, = T, — T,_1 for every n > 1. The process Z admits a
unique nvariant law which is dg. For any n > 1, we have Zg, = 27" and 7, follows an
exponential law of mean 2"~ 1. Thus, for any n > 1 and t > 0, we can write

P(Z,>2 ") =P(T, >t) >P(r, >t) =e 2 " L.
By choosing t = 2"~1 and by using Markov’s inequality, we obtain

lim 2" ' E(Zgn-1) > (2¢)7! > 0.

n—oo
As a consequence, t — tE(Z;) does not converge to 0 and Z; converges to 0 as t tends to
oo with an at most linear speed. Of course, this dynamics without drift is very different
from the TCP dynamics ([Il) since it is neither irreducible nor recurrent. This elementary
example without drift shows that the drift term in ([{) is crucial for the exponential decay
phenomenon (after some “warmup”). The drift keeps the process away from zero, i.e.
away from a slow zone (rare jumps).

Open questions and further remarks

The determination of the best constants in Theorem 2.3 remains an open problem. One
may also ask for a version involving W), for any p > 1 or even the total variation distance.
Beyond the TCP window size dynamics, one may ask about the speed of convergence of
ergodic PDMPs, for which necessary and sufficient ergodicity criteria are already known,
see e.g. [3]. One may also study the long time behavior of interacting processes associated
to (@) or ([I3), for instance Mac Kean-Vlasov mean field interactions as in [7].



3 Embedded chain

It is shown in [4, Proposition 8|, by Laplace transform inversion, that if H is a Dirac mass
at point 6 € (0,1), the invariant measure of the embedded chain v = vs has Lebesgue
density

1 > (—1)"_15_2n _5-2ng2/9
T = 0~ H;L.Ozl(l _ 5271) Z:l HZ:% |1 — 5_2k|1'€ . (10)

It is unimodal, of order O(x exp(—&222/2)) when z — oo, and all its derivatives vanish at
z = 0.
If H is not a Dirac mass, the invariant measure v of the embedded Markov chain is no

longer explicit. Nevertheless, the recursion formula ([B) provides the following result, see
[5, [6], which establish the existence of an invariant measure with sub-Gaussian tails.

Theorem 3.1 (Convergence of the embedded chain, [5,6]). Given any Xo, the embedded
Markov chain X = (Xy)n>0 associated to the dynamics ([Il) converges in distribution to
the law of the random variable

00 1/2
<QZQ%...QELE”>
n=1

which is a.s. finite, where E1,Es,... and Q1,Q2,... are independent sequences of i.i.d.
random variables following respectively the exponential law of unit mean and the law H
which appear in ([{). In particular, v is the unique invariant law of X and

J v = E(H;:"1<1 T --Q%))’

which is finite if 2s¢> < 1 and infinite if 2sq> > 1, where ¢ = inf {z, P(Q > z) =1} < 1.

Let us now turn to our quantitative estimate for the convergence to equilibrium for
the embedded chain.

Proof of Theorem [2l Tt is sufficient to provide a good coupling. Let z > 0 and y > 0
be two non-negative real numbers, and let (E,),>; and (Qn),>; be two independent
sequences of i.i.d. random variables with respective laws the exponential law of unit mean
and the law H which appears in (I]). Let X and Y be the discrete time Markov chains on
[0,00) defined by

Xo=2z and Xn-i—l = Qn+1\/X7% +2E,41 foranyn >0
Yo =y and }Afn_H = Qn+1\/}>n2 +2E,41 for any n > 0.

By the analogue of @) for ([I3), the law of X (respectively Y) is the law of the embedded
chain of a process generated by (Il) and starting from = (respectively y). Now, for any
p = 1, since & — Va2 + a is a 1-Lipschitz function on [0, 00) for any a > 0, we get

E( ,,>

p> = E(QZH)E(‘Xn ~Ya

\/X,% +2En11 — \/Ynz +2E,41

. N »
Xn+1 — Yn+1‘ ) =E( QL1

< E(QZ.H‘Xn - }A/n

)




A straightforward recurrence leads to

E(‘f(n _y,

") <E@)"k -yl

This gives the desired inequality when the initial laws are Dirac masses. The general case
follows by integrating this inequality with respect to couplings of the initial laws. U

Let us now investigate some properties of the kernel K defined by () that will be used
to provide concentration bounds for the ergodic theorem. The key point is that K™ and
v satisfy a Gross (or logarithmic Sobolev) inequality.

