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Stability of non-cooperative load balancing with time-varying latency

Alessandro Giuseppi', Danilo Menegatti’ and Antonio Pietrabissa'

Abstract— The problem of non-cooperative load balancing
arises in multi-agent scenarios where users/services compete for
some limited resources. This study, leveraging on results from
set stability and switched systems control theory, analyses the
convergence properties of a class of load-balancing strategies
towards a set of approximated non-cooperative equilibria in a
scenario in which the performance of the resource providers is
described by a time-varying latency function.

Index Terms— switched systems; Wardrop equilibrium; non-
cooperative load balancing.

I. INTRODUCTION

Dynamic load balancing is among the most impactful
processes for optimizing service provision in numerous ap-
plication domains [1]-[3]. In load balancing, a stream of
infinitely-many users, each one demanding some resources
(in terms of jobs/load per unit of time), have to be distributed
over some providers. In the non-cooperative setting, such
users compete for the usage of the providers’ resources,
implying that the balancing strategy of each agent is au-
tonomous and is taken unilaterally with the sole objective
of minimizing some measure of latency experienced (e.g.,
queue length, delay, price) [4].

Wardrop equilibria have been broadly studied for both
routing and load balancing problems ( [5]-[8] and references
threrin), with most works focusing on time-invariant setting,
with the exception of some studies focusing on time-varying
loads [9] and network topologies [10]. The present paper
employs the load-balancing problem formulation originally
used in [11] and in the previous work [10] with the addi-
tion of time-varying latency functions. Up to the authors’
knowledge on non-cooperative routing and load balancing
— including the cited papers and our previous study [9],
addressing the case of a time-varying demand — the main
innovation of the present work is related to the analysis
of the convergence conditions under time-varying latency
functions, which may reflect, e.g., changes in the providers’
operating modes for energy-saving, security or malfunction
occurrences. This result is obtained by means of set stability
theory and Lyapunov arguments applied to the switched
systems domain. Specifically, the variations of the latency
functions will determine switching events, leading to the
identification of a minimum dwell-time (i.e., a minimum time
interval between two switches) that assures the convergence
of the system to an approximate Wardrop equilibrium in
finite-time.
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II. PRELIMINARIES
A. Load balancing and Wardrop equilibria

Given a finite set of providers P, let Z be the set of |I|
commodities, each one characterized by its job demand or
load rate A\' > 0, i € Z representing the amount of load per
unit of time to be elaborated by the set of providers P C P
over which the ¢-th commodity may distribute its load, and let
A= e A’ be the total load demand, assumed to consist
of infinitely many decision-making agents, each responsible
for its allocation strategy [10].

Let :c; and z, = ) i :c; be the fraction of the load
of commodity ¢ and of the overall load of all commodities
allocated on provider p € P. The load vector is then defined
as x = [x;} pepi icz and the state space can be expressed as:

Definition 2.1: Given a load demand vector XA = [\];c7,
the feasible state space is the set of the feasible load vectors:

X = {X = [x;)}pE'Pi,iEI LI,‘; > O,Vp € 'Pi7
) P . 1
ng,zx,\ﬁez} M

pEP?

Load balancing problems depend on the definition of a
performance index on which a balancing criterion may be
evaluated which, in the Wardrop framework, takes the name
of latency functions. Such functions are used to evaluate and
capture the performance of the given state of the system
and are typically related to some application-specific quantity
(e.g., the average response time to process a set amount of
load).

As customary in the literature [9], [12], we assume that
latency functions are non-negative and strictly increasing for
all p € P, as they evaluate the degrading performance of
the providers as a function of its loads z,. In addition,
we assume no explicit knowledge on the their structure,
as their nature depends heavily on the application and the
considered performance. We then consider a broad class of
latency functions limited only the following assumption.

Assumption 2.2: The latency functions [, : [0, \] = Rx>,
for all p € P, are Lipschitz continuous and strictly increasing
over the interval [0, A].

A stable load vector corresponds to a network state,
known as a Wardrop equilibrium, in which no commodity
may unilaterally (i.e., without cooperation) improve its load
allocation.

Definition 2.3: (from [12]) Under a given load rate A, a
Wardrop equilibrium is defined as a state in which the load
vector x € X is such that [y(z,) < by () Vp € P? for
which z}, > 0¥m € P* and Vi € T.

