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Abstract

We study distributed load balancing in networks with selfish agents. In the simplest model
considered here, there are n identical machines represented by vertices in a network and m > n
selfish agents that unilaterally decide to move from one vetex to another if this improves their
experienced load. We present several protocols for concurrent migration that satisfy desirable
properties such as being based only on local information and computation and the absence of
global coordination or cooperation of agents. Our main contribution is to show rapid convergence
of the resulting migration process to states that satisfy different stability or balance criteria. In
particular, the convergence time to a Nash equilibrium is only logarithmic in m and polynomial
in n, where the polynomial depends on the graph structure. In addition, we show reduced
convergence times to approximate Nash equilibria. Finally, we extend our results to networks of
machines with different speeds or to agents that have different weights and show similar results
for convergence to approximate and exact Nash equilibria.

1 Introduction

Load balancing is an essential requirement in large networks to ensure efficient utilization of resources
and satisfactory performance of the system. In many large computer networks load balancing
becomes a challenge because of the absence of global information and coordination. When there
is only local information available about the load situation and even the existence of machines, a
centralized approach to load balancing is inappropriate or even impossible. Instead, one then needs
to develop protocols that respect the informational and computational restrictions of the scenario.
In addition, the protocols should guarantee rapid convergence to balanced states.

Some distributed algorithmic approaches for load balancing have been proposed in algorithmic
game theory, see, e.g., [5, 15, 2, 18]. In this context tasks are considered as selfish agents that
act unilaterally and migrate concurrently between machines without global coordination. Such an
approach has two main advantages over protocols that use more centralized optimization. Firstly,
concurrent migration and unilateral decision making of multiple agents controlling the tasks reduce
the coordination overhead and may still allow for rapid convergence (i.e., sublinear in the number
of agents). Secondly, such “task agents” have an incentive to follow the protocol. This is an
advantage in modern computer networks that are influenced by a variety of economic incentives
and developments. In these networks centralized coordination is often absent and user actions are
made in a selfish manner. While these properties make protocols for concurrent selfish load balancing
desirable, their existence and convergence properties are not well-understood in many load balancing
contexts.

*A preliminary version appeared at the 22nd ACM-SIAM Symposium on Discrete Algorithms (SODA’11) [8].
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In this paper, we present protocols for selfish load balancing in a discrete network balancing
model. There are n identical machines which represent vertices in an arbitrary, undirected graph
G = (V,E), and m tasks that are initially assigned arbitrarily to the machines. Our protocols
proceed in a round-based fashion. In each round, every task picks a neighboring machine at random
and decides probabilistically whether or not to migrate to that machine. Hence, the tasks only need
local information, i.e., they have to know the load of machine they are currently assigned to and
the load of the neighboring machines in the graph. The main challenge in the design of concurrent
protocols such as ours is to carefully choose appropriate migration probabilities in order to guarantee
rapid convergence while avoiding oscillation effects. Our scenario represents a significant extension
of the existing literature on selfish load balancing, as concurrent protocols have been considered
essentially only for complete graphs [4, 17, 2, 15, 5, 6]

In our model there are several concepts of a state in which the assignment of tasks is “stable”
or “balanced”. The standard notion of stability is the Nash equilibrium (NE), in which no player
can unilaterally improve by moving to a neighboring machine. Note that throughout this paper
we restrict to pure NE and states that do not involve randomization. A weaker and more rapidly
achievable condition is that of e-approximate Nash equilibrium (e-apz. NE), where no player can
decrease his personal load by less than a factor of (1 — ¢). However, in an NE the load difference
between the least loaded and most loaded machines can still be in the order of the network diameter
in our model. In this paper, we consider protocols and study the convergence times to approximate
and exact NE. We extend our results to networks of machines with different speeds or to agents that
have different weights and show similar results for convergence to approximate and exact NE.

1.1 Contribution and Techniques

We propose and analyze concurrent probabilistic protocols to obtain approximate and exact NE for
identical machines or machines with speeds, and for weighted tasks on identical machines.