Definition 3.2 (Gross inequality). A law n on R? satisfies a Gross (or logarithmic Sobolev
[1,18]) inequality with constant ¢ > 0 when for any smooth compactly supported f : R — R,

[ 108 dn - [ fantog [ an < c [1957an

We denote by GROSS(n) € (0,00] the smallest constant for which this holds true.

If F -5 is the image of ) by F then GROSS(F - 1) < GROSS(n)||F||7 .. The Gross
inequality contains an information on Gaussian concentration of measure: the function
z— e is n-integrable as soon as a < 1/GROSS(n). Moreover, if  has covariance ¥ with
spectral radius p(X) then 2p(X) < Gross(n) and equality is achieved when 7 is Gaussian.
Furthermore, for any a-Lipschitz function f : R — R and any A > 0,

E, (e)\f> < eCa2)\2/4e)\]Enf (11)

as soon as C' > GROSS(n). This means that n satisfies a sub-Gaussian concentration of
measure for Lipschitz functions. For more details, see e.g. [11], 2I] and references therein.

Theorem 3.3 (Properties of the kernel of the embedded chain). Let X be the embedded
chain associated to (Il) with transition kernel (). Assume that H is the Dirac mass at
point § € [0,1). If f is a 1-Lipschitz function from [0,+00) to R, then z — K(f)(z) is a
0-Lipschitz function from [0,400) to R. Moreover, for any x > 0, the law K (-)(x) satisfies
a Gross inequality with constant 262.

Proof. If § = 0, then K is the Dirac mass at 0 and the result is trivial. For any smooth
function f : [0,00) — R, we have from () that

(K )| = 6‘K(ﬁf’(ém)>‘ <OK(|f))- (12)

Let us show now that for every = > 0 the law K(z,-) = £(X; | Xo = ) satisfies a Gross
inequality with constant 262. Since E is exponential of mean 1, the law 1 of \/E/2 is a
x-distribution with probability density and cumulative distribution functions given by

g:v— 41)6_2”2]1{v>0} and G:vw (1-— 6_2”2)]1{v>0}.
On the other hand, 2F L U% + U3 where Uy, Uy are i.i.d. standard Gaussians, and thus

VER2 = VaE L L\ [up 03,



Also, 7 is the image of the Gaussian law A(0, I3) on R? by a (1/2)-Lipschitz function, and
this implies that n satisfies a Gross inequality with constant 1/2. Moreover,

K(f)(z) = /Ooof(6\/x2 —|—2u)67”du
/f 251} ]1{v>x/2} dv

/f 20v) )/2)]1{v>x/2} dv.

Thus, K (-)(z) is just the image law by the Lipschitz map v — 20v of the law 7 conditioned
on (x/2,+00). This conditional law is in turn the image of 1 by the function

t— GTYG(x) + (1 - G(x))G(1) = GH(1 — exp(—t? — 22)) = /a2 + 12,

This function is 1-Lipschitz for any = > 0. Consequently, by using twice the stability
of Gross inequalities by Lipschitz maps, we obtain that for every x > 0, the law K(z,)
satisfies a Gross inequality with constant (26)%/2 = 24. O

Remark 3.4. When § = 0, the embedded chain is the constant Markov chain equal to
0. Moreover, the chain (Zn)n>0 defined by Z, = - 18 also quite simple to study.
Indeed, the random variables (Zn)n21 are i.i.d. and have the law v of VV2E. The previous
proof ensures that v satisfies a Gross inequality with constant 2. One of the most useful
properties of Gross inequality is the tensorization property: Gross(n®") < Gross(n) for
every n > 1, see e.g. [1, Chapter 1]. Using now the concentration property, one has, for

any 1-Lipschitz function and any u > 0,
Nu?
>u ] <2exp - )

1 n
Pl 1= _
( S sz - [
k=1
In the more general case where § is positive, (Xn)n>1 is no longer i.i.d. Nevertheless,
the Gross inequality holds true for the iterated kernels and for the invariant law v:

Corollary 3.5 (Gross inequality for the embedded chain and its invariant law v). Let X be
the embedded chain associated to ([dl). Assume that H is the Dirac mass at point 6 € (0,1).
For everyn = 0, let K™ be the iterated transition kernel ofX, defined recursively for every
bounded measurable function f :[0,00) — R by

K°f)=f and K""\(f)=K(K"(f))

where K is the kernel ofX as in {@). Then for every integer n > 1 and every real z > 0,
the iterated kernel K™(x,-) of X satisfies a Gross inequality and

1— 52n

1-62°

GRross(K™(z,-)) < 26°

Also, the invariant law v of X (see theorem [31]) satisfies a Gross inequality and

Gross(v) < 26%(1 —6%)7!