7439



In practice, following [13], Wardrop equilibria are char-
acterized by the fact that the latencies experienced by the
agents (i.e., the latencies of the providers p € P such that
xp > 0) have the same value Vi € Z. Thus, it is possible to
define the set of Wardrop equilibria as

Wh— {X € X|lp(zp) — lm () < 0,¥p,m € P
‘ 2)
st i, > 0,Vi € T},

where the apex 1 indicates that the set depends on the latency
functions and 1 := [I,],ep is a vector of latency functions
satisfying Assumption 2.2.

We employ the Beckmann potential [14], as conventional
in the Wardrop literature:

Ix) = " )
lx) =3 /0 1(€)de )

peEP

Property 2.4: Under Assumption 2.2, the Beckmann po-
tential (3) is continuous and the following properties hold:

1) there exists a unique feasible load vector, denoted by
w! € X, that minimizes ®!(x), with x € X’;

2) correspondingly, there exist a unique, positive mini-
mum of ®!(x), denoted by ®! . = &}(w!) > 0.

3) w! is at the Wardrop equilibrium and, therefore, the
equilibrium set collapses into W! = {w'}.

In this work, we will consider a load balancing problem
with latency functions that vary over time. These changes
induce a change of the set of equilibria 2, which will
reflect on the control strategy and overall system dynamics.
Therefore, in the following subsection we will introduce
some notions on switched systems useful to model the time-

varying problem.

B. Switched systems

The set of providers with time-varying latency functions
and the load balancing problem will be modelled as a
switched nonlinear system [15]. Following the approach of
[15], [16], we consider our switching system to be defined
by a time-dependent switching rule and a set of different
flows of a continuous-time dynamical system, indexed with
T

x(t) = fO(x(t)), 4)

where f(") takes the name of flow of the r-th system.

Considering a family of distinct systems of the form (4)
whose indexes are contained in the set R C N, the discrete-
time switch that makes the system flow change from the
one associated to the current index r € R to the (r + 1)-th
one takes the name of switching event. Switching events are
orchestrated by a swiftching signal, which in our setting will
be driven by the uncontrollable variations of the providers’
latency functions.

Let & be a bounded invariant set for the flow

x(t) = f(x(t)),x(t) € X,Vt >0, )

and let A be a closed subset of X'. Denoting with d(u,v)
the euclidean distance between the two vectors u,v € R”,
the distance between a point x € X \ A and the set A is
defined as as d(x,.A) = minye 4 d(x,y).

Definition 2.5: [17] The function V : X — Ryq is
positive definite with respect to a closed set A C X if there
exists an increasing continuous function ¥ : R>y — Ry
such that ¥(0) = 0 and ¥(d(x,4)) < V(x) for all
xe X\ A

Theorem 2.6: [18] Given a closed set A C X, if there
exists a continuously differentiable function V' : X — Ry
positive definite with respect to A, such that its derivative
along the trajectories of the system (5), V/(x), is so that
—V(x) is also positive definite with respect to A, then V (x)
is a Lyapunov function on X \ A and A is a Globally
Asymptotically Stable Set (GASS) for the system.

As a consequence of the theorem, it follows that if 3y > 0
such that V(x) < —y Vx € X'\ A, the state of the system
enters A .

ITII. MAIN RESULT
A. Modelling and dynamics

The switching signal that characterizes the system dynam-
ics is defined as the piece-wise constant function

s: T =R, (6)

with 7 = [0,00). Signal (6) then maps all time instants
t onto the set of indexes R. Let 7, € T denote the r-th
switching instant, with 7o = 0 and 7,1 < 7, for all r €
R. Let lz(,r) denote the provider latency functions, for ¢ €
[T, Tr+1), and let H (r) .= Tr+1 — T denote the r-th holding
time of the switching signal.

The considered switched system

X(t) = f*D(x(t),t €T, (7

is the result of the switching signal (6) orchestrating the
switches over the continuous-time dynamics

x(t) = S (x(t)),t € T,x(0) € X, ®)

that are parametrized by r, with (") : X — X.

The instant just before the r-th switch, which occurs at
the end of the holding time H,_1, is denoted by 7,~. In our
system, switches occur when there is a change in provider
latency, that does not affect the load vector, i.e.:.

x(7p) = x(7,7). )

During every flow r the latency functions satisfy Assump-
tion 2.2. Let %" be the local Lipschitz constant of 15", for
all providers p € P. We make an additional assumption that
states that the Lipschitz constants of the latency functions
are bounded according to the following statement.