Identical machines. We present a protocol that reaches an exact NE after a number of rounds
that depends only logarithmically on m. Let A be the maximum degree of the graph and ue be the
second smallest eigenvalue of the Laplace matrix of G. The dynamics reach a NE in expected time
O (A/pz - (Inm +1nn) + |E| - A/uz). For m > én* and § > 1, the first part of this convergence time
is the time needed to reach a 2/(1+0)-apx. NE. The second part is the time needed so that no agent
wants to unilaterally deviate to a neighboring machine. Therefore, the convergence time is only
logarithmic in the number of agents m, but the dependency on n is polynomial and connected to
the structure of the graph. Obviously, in general a polynomial dependence on n cannot be avoided
(e.g., for paths).

Machines with speeds. In this case, each machine ¢ € V has a speed s; € N, s; > 1, and thus
processes tasks at a different rate. Let S := ), ,s; and > 1, then using our protocol a set of
m > §-8-n3-S agents converges to an 2/(1+6)-apx. NE in expected time O(In(m)-poly(n)-poly(smax))
on any graph, where sy is the maximum speed. An exact NE is reached after additional time
O(poly(n) - poly(Smax)), so in total also in time O(In(m) - poly(n) - poly(smax))-

Weighted tasks. Finally, we also consider the case that each task £ has a weight wy € N, wy > 1.
In this case, the expected convergence time to a NE is O(A - w3. Wmax ), Where W is the sum of all
weights and wpax is the maximum weight.
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Outline of the paper. Due to technical reasons we present our results in a different order than
the one stated above. After presenting the necessary definitions and preliminaries in Section 2,
we first derive in Section 3 the results on load balancing with speeds (Theorems 3.1 and 3.2), as
this introduces the main technical framework. The results on networks with identical machines
are discussed in Section 4. Then we enhance the general approach for machines with speeds to
show convergence to apx. NE (Theorems 4.1 and 4.2). Finally, Section 5 contains the extension to
weighted tasks (Theorem 5.1) and is mainly based on our previous approach.

1.2 Related Work

Most closely related to our paper is [5], where the case of identical machines in a complete graph is
studied. There, a protocol that is equivalent to ours is shown to arrive at a NE in time O(loglogm+
poly(n)). Note that for complete graphs the NE and optimal allocations are identical. An extension
of this model to weighted tasks is studied in [6]. There the authors consider a similar protocol for the
complete graph. They show that the expected time to reach an approximate NE is O(mn - w3 ).
Here we extend the results of both papers significantly by studying dynamics on general graphs and
machines that have speeds. This also requires to use different techniques that allow to capture the
connections between convergence time and graph structure.

Our paper relates to a general stream of works for selfish load balancing on complete graphs.
There is a variety of issues that have been considered, starting with seminal papers on algorithms
and dynamics to reach NE [14, 16]. More directly related are concurrent protocols for selfish load
balancing in different contexts that allow convergence results similar to ours. Whereas some papers
consider protocols that use some form of global information [15] or coordinated migration [20], others
consider infinitesimal or splittable tasks [19, 4] or work without rationality assumptions [17, 2].
The machine models in these cases range from identical, uniformly related (linear with speeds) to
unrelated machines. The latter also contains the case when there are access restrictions of certain
agents to certain machines. In contrast, in our model players migrate over a network and can access
machines only depending on their current location. This is a fundamental difference to all previous
related work in this area. For an overview of work on selfish load balancing see, e.g., [31].

A slightly different approach for discrete selfish load balancing on networks are finite conges-
tion games [29], for which the convergence times of sequential best-response dynamics to exact
and approximate NE have been extensively studied [10, 3, 30]. A general approach for a concur-
rent better-response protocol is [1], which is inspired by similar results for non-atomic congestion
games [18]. In this protocol, agents pick strategies only by imitation of other agents, and there is
rapid convergence even for general delay functions, but only to an approximate equilibrium concept
where all agents experience a similar cost. While this represents a generally applicable approach,
the obtained approximate equilibrium might be far from any (apx.) NE. A different line of research
are no-regret and similar payoff-based learning dynamics [23, 24, 25, 26], but they usually converge
(quickly) only in the history of play and/or to classes of mixed NE. In contrast, we present protocols
that reach pure exact and approximate NE rapidly.