Proof. Recall that for every n > 0, z > 0, and bounded measurable f : [0,00) — R,

B(/(%) 1% = o) = (" )la) = [~ 70) K" (z. )

To show that K™ satisfies a Gross inequality, we use a semi-group decomposition technique
borrowed from [14]. For any n > 1 and any smooth function f : [0,00) — R, the quantity

En(f) := K"(f*log ) — K"(f*)log K™ (f?)

is equal to the telescopic sum
Z {Kz [anl(fa) log anl(f2):| _ Kifl [aniJrl(fQ) log aniJrl(fQ)] }
i=1

Since the measure K (-)(x) satisfies a Gross inequality of constant 262, we get, with g, _; =

/ani(fQ)’
n ) n )
Eo(f) =) K" Ei(gn)] <202 K'(|Vgnil*),
i=1 i=1
Now, by using the commutation (I2), we obtain, for all 1 <i < n,

VK" (f2)]? ?

1K)

) (K|VKn—z—1(f2)‘)
4KKn—’i—1(f2)

‘Vgn—i‘Q = <90

Next, the Cauchy—Schwarz inequality
2 2
U o (£)
K(g) 9

K|VE™i=1(2)[)? v K1 £2)]?
( iKKn—i—1§§2§|) §K<| 4Kn—z‘—1((fc2))| ) :K(’Vgn—i—l‘z)-

gives

From these bounds, a straightforward induction gives
|Vgn7i|2 < 62(n7i)Kn7i<|vf|2).
Consequently, by putting all together, we have

1_5271
1— 62

En(f?) < 2523:152%"(ny;2) — 252 K”(\Vfﬁ).
i=0

This gives
GRross(K™) < 20%(1 — 62")(1 — 6%)~ L.
Finally, from Theorem 3.1, K™ tends weakly to v as n tends to infinity and thus

GRross(v) < limsup Gross(K™) < 26%(1 — 6%) 71,

n—oo

10



The Gross inequality for K can also be used to derive Theorem

Proof of Theorem [2Z.2. We shall establish that for any « > 0 and any 1-Lipschitz function
f:[0,00) = R,

n . n & UQ
IP’(% Zf(Xk) — /fdl/ = U+ %Wl((sxay)> S exp <_%>
k=1

and the desired result follows immediately from this bound used for f and —f. For any
1-Lipschitz function f, any r > 0 and A > 0, we have,

p<% ILEAE ) < B (o Sha 100 ),
Now the Markov property ensures that
E<6A i f(Xw) _E (e)‘ Y fXOR (exf()m | XH))
- E(e)‘ by} f(Xk)K<e/\f) (Xn_1)>-

From Theorem B3] the kernel K (x,-) of X satisfies a Gross inequality with constant 262
for every & > 0. This inequality implies by (II]) that for any c-Lipschitz function g,

0252)\2>

K(e)‘g> < exp <)\Kg +
Consequently, the Laplace transform of the ergodic mean can be bounded as follows:
A n O 52)\2 n—2 e . ~
E(e S f(Xk)> Sy E(& PO f(Xk)E<6>\(f+Kf)(Xn—1)| an2))-
2
The commutation relation (I2]) ensures that f + K f is (1 + J)-Lipschitz and then

N 25212 N
E<e>‘(f+Kf)(X"—1)‘ Xn_2> < exp (%)ex(w%%(xn_z)_

A straightforward recurrence ensures that

. 212
B (100 < exp <%>622_1 K*f@)

Choosing r = (1/n) S7_; K*f(z) + u leads to
Igs, o, lo né\?
Pl — Xp)—— KFf> < _ — .
(n ;f( k) - ; f u) exp <2(1 — n)\u>

The right hand side is minimum for A = u(6=2 — 1). At this point, we recall the dual
formulation of W1 (a, 8) for every probability laws o and f:

Wi(a,B) = sup </fda—/fdﬁ> where Hf”mp:alpw_

(S ety 1T =Yl
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Therefore, by using Theorem [2.1] one gets

—ZKk /fdu ZWI(K‘?(-)(Q@),V) < %Wl(ém,y).
k:l

O

Remark 3.6. A careful reading of the proof of Theorem[2.2 suggests that one may replace
the initial law §; by a more general initial law provided that it satisfies a sub-Gaussian
concentration for Lipschitz functions (II).