Assumption 3.1: Let L denote the space of the functions
satisfying Assumption 2.2. For every flow r € R, the vector
1(7) of the providers’ latency functions is such that 1) € L.
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The variation of the value of the latency functions at the
switches is assumed to be bounded:

Assumption 3.2: For every load vector x € X and
provider p € P, the latency variation at the switch r € R is
bounded as |1\ (2,) — 15" (2,)| < @, with & > 0.

We remark that the latencies variations of assumption 3.2
make so each flow (8) is characterized by a distinct equilib-
rium w(") that depends on its specific latency functions.

Focusing on the subsystem (8), one has that, during flow
r,forallt €T ,p€ P’ and i€,

i (t) =

S ripx@) = S rEOx), 10
mepPi mepi

where r;,’(frf)(x(t)) is the migration rate, directed from
provider p towards provider m. It is then possible to define
the total migration rate, for a given state x, from provider p
to m as

rom () = S 10 (x).

i€l

(1)

Equation (11) defines the state-dependant rate according to
which the load exchange between providers p and m occurs.
A typical solution to characterize this rate is to assume its
structure as follows [6], [7], [10]:

ri)(x) = o, (X) s (x)2h, Vp,m € PLYi € T (12)

in which the variable o7, (x) captures the concept of sam-
pling probability, that is the probability according to which a
fraction of the load of provider p is re-allocated onto provider
m, and the variable M;}(,f) (x) represents the migration policy,
that is the law that defines if a migration among the two
providers actually occurs and its magnitude. In order to fully
define a selfish routing policy defined by (12), it is hence
needed to characterize both o, (x) and 1) (x).
In general, 0, (x) can be described as the distribution

Z O’;m(X) = 1, with cr;m(x) > 0,¥p,m € P',Vi € T,
p,meP?
13)

while ui;,gf ) (x) assumes the form

ppn) (x) =
> if 157 (x) — 1 0 ,
A (x) () > ,Vp,me P VieT,
0 otherwise

(14)
in which ¢ > 0 and p > 0 are fixed values that can be used
to characterize the migration policy behaviour.

Several possible choices exist for both a;m(x) and
M;;’r(;:)(X), among which we mention the uniform sampling
probability, according to which the target provider is selected
according to a uniform distribution, i.e.,

Tpm(x) = 0" =1/|P], (15)
and the so-called proportional sampling probability, accord-
ing to which the probability of selecting a given target
provider for the migration is proportional to its load, that
is

O (x) = ), /A", (16)

Regarding u;}gf, ) (x), a first possible choice is to consider a
structure of the form:

A7

(1) (x) = Lif lz()r) (x) - 15 (x)=0
Hom 10 otherwise

which takes the name of better-response migration policy,
or one may consider one of its variants, such as the linear
migration policy

Z(T) _ lg) ) r .
(0) () — b () =l (%) 5400 () — 1D (x) > 0 _

Hpm
0 otherwise

(18)

which considers an upper-bound on the latency functions, [.

For the purposes of this study, we do not restrict our

analysis to a particular choice of o/, (x) and 14 (x), so

we assume that the migration rate (12) is defined in terms

of a sampling probability that obeys (13) and an arbitrary
migration policy of the form (14).

B. Subsystem convergence between switches

In this subsection we focus on the finite-time convergence
of (8)-(14) to a particular set of approximate equilibria Wg?

Definition 3.3: For a given 0 < § < 1 and a given ¢ >
0, the (6,¢)-Wardrop equilibrium set under the r-th latency
vector is defined as

W)= {xex

lg")(mp) — 1 (2,,) < ,¥p,m € P

s.t. x; > 6\ Vi € I} > {w}.
(19)

In the above definition, the constant € can be seen as the
maximum tolerated distance among latency values, whereas
¢ represents the minimum load portion 33; of the commodity
7 that is required to consider the provider p as loaded by
the commodity. From definition 3.3 it follows that at a
(6, €)-Wardrop equilibrium, the latencies of all the d-loaded
providers of a commodity i (i.e., p € P’ s.t. xi, > §) are
equalized up to a tolerance of .