Our protocol is also related to a vast amount of literature on (non-selfish) load balancing over
networks, where results usually concern the case of identical machines and unweighted tasks. Often
there are additional restrictions on the graph structure such as regular graphs, expander graphs,
tori, etc. A central measure of balance is the discrepancy, i.e., the difference between most and least
loaded machine in the network. In expectation, our protocols mimic continuous diffusion, which
has been studied initially in [12, 9] and later, e.g., in [27]. This work established the connection
between convergence, discrepancy, and eigenvalues of graph matrices. Closer to our paper are
discrete diffusion processes — prominently studied in [28], where the authors introduce a general
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technique to bound the load deviations between an idealized and the actual processes. Recently,
randomized extensions of the algorithm in [28] have been considered, e.g., [13, 21]. However, either
machines have to communicate with their neighbors to determine the number of tasks that should
move [28, 21], or the tasks perform independent random walks [13]. In the first case, machines have
a strong control over their tasks, while in the second case tasks may jump from an underloaded to
an overloaded machine, which clearly is undesirable in a game-theoretic context.

2 Notation and Preliminaries

We consider an arbitrary, undirected and connected graph G = (V, E) with n = |V vertices repre-
senting machines. The degree of a vertex ¢ € V is deg(i). A denotes the mazimum degree of any
vertex in V. For two vertices 4, j, deg(i,j) = max{deg(i),deg(j)} is the maximum degree of i and
j-

There are m tasks in the system, which are initially assigned arbitrarily to the n machines.
We denote by x a state of the system, i.e., a fixed assignment of tasks to the machines. For any
machine ¢ € V, we denote by x; the set of tasks are that assigned to machine i in . We consider
a probabilistic migration process, in which the state is a random variable in each time step. In
particular, let X’ be the state at (the end of) step t. Similarly, X! is the subset of tasks assigned
to machine ¢ € V, and it is a random variable for every ¢ > 1 due to the probabilistic nature of
our migration protocols. Each task £ has a weight w, € N and, unless stated otherwise, we assume
uniform tasks with wp = 1.

Each vertex i € V is a machine with a speed s; € N, s; > 1. We define § = Z?:l s;. Note
that we can also handle rational speeds by normalization to integers. By spax and sy, we denote
the maximal and minimal speed of a machine, respectively. If Spax = Smin, We have a network of
identical machines and assume w.l.o.g. s; =1 for all i € V.

In the case of uniform tasks the load of a machine is defined as the sum of tasks assigned to it,
divided by the speed of the machine. In the case of weighted tasks the load is the sum of the weights
of these jobs divided by the speed. In particular, by W (z;) we denote the weight on machine i in
state z, i.e., the sum of weights of all tasks that are located on 4. Similarly, W (X}) is the weight
at the end of step t. Let W := % ., W(x;). For a state = the load of vertex i is denoted by L(x;)
and equals L(z;) = W(z;)/s;. Each task on machine ¢ experiences a disutility of L(z;) in state .
Naturally, for our process at time ¢, we obtain the random variable L(X?). A task is a selfish agent
that strives to minimize the experienced load. The task is only aware of the load of the machine
it is currently located at and is able to inspect the load on one of the neighboring machines. We
consider a round-based process. In each iteration every task uses a protocol to decide to which of
the neighbouring machines it potentially migrates.

The Laplace £ matrix is a standard matrix associated to undirected graphs, which is based on
adjacency and degree information (e.g., [11]). Formally, £ is defined as the n x n-matrix where £; ;
is equal to deg(7) if j = i, —1 if {i,j} € E(G) and 0 otherwise. The eigenvalues of the Laplace
matrix are known to encode valuable structural information for dynamic load balancing processes,
see, e.g. [22, 7].

A state x is an e-approzimate Nash equilibrium (e-apzr. NE) for any 0 < € < 1 if no task can
decrease the experience load by more than factor of (1 —¢). In such a state we have for every
machine ¢ and every neighboring machine j

W(:Ul) W(SU]) +1

1—¢)- <
(1-9) = .