4 Continuous time process

As an introduction of our coupling method to prove Theorem 2.4] let us consider the
following simpler dynamics, studied recently in [13], [I8]. The window size is modeled by
a Markov process X = (X;);>0 that increases linearly with rate one. Congestion signals
arrive according to a Poisson process with constant rate A > 0, and upon receipt of the
k*h signal, the window size is reduced by multiplication with a random variable Q. We
assume that (Qk);>o is a sequence of ii.d. random variables of law H with support in
[0,1). In other words, the process X is generated by

L(f)(@) = f'(x) + A /0 (f(ha) — () H(dh) (13)

where A is this time a positive real number. In this framework, one can compute explicitly
the transient moments of X; (see [13| [I8]): for every n > 0, every x > 0, and every ¢ > 0,

B((X,)" | Xo = 2) = Hklaka(Zk.H@_@)@mt (14

J#m

where for every real or integer p > 1 the quantity 6, is as in our Theorem .1l In contrast
with the original dynamics (Il), the jump rate is constant and thus the jumps occur at
Poissonian times. In this framework, we derive easily the following theorem, which states
an exponential ergodicity in all Wasserstein distances.

Theorem 4.1 (Wasserstein Exponential Ergodicity for constant jump rate). Let X =
(Xt)i=0 and Y = (Yi)i>0 be two processes generated by ([I3). Assume that L(Xo) and
L(Yy) have finite p" moment for some real p > 1. If one defines 6, = A(1 — E(QP)) with
Q ~ H then for everyt > 0,

Wo(L£(X), £(Y2)) < Wi(L(Xo), L(Yo)) e P O,

We ignore if the exponential rate of convergence in Theorem A1l is optimal. One may
try to get an upper bound from the moments formula (I4]).

Proof of Theorem [{.1l Let N = (INi);>0 be a Poisson process with constant intensity A
and Q = (Qk)r>1 be ii.d. random variables with law H, independent of N. For any
x,y > 0, let us consider the processes X = (X;);>0 and Y = (Y3)¢>0 starting respectively

12



at x and y at time 0, that jump when N does, with a multiplicative factor @y for the
k" jump, and increase linearly with slope one between these jumps. It is quite clear
that these processes are generated by (I3]). Moreover, between jumps, |X; — Y;| remains
constant and at the &' jump this quantity is multiplied by Q. Thus for every t > 0 and
p =0,

E(| X —Yi[P) = E(1X; = YVil" 1 n,—sy)
k=0

= |z —yl” Y E(@Q")*P(N; = k)
k=0
= |aj — y|p6_)‘t(1_]E(Qp))‘

As a consequence, if X = (X;)i>0 and Y = (Y;)i>0 are now two processes generated by
(I3)) with a constant jump intensity A and arbitrary initial laws, we obtain that, for any
coupling IT of their initial law £(X() and £(Yy), any ¢ > 0, and any p > 1,

Wo(£060. L0907 < [ oyl iz, ).

Taking the infimum over II concludes the proof. U

Let us now turn to the TCP window size process generated by (). Consider a two
dimensional process where both components are generated by (). Since the sample paths
of both components have slope 1 between jumps, the distance between them remains
constant except at jump times. If the components jump together with the same factor @,
then this distance is also multiplied by . Thus, our strategy will be to determine the
greatest simultaneous jump probability p(z,y) in L.

The section is organized as follows. We first establish elementary considerations about
the laws of jump times as a function of the initial point. This allows us to construct rigor-
ously our coupling. Then we provide the proof of Theorem 2.3l Tt relies on tricky controls
of non-simultaneous jumps and on an original use of Gronwall’s Lemma. Eventually, we
give the rather simple proof of Theorem

Let X = (Xt)t>0 be a process generated by (I]) starting at > 0. As pointed out in
the introduction, the law of the first jump time T} is the one of Va2 + 2E — x where E is
an exponential random variable of unit mean. This law v, admits the density f, defined
by

fo(v) = (@ 4+ 0)e” TR gy = (@4 0)e T sy (15)

Its cumulative distribution F, is given by
Fo(v) = <1 _ e_(x+v)2/2+a:2/2)]l{v>0} _ <1 B e_”2/2_”>]l{y>o}.
Note that the probability density function f, satisfies the equation

~ Jo(z +v)

Folv) = (2 +0)(1 = o)) = {2 s

Let us compare the laws of 77 as a function of the starting point (see Figure [IJ).
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Lemma 4.2 (Comparison of the jump time densities f, and f,). Assume that z >y > 0.
Then there exists a unique value T(z,y) such that for every v > 0,

fz(v) > fy(v) if and only if v < T(x,y).