Note that, since the constraints that appear in (19) are
continuous, Wé? is a compact and closed subset of X.

Definition 3.4: Let V(") . X — R>( be the continuously
differentiable function

") (x) — Pl

V(T) (X) = (I)l min-* (20)
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Given a constant ¢ > 0, the level set of the function V() is
the contour GV(")(c) of the sublevel set

VI (e) == ix € X’V(T) (x) < c}. (1)

Definition 3.5: Let ¢\” and ¢\ be the constants such that
V) = Y () is the maximum sublevel set included in
W(g;) and V" := V) ({7) is the minimum sublevel set
containing W(ETE), respectively.

We note that Assumption 2.2 implies that the two sets
V" V{") are unique. Furthermore, ¢ is respectively the
minimum and maximum latency mismatch that may occur
on the contours 5V(T) and 0V, " We also mention that
the specific values assumed by c( " and ¢, (r) depend on the
latency functions, but we do not assume any knowledge on
their structure, as we assume them to be unknown and only
measured.

From the discussions of the previous work [9], we have
that the following Lemmas and Theorem 3.8 hold:

Lemma 3.6: The set X is a positive invariant set for the
nonlinear system (8)-(14).

Lemma 3.7: Under Assumption 2.2, for any § > 0 and
e > 0, the functions

U (dx, V) =4d(x, V)i = 1,2, (22)
with
() £ ) _ OO Amin€
LG R R
dY)z max d(x,VY))
xexX\w}")

are such that V(") and —V(") are positive definite with

respect to X 5(? and therefore V(") is a Lyapunov function

on X\W, 5 E , implying, from Theorem 2.6, that the set W(g_rs)
is GASS for the nonlinear system (8)-(14). ’

Theorem 3.8: Under Assumption 2.2, for any 6 > 0 and
€ > 0, trajectories of the nonlinear system (8)-(14) enter the
set Wé? in finite time, with minimum convergence velocity

V(T) (X) < _0M5>\min€7 vx e X \ Wg,?’ (24)

with Apin := min;er \?, and the equilibrium load vector
w("), where the latencies of all the loaded providers are
equalized for every commodity, is the unique asymptotically
stable equilibrium state for the nonlinear system (8)-(14).

C. Convergence of the overall switched system

We now prove that the overall system (7) is stable with
respect to the union of the approximate equilibrium sets (19).

Given (9), that describes a switch event for the switched
system, we have that Lemma 3.6 implies the property:

Property 3.9: The set X is positive invariant for the
switched nonlinear system (8)-(14).

For the sake of presentation, in Figure 1 we visualize the
sets W(ETE) and the Wardrop equilibria for a toy example.

Let us define ci,co as ¢; = min,er (cgr)) and ¢ =
max,cr (cg)). Under Assumption 2.2, one has that, Vr €
R, the two sets V(") (c;) and V(") (cy) are unique, and also
that

VO (er) S VO () c Wil S V() € VO (o).
(25)
We can now state the following Theorem.
Theorem 3.10: For any choice of § > 0 and ¢ > 0, if
Assumption 2.2 holds and if the minimum dwell-time H,;;,

verifies
20\

Hyin > ————
min guéAmmg 9y

(26)

the state of the switched system (8)-(14) enters Wér) for a
finite value of 7 € R. Furthermore, after entering Wa < >
evolution of the system state remain in the set V(") (¢, +2aA),
for all t € [7,,7,,1) and 7 > 7.

Proof: From property 3.9 it follows that x(¢) € X
Vvt € [r,,7,,,) and 7 € R. It is then possible to re-
trace the proof of Theorem 3.8 to prove that V(") (x) and
—V () (x) are positive definite with respect to V(") (¢c;) by
setting v, := ¢ /d; and 2 := min,.cr (bY)/JI), with dq :=
MaX,eR xcX d(x7 V(T)(cl)). Equation (24) guarantees that,
during the holding time H("), on has

VI (x) < —0p6Amine < 0, 27)

Vx € X\W(;TE and for all r € R.
At the r-th switch, V=1 (x(,7)) —
expanded as follows:

V() (x(r,)) can be

VO (x(ry) - <T”<<fw)=

47§:</q e - /~ i)+

(T 1)

_Z</ " Tl) £)de — / Tl) )dg):
pEP
i) (1)
=3 [ (-1 s
pEP
w1
—Z/ N>%+Z/ 10D (¢)de,
peEP peEP