For € = 0 we call such a state an (ezact) Nash equilibrium (NE).
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Our game can be expressed as an atomic congestion game, and thus the following function due
to Rosenthal [29] is a potential function for our game with uniform tasks:

eV k=1 ' eV

Whenever a single player makes a unilateral assignment change, the change in the potential function
equals the load change experienced by the player. Thus, the local optima of the potential function
are exactly the NE of the game, and the potential function measures the progress to NE from a
players point of view. We will also use the quadratic potential function that is standard in the load
balancing literature.

(W (:))?
d = —_—
o= 3 O
eV
It measures progress to a completely balanced state from a global point of view. This function will

be helpful when we prove convergence to apx. NE. This leads to the following general definition.

Definition 2.1. For r € {0,1}, define

eV
For our migration process, we often consider the change of the potential, which is
AD. (XY =&, (X7 - @,.(XY) .
We will also use a normalized formulation of ®y(x) denoted by Wo(z).

Definition 2.2. The function ¥y(x) is defined as

m2
o(z) = Po(z) — <

The potential change of Vg is defined as
AUG(XY) := T (X1 — Wp(XY) = Ady(XY).

Note that for identical machines it holds

m m2 m
Wo(w) = () — 2m - - T = 37 (Wiai) - Z>2 .
i€V

As a standard convention, the term “with high probability” means with probability at least
1 — n~¢ for some constant ¢ > 0. Our main results are upper bounds on the expected time for our
protocols to reach an (apx.) NE. We point out that one can get corresponding upper bounds which
hold with high probability at the cost of a multiplicative increase by O(logn).
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for each task / in parallel do
Let ¢ = i(¢) the current machine of task ¢
Choose a neighboring machine j u.a.r.
if L(X]™")—L(X/™")>1/s; then
Move task ¢ from resource 7 to 7 with probability

deg(1) L(X{™) - L(X;_l)

deg(i,j) a- (L + 1) w(xi™)

S; Sj

end if
end for

Figure 1: Protocol I for uniform tasks and machines with speeds. We set « := 4syax-

3 Uniform Tasks and Related Machines

In this section, we first present our results on general networks and machines with speeds, as our
analysis of this case introduces our main approach. Protocol I in Figure 1 allows tasks to move
to neighboring machines with a smaller load. In more detail, in each round every player randomly
chooses a neighboring machine. If the anticipated load of the other machine is smaller, the player
moves to it with a probability that depends on several parameters: the degree of the actual vertices,
the speeds of both machines and their load difference. Note that these are all local parameters.

The factor deg(i)/ deg(i,j) = deg(i)/(max{deg(i),deg(j)}) is crucial to prevent that too many
tasks from low degree vertices move to neighbors with a much larger degree. Alternatively, we can
use 1/A in our analysis but this would require that all tasks know the maximum degree.

Our first result in this section shows that, for sufficiently large m, we reach an apx. NE in time

logarithmic in m. The second result bounds the time to reach a NE.

Theorem 3.1. Let m > 0 - (8 -diam(G) -n-A-S) for some d > 1 and e =1/(1+0). Then Protocol
I reaches a e-approximate Nash equilibrium in expected time

O(ln(m) (diam(G))?-A - S - ‘Zm) :
which is O(In(m) - poly(n) - poly(smax)) on any graph.
Theorem 3.2. If m > 8-diam(G) -n-A- S, then Protocol I reaches a Nash equilibrium in expected
time

o <ln(m) (diam(G))? - A~ S - % 4 (diam(G))? - n2- A3 S - s?m>

Smin

on any graph. Otherwise, Protocol I reaches a Nash equilibrium in expected time
O(diam(G))? -n*- A% S-s3 ) .
In both cases, the time is in O(In(m) - poly(n) - poly(Smax)) on any graph.