Moreover, the function x — 7(x,y) is increasing on [y,+00) whereas the function y —
T(z,y) is decreasing on [0,z] and, for every 0 <y < x, one has

2 4 — 2 4 —
vaita—x VY TAETY

5 < 7(,y) < 5 X
At last, if q(z,y) =1 — p(x,y) is the area of the set (one may take a look at Figure[)
{(u,v) €[0,00) x [0,00); fy(u) <v < fa(u)},
then, we have, shortening T(x,y) in T,
gz, y) = 67T2/27y7 . 6772/2711 (16)

and ,
Oyq(x,y) = —Te” V7T 2 <. (17)

Proof. The function hy , : [0,00) — R defined by

v+x
v+y

hia0) =10 £(0) = g f,(0) = 1o (1) = (2 = g0 (18)

is decreasing and convex since

1

! =—(r—y)| —— an ")y =—t Y S
o)==t +1) <0 ) = G >

Since hg 4 (0) > 0 and hy, goes to —oo as v — +o00, there is a unique 7(x,y) such that

hay(T(2,9))

log T(@y) +a —(x —y)r(x,y) = 0. (19)

7(z,y) +y

For any = > 0, let us define
T(x) = (Va2 +4—ux)/2.
The function ¢ : [0, 2] — R defined by
fy(7 (@)
9(y) = log <~7
fo(7(2))
is increasing and g(x) = 0. Then f,(7(x)) > f,(7(x)) and then 7(z) < 7(z,y). A similar
argument leads to the upper bound. Let us differentiate (I9) with respect to :
%t(@,y) +1  Ou7(z,y)
T(@y) +z  T(zy)+y

which is nothing else than

—7(z,y) — (z — y)0u7(x,y) = 0,

—0p7(x,y) (T — 1 _ 1@y tar(a,y) — 1
o7 (2, y)( y)<(7(x’y)+$)(7(x7y)+y) +1> = T(z,y) + :
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Since 7(x,y) > 7 and 7 is the largest root of the equation 72 4+ 27 — 1 = 0, we have
(2, y)? + 27(z,y) — 1 > 0 and ,7(z,y) < 0. A similar argument leads to 9,7 (z,y) < 0.
At last, since fy(u) < fz(u) if and only if u < 7, one has

o) = [ fewydu= [ g du=Folr) = F ()
which is nothing else but (If]). Moreover,

9yq(x,y) = y7(fo(7) = [y (7)) = Oy Fy(7).
The fact that f.(7) = f,(7) provides (7). O

0.0 T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 15 20 25

3.0

Figure 1: Plot of the densities fy5 and fy1. The abscissa of the intersection is 7(0.1,0.5).

Let us consider the functions g1, g2, g3 defined by
min(fz(v), fy(v))

U 1y,
9 p(z,y) t>0}
fe(v) = fy(v)
v —————1 v<7(T
g2 a(z,y) {0<wv<r(z,y)}
v) — fz(v
N O O

q(z,y)

From Lemma [£2] there are three probability density functions and we can write f, and
fy as two-component mixtures:

fz(v) = p(z,y)g1(v) + q(z,y)g2(v) and  fy(v) = p(z,y)g1(v) + q(z,y)g3(v).

In other words, let us consider three random variables Vi, V5 and V3 with respective
density functions g1, g2, and g3 independent of U with Bernoulli law B(p(z,y)). Then,

15



S=UVi+(1—-U)Voand T = UV; + (1 — U)V5 have respective density functions f, and
fy and P(S = T) = p(x,y). This procedure is a particular case of a well known maximal
coupling Lemma (for the total variation distance, see e.g. [12] for a general formulation).
We are now able to construct the couple of processes X = (Xi),o and Y = (Y3);5
starting respectively from z and y that we shall use in the proof of Theorem 2.3l Let
(En),@1 be a sequence of i.i.d. exponential random variables with unit mean, and let
(Qn)n>1 be asequence of i.i.d. random variables of law H where H is as in (), independent
of (Ep)n>1. Assume that x > y (since we will be interested in |X; — Y;|, this does not
matter). For any ¢ in the time interval [0, V}) where Vi = va? + 2E; — x, we have

Xi=x+t and Y;=y+t.

At time V7, the process X jumps to QlXV{ while Y jumps to Q1Y - with probability
p(XVf’YVf) and stays at Y; - with probability Q(XV{’YV{)' Next we do the same by
replacing = by max(Xy,,Yy,) and y by min(Xy,,Yy;) and Eqy by Es and Q1 by Q2, etc.
This recursive scheme produces two processes X and Y starting from z and y, and following
the dynamics (IJ), and last but not least with maximal joint jump probability.