(28)
where wz(,T) represents the load of provider p at the Wardrop

equilibrium for flow r and where we considered that
2p(7r) = x,(7, ) (equation (9)). Assuming that all the
commodity latencies increase proportionally to &, it is trivial
to show that the first term of equation (28) is bounded by

> / v (l“

peEP
zp (1)
<> / ad¢é < a.
0

peP

ﬂrl%@)des
(29)
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while for the other terms, the second and the third one, a
similar upper-bound is built as:

> /prm) (lg"” & -1 (5)) de+

peEPL

wp (Tr—1)
+> /0 (l;f”(s) lfﬁ(&))ds < a,

pEP?

(30)

where P! and P? consider the providers such that w,(7,.) >
wp(7r—1) and wy(7,) < wp(7r—1), respectively.
As a result:

VO (x(r,)) = VI (x(7,7)) < 2@ (31)
In order to proceed, we need to make sure that:
V() (X(Tr)) - V(“l)(x(rf))—l—
et HT (32)
+/ V) (x(t))dt <0,
which, looking at (27) and (31), is true if
20\ — Uué)\minEHmin <0. (33)

Moreover, note (26) holds, the two equations (27) and (33)
imply that, Vr € R, the values of the Lyapunov functions
at times 7, ; (i.e., sampled at the end of the holding times)
decrease, with the only exception being cases in which the
system state reaches Wérg) within the holding time.

In fact, if x(7, ;) € &'\ Wg? just before a switch, one has

VO (x(1,5,) = VU (x(r7)) < —h,Vr e R, (34)

: ; - Lo 20X
in which h = Hmm SHONE
defines a decreasing sequence.

On the contrary, Vr € R such that x(7, ;) € &'\ Wé_?
one has:

1) V(e) C Wg? and therefore d(x(7, ), é?) <
d(x(731), V) (1))
2) v is such that
d(x(1,51), V" (1)) < VO (x(7,0));
3) d(x, Wé;)) =0 when x € 8W§g.
Thus, a finite value 7 exists such that the system trajectories
reach the set Wé;), proving the first part of the theorem.
We now focus on the maximum change in the value of
latency functions after a switch, that is defined by (31).
Assume that 7 is such that x(7; ) € W[ETE) ; Due to the fact
that W5” C V()(cy), at the end of the 7-th holding time
one has V(x(77,,)) < cp. After the switch, equation (31)
implies that V (x(7741)) < co + 2@\, meaning that, the state
x(7741) is constrained in the set V71 (¢ + 2a)).
We have hence proved both the existence of a finite
number 7 such that at time ¢ € [r, 7r41) the state x(¢)
is in the set W(LF), and the fact that the system trajectory

> 0, meaning that (34)

x(t) never leaves V(") (cy + 2aA) for all 7 > 7, concluding
the proof. [ ]

022 sVW(c,

sviney | t2ad

\ w® VD (er)
018
04
\ 016
02 \ X(TZ)x(n)
- 014
. —_x(0) 3
Od—— ot wo o5 Xz E < 0z 03 X2
0\ \ w® @ Wse — 048 >026 028 03
\ 052
os\\M ?&\
N 056
1 058
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Fig. 1. (left) Single-commodity problem with || = 3 providers with
11(€) = 916 —1, Io(&) = €0-2(8) —1, [3(¢) = €2-3(8) —1 and a (scalar)
load rate A\ = 1. The figure details a trajectory x(t), the load vectors w(")
and the sets W((sre), for a total of eight switches, with 6 = ¢ = 0.005 and
a(ty) = &= 0.01 for r = 1,...,8; (right) Visualization of V(1) (c%l)),
oV (V) and VD (cz + Ba2A?) in the same setting of the (left)
figure, for » = 1. The maximum latency mismatches on the last two sets
are 0.0076 and 0.0201.

Fig. 1 (right) depicts an example of level sets 61/{1), 6V2(1)
and OV (c+2a)). We observe that the set 9V (") (co+2a\)
is a superset of the equilibrium set W(grg) . While, from a theo-
retical perspective, considering the proof of Theorem 3.8, the
set OV(") (cy+2a\) was found under worst-case assumptions
on particularly unfavourable switches, in practice, when the
r-th switch is small, we expect the trajectories to remain
close or inside the equilibrium set Wé;ﬁl).