In other words, we have constructed a Markov process on [0,00)? with infinitesimal
generator given by L (see (6)). We are now ready for the proof of Theorem 23l

Proof of Theorem [2.3. Let (X, Y%);5, be the couple of processes starting from (z,y) with
x > y and constructed as explained before, by maximizing the joint jump probability. We
assume for the moment that H is the Dirac mass at point 0. Let ¢ : [0,00) — [0,00) be
a smooth nondecreasing and bounded function such that ¢(0) = 1. The need of ¢ will be
explained in Remark 4.4] below. For every ¢ > 0 we define

Yoy (t) = (%)

The idea of the proof is to control the derivative of v in terms of v and then to use
Gronwall’s lemma. Let T be the time of the first jump. Recall that by the coupling
construction, the law of T" has density f, defined by (I5) and that, at time 7', X jumps
automatically and Y jumps with probability p(Xp, Yr). We start with the identity

r)/m,y(t) = E<M (]l{T<t Y jumps at T} + ]l{T<t Y does not jump at T} + ]l{T>t})>a
p(max(Xy, Yy)) H 1 ™

which gives
t
'Y:B,y(t) = /(763[:,63;(75 - s)p(m +5,y+ 5) + 76x,y(t - S)Q(x + s,y + 5))f:v(8) ds
0

+ 7|$ — y| Fx(t)

o(x +t)
:%Jo(ﬂw)ﬂ N ’f;(a_xij’q(x’y)mt N lﬂ;(—xif’(l — at) — %ﬂg)‘g(@ﬁ oft).

Consequently, we obtain

X

7;:,31(0) ) (0lz — ylp(z,y) + |0z — ylg(z,y)) — r|lz —y| _ |z — y’@/(x).

o(x) ©?(x)

(20)
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Of course, this expression can be deduced from the expression (@) of the infinitesimal
generator L of (X,Y). At this point, in order to use Gronwall’s Lemma, we need to bound
%/w in terms of v, ,. The following result makes this possible. Its proof can be skipped
at first sight.

Lemma 4.3 (Technical lemma). For any x,y >0 and 6 € [0,1), we have

Bl y) = —(1 — B)pla,y) + ( - 1>q<x,y> < —a(l-5)

where
a=1-e'~0.63212.
Equivalently, for any x,y > 0, we have
Sz —ylp(z,y) + [0z — ylg(z,y) < blz —y|

where
b=1—-(1-¢d)a<1.

Proof of Lemma[{.3 If 0 <y < dx then

o) =~ -9) (1= glwn) < -0 -0)

Let us assume now that dx < y < x. We have then

Bla,y) = —(1=0)p(z,y) + w

—26x + (1 + )y
x—y

q(z,y)

——(1-0)+

q(z,y).

Let us study the function y — [(z,y) on [dx, z].

20z — (1 +90)

B, B(x,y) = (1 - 5>ﬁq<x,y> ey,

By using the identities (I6]) and (I7) we get
—72/2—yr —(z—y)T
OyB(x,y) = % <(1 - 5)x% + 26z — (1+ 5)y> .
Since (1 — e *)/u > 1 — u/2 we obtain
re—T /2y
(z =)
Since 7 < (V32 +4 —y)/2 =2/(\/y% + 4 +y) and bz < y, we have
o7 (1+0)Vy2+4+ 1+ 0y — (1 -0)z

(1+5)—(1—5)2 Z N
S (1+6)ox — (1 =)z

VyP+4+y

0,(x,y) > (a+o)-0-97F).

2

= 0.
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As a conclusion, [ is increasing on the interval [0z, z]|. Let us now compute the limit of 3
asy — x. Since 0 < 7 < 1and 7 ~yp T = (Va2 + 4 — x)/2, we have, by using (7)),

lim f(z,y) = —(1—0) + (1 — 5)x7~'e*%2/27ﬁ.

y—x
Now, the identity 72 4+ z7 — 1 = 0 yields

lim B(z,y) = —(1 = 8) 4+ (1 — §)aFe /2712,

Yy—x

Next, by using B

xT 1
_:—g_
2 1+ /1+4+4/22 2

and the elementary inequality ue % < (1/2)e~'/? valid for u € [0,1/2], we finally obtain

lim (z,y) < —(1=0)(1— ™).

—_

Thus from (20)) and Lemma [£.3] we get
/ (@), @)
o0 < =| (10555 )+ 55 a0 2

Remark 4.4 (The need for ¢). At this point, it is clear why we need p. Indeed, if ¢ is
constant and equal to 1, the previous computations lead to

d
S E(Xe = ¥il) < —(1 = b)E(max(Xy, ¥;)[ X — ¥i) <O

which does not provide exponential convergence due to the presence of max(Xy,Y;) which
can be arbitrarily small. However, this shows that t — E(|X; —Y;|) is non-increasing.
Note that the introduction of the ¢ function appears as a modification of the norm, a
successful idea which is helpful in various situations, see for instance in [10, [22].

It remains to find a good function ¢. The ideal one should be the arg-maximum ¢q of

p = J(p) = inf <<1‘bg§(5?)>x+ :op’((;c)))

on the set of smooth positive bounded functions. .. We ignore how to determine such an
optimal ¢g. However, one can seek for some ¢ which will give a relatively good bound.
If for some function ¢, J(¢) is positive, equal to some p(d) (since b depends on §), then,
plugging this bound in Equation (2I]) leads to

the functional

Yoy (0) < =p(8)72,4(0).

Then, the Markov property ensures that, for any ¢ > 0,

Yoy () < —p(8) 72,y (1),
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which leads to

| Xi — Yy > lz—yl
E < e—PO)t
(ﬂﬂ(max(Xta Y))) — p(max(z,y))

Since 1 < ¢ < sup ¢, we get

E(|X; - Yi|) < supgp(u)|z — yle O
u>0

Let us now examine the problem of finding a good function . Let us define, for any u > 0
and ¢ > 1, the functions ¢, . and ¥, . as

c—1
() = " rz+1 for0<zx<u,
’ c for x > u,
and () ' (@)
Pu,c\T Pu,c\T
wu,cx :<1—b ’ )CE— : .
( ) Spu,c((sx) qu,c(x)
Then ( 1) 1
c—lr+u c—
1-b—-r— —F if0 < u,
(c—ll))éx+u>x+(c—l)x+u Hhsesu
Yu,e(T) = 1_(6_;0)—509”“ . if u<x<u/d,
(1—b)z if © > u/o.

One can check that v, . is increasing on (u, +00). Moreover

wu,c(ui) = wu,c(qu) + c 1 .

cu

B (c—=1)5+1
u_\/(c_l)(c—1)6—|—1—bc’

which requires that (¢ —1)0 +1 —bc > 0 i.e. ¢ < e, then

If one chooses

—1
¢u(c),c(0) = T,Z)u(c)7c(u+) = ¢ .

u

Let us now explain why ), . is concave on [0,u) (which implies that the minimum of
Yu(c),c 18 achieved at 0). For any = € [0,u), one can write () () as follows:

b(l1 —6)v? 1 N 1
52 dx+v x4+’

wu(c),c(x) =Az+ B -

where A and B are constants and v = u/(c—1). As a consequence, Q,Z)Z(c) .(x) has the sign

of b(1 — &)v? 1 (62 +v)3 = b(1 — §)v?(x +v)?

bz +v)3  (z+0v)3 (0z +v)3(x +v)3
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Then it has the sign of (§ — w)z 4+ v(1 — w) where w = (b(1 — §)v?)'/3 since x and w are
nonnegative. This sign is negative since w > 1. Indeed, using the expressions of u and b,

we get
de—=1)+c
—(c=1)2+(e—1)(c—1)

Then, w > 1 if and only if a — 22 + (bed — e + 1)x + be is positive, which is equivalent to

w> = be

9(6) = (e = 1) +5+1—¢)” —d(e — (e —1)(1 = 5)) > 0.

This function appears to be decreasing on [0, dy] for some dy € (0,1) and increasing on
(00, 1]. Since g(1) < g(0) < 0, the function g is negative on [0, 1].

Then, one has to find ¢ that maximizes wu(c),c(O). In other words, one has to maximize
the function

—(b—8)(c—1)2+ (1 —b)(c—1)
ce[l’e]H\/ Se—1) +1 '

Since b— 3§ = e (1 —§) and 1 —b = (1 — e 1)(1 — §), this is equivalent to finding the
maximum of the function
—z24 (e -1z

h =
(@) ox +1
on [0,e — 1]. The derivative of h has the sign of —6x? — 2z + e — 1 then

max h(m):h( 1+(e_1)5_1>—i<2+(e—1)5—2 1+(e—1)5>.

z€[0,e—1] 1) R
As a conclusion, one gets, for 6 € (0,1),

1 —1)o—1 —
¢(8) = +(e—1)d 1= e—1 +1

0 VIit(e—1)5+1

and

1—-46
Vu(e(s)),e(5)(0) = \/ 5 (2 +(e—1)8 —2¢/1+ (e — 1)5)

~ 2sinh(1/2)v1 -6
o Sle—1D5+1+41

Notice that § — ¢(9) is decreasing. In the particular case of 6 = 1/2, one can choose

c=vV2e+2—-1~173 and wu~ 234

to get
J(Pu(e)e) = 3¢ +1—2v/2e +2 ~ 0.311798.