IV. NUMERICAL SIMULATIONS

We now detail the result of some numerical tests to
validate the control law resulting from (12), (15), (17).

We consider a scenario with |P| = 8 providers, |Z| = 3
commodities, each using |P!| = 6, [P?| =5 and [P3| =5
providers, and a load vector A = [0.55,0.40,0.35] that
corresponds to a total load A = 1. Moreover, during each
flow » € R, we assume that the provider latency functions
are exponential, l,(f) (xp) = ap(r)e*® — 1, with the
parameters a,, in the set [0.1,0.25] and a,(m1) =1, Vp € P.

For the first simulation, which has a duration of 1600s, we
set the maximum latency value as [,,x = 0.2, and assume
that latencies’ variation at each switch is linked to provider
p either as a,(7,41) = ap(7) + 0.005 or as ap(741) =
ap (1) —0.05, therefore @ = 0.01. The algorithm parameters
are set as 6 = 0.01 and ¢ = 0.01, 0 = 5 and the
resulting minimum dwell-time is H (Co Hin = 148.9s.
The latencies variations occur every H,;, during the first
1280s of the simulation.

Simulation results are shown in Fig. 2, which reports the
system evolution starting from random initial load vectors.
The top and center rows display the load vector dynamics
and the values of the provider latencies, respectively, of the
three commodities during the entire simulation.

The plots in the bottom row of Fig. 2 report the maximum la-
tency mismatches among the d-loaded providers of the three
commodities, that is e} (t) := max,epi|zi (1y>oxi bp (25 (t)) -

maXmeTﬂ lm (xm(t)) .
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Fig. 2. Simulation 1: (top) load vectors; (center) provider latencies;

(bottom) latency mismatches.
5005F o —
0

0 50 100 150 200 250
t[s]

Fig. 3. Simulation 2: latency mismatches, efs(t), 1 = 1,2, 3, and maximum
latency mismatch e5(t) = max;=1,2 3 €}(t)

The figure shows that e}, eZ and e3 fall below the threshold
€ at times t; = 131s, ¢t = 157s and t3 = 165s.

It is interesting to note how the policy of the commodities
(upper plots) varies during the simulation in order to keep
the error below € (lower plots) in response to the variations
of the latency functions (the switches are clearly identified
by the steps in the latency values of the middle plots).

For all the commodities, the top row of plots shows that
not all the provider latencies converge within a small neigh-
bourhood; however, the providers of the latencies which do
not converge are not d-loaded. For instance, let us consider
the provider 8, which is shared by all three commodities.
Initially, the provider is used by commodities 1 and 2 but, as
the simulation time grows, it becomes used by commodities
1 and 3 (e.g., at time 500s, z} = 0.14, 22 ~ 0, 23 = 0.03).
Therefore, at time 500s, the latency value of provider 8§,
ls = 0.023, has not to converge to the latency values of
the other providers used by commodity 2, with [, = 0.019
for all p € P?\ {8}. At time 748s, the variations of the
latency functions is such that 2 starts growing and x} and x3
start decreasing, and, at the end of the simulation, provider
8 becomes used by commodity 2 only. Then, the latency
lg converges to the latency values of the providers used by
commodity 2 and diverges from the latency values of the
providers used by commodities 1 and 3.

Repeating the test in a setting in which the condition
expressed by (26) is not violated, as is the case if we set
a=0.02 0 =1and H" = 15s for all » € R. Fig. 3
shows that violating the constraint on the dwell-time, the
controller is unable to recover the increase of the latency

mismatches caused by the switches. In fact, the latency
mismatch increases for all the switches for the commodities
1 and 3 (while it decreases for commodity 2), causing es to
diverge. The figure also shows that, as the switches terminate
at time ¢ = 150s, the latency mismatches of the commodities
start annihilating.

V. CONCLUSION

This paper analysed the convergence of non-cooperative
load balancing over providers characterized by time-varying
latency functions. Leveraging on switched systems and set
stability theory, it was possible to determine the minimum
dwell-time under which the system state is guaranteed to
converge in finite-time into a set of approximated Wardrop
equilibria, in which the provider latencies are equalized with
an arbitrarily small tolerance.

A possible future research direction involves the explicit
inclusion of capacity constraints in the system dynamics.
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