Some elementary but tedious computations (or a numerical graphical analysis) reveal that
J(ue(s)),es)) = (1 —38)/2 for any 6 € (0,1). Let us now turn to the case when the
probability measure H is not the Dirac mass at §. In that general model, we have to
choose a function ¢ which does not depend on . For sake of simplicity, let us choose
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u = ¢ = 2. As above one can show that (99 is concave on (0,2) and increasing on
(2,+00). Then,

J(p2,2) = min(¢22(0),422(2)) = min <%, (2 - 46_1)%2) > %%

Then the same proof (with an additional conditioning with respect to H) provides

Voy(0) < =pG Y2,y(0) where pg = %E<%>
As in the deterministic case, we obtain, for every t > 0,
E(|X; — Yi|) < 2|z — yle Pet.
On the other hand, by Remark [£.4] we have
E(X: —Yi) < |z -yl
for every t > 0. The desired result follows then immediately. O

Remark 4.5. In the special but useful case where H is the Dirac mass at point § = 1/2,
we have J(po.2,35) = 0.46 where @, (z) = ¢ — (¢ —1)e™" with ¢ = 3.5 and v = 0.2. This
gives a better exponential rate p = 0.46 but a greater constant in front of the exponential.
Moreover, explicit controls for others values of 6 (and uniform ones) are not tractable.

In the proof above, one has in all cases that v, ,(t) < 0. This ensures that
Wi(L(Xy), L(V1) S E(|1X; = Yi[|[Xo =2, Yo =y) < |z —y|.
By the coupling argument, it is still the case for any initial laws: for any ¢ > 0,
Wi(L(X), £(Y7)) < Wi(£(Xo), L(Y0))-

Let us now turn to the proof of Theorem

Proof of theorem [2.3. The function f defined by f(x) = x for every = > 0 satisfies to
Lf(z)=1—r2?
where k1 =1 — folh H(dh) € (0,1]. Now, for every x > 0 and ¢ > 0,
az(t) = E(X¢ | Xo = x)
= a,(0) + /Oto/m(s) ds

=x+ /OtE((Lf)(XS)]Xo =x)ds

¢
=x+ / (1 — mE(X2% X = x)) ds.
0
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Also, since —kq is negative, we obtain, by using Jensen’s inequality,

o(t) =1 - kE(XZ| X0 =) <1 — riag(t)?.

As a consequence, o, < (3, where (3, is the solution of the Riccati differential equation

Bm(O) =,
BL(t) =1 — k1 B(t)% for t >0
Denoting d = /k1, one gets, for x > 1/d,
1 2(x — 1/d)e 2t
Bot) = Lo 2azldem
d (dz+1)— (dz—1)e

 1dxcosh(dt) + sinh(dt) < 1

" ddzsinh(dt) 4 cosh(dt)  dtanh(dt)’

1

)< —
ot ®) dtanh(dt)

and therefore

On the other hand, we have also sup,<; /4 a,(t) < 1/d, and thus for every ¢ > 0,

1

< —
Sup ) S Jtanh(@)

Consider now two processes (X¢);>0 and (Y;);>o generated by (Il) with arbitrary initial
laws. For any s > 0, E(| X, — Ys|) < 2sup, a,(s) and therefore the upper bound above

gives
2
X Vi) £ ——.
WL(£(Xs), £(Ys)) d tanh(ds)
Together with Theorem 23], this gives the following uniform estimate, for every t > s > 0,

W(L(Xy), L(Y})) < WL (L(Xs), L(Ys))e PE)
2cePs
< - —Pt.
h dtanh(ds)e

As an example, when H is the Dirac measure at ¢, recall that one can choose p = (1—47)/2
and d = v/1 — ¢. The function s — e”®/tanh(ds) is convex with a minimum at point

1 4
= — th .
0T ME <\/1 o+ /17— 6>

In the case when § = 1/2, one gets, for any ¢ > 1.72

W1 (L(Xy), L(Y:)) < 95,
O
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