In expectation, the protocol behaves like a a continuous diffusion process. To avoid oscillation
we need a > 4smax. This, however, implies that even though tasks can have a large incentive for
migration (e.g., if they move from a full and slow to an empty and fast machine), they never migrate
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with a probability of more than 1/(4smax). Thus, to reach an apx. NE where all players have a
small incentive to migrate, it might take (spyax) many rounds for the last players to move. Thus,
a convergence time that polynomially depends on spax is unavoidable, given the way our protocol
is defined.

In Section 3.1 we prove some fundamental bounds on the potential change in one step of Protocol
I. Using these insights we show Theorem 3.1 and Theorem 3.2 in Section 3.2.

3.1 Potential Function Analysis

First we introduce some additional definitions. Note that throughout the paper we first estimate
the expected potential decrease occuring in a single round of the process. In particular, we usually
condition on the event that X*~! is some arbitrary but fixed state .

Definition 3.3. For any i,j € V with {i,j} € E and any given state =, the expected flow along
this edge in a single round of our protocol starting from x is

L(zi)—L(z;)

J

a-deg(i,5)- 141 Zf L(JTZ) - L(ﬂ?j) > Sl
fij(x) == 8(id) ( &5+

0 otherwise.

Note that f; j(x) is always non-negative. Further, let

. 1
E(z):= {(z,]) € E: L(z;) — L(z;) > 3} ,
J
be the set of edges over which tasks have an incentive to move when the system is in state x. Finally,
for any r € {0,1} we define

Ny(0) = (20 - 2) - deglid) (542 ) @)+ D=L
Si Sj S; Sj
We usually use the shorthand E instead of E(z). Our aim is to prove that in one round the
system makes progress towards a NE, i.e., to show that E [A@T(Xt) | X1 = x] > 0. Let us first
consider the potential change when the number of tasks transferred over any edge is ezxactly its
expected number. Hence, we define

A, (X! | X!t =) =
W(z) - (W(x)+r E[W(X}) | X =x])? EWX)|Xtt=x
Z<><<>+>_Z<[< | ])_T_Z[()I ]

S; S; S;
eV v eV ’ eV v

Note that the expected load at machine ¢ at step ¢ given the load vector = at step ¢ — 1 equals

EWX)| X =z =W(z)+ Y (fil@) = fij(@).

JEN (1)
The following lemma generalizes [7, Lemma 2] to the setting with speeds.
Lemma 3.4. For any round t € N it holds that

Ao, (XM X =) > > figla) Af(a)
(i.§)€E(w)
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Proof. Let X1 = z be fixed. For reasons of simplification we sometimes omit the condition-
ing in this proof. We order the edges in FE(x) increasingly according to |f;j(x)|. Let E(z) =

{e1,e€9,... €15 (x } be the edges in that order. We activate the edges in E(z) sequentially and

bound the potentlal change after the activation of each edge. For any 1 < k < |E(CL‘)|, let X,

(t.k)

be the set of tasks assigned to vertex i after the k-th activation of an edge in E(x) in round ¢.

Moreover, for any 1 < k < | E( ),
K(DT(X(t,k)) — @r(X(t,k)) _ (I)T(X(t,kfl))
and

|E|

ZA@ X (k)Y

Let us now fix k with e, = (i,j) and consider A®, (X ®*)). Note that fij(xz) > 0. We have

WX EDY < W a) + (deg(f) — 1) - fiy(@)

Similarly,
W) = W) — (deg(i) — 1) - fij(a)
Consequently,
Ko (i) - W) S(W(tk N, WEG) <§?<X<tk D)+
W) x4 W) w(x ) )
Si Sj
_ W(X(tk 1)) (W(X(tk 1))+7") +W(X](tk 1)) (W(Xj(tk 1))+r)_
S; Sj
C W) = fg@) xS = f@) )
LG 4 @) G + i) +7)
. <2‘ (W(Xi(t’k_l)) B W(X](,t1k—1))> B fij(x) B fij(z) N T 7“)
S; Sj S; Sj S Sj
o foale) 2. (W(x» — (deg(i) — 1) - fig) W)+ (deg(y) — 1) - fm‘(x')>
— fii(z) - (fz;fﬂﬁ) B fz‘,g;l") n 3% _ ;)

> figta)- (2 (P - WD) iy - 1) gt (L4 )4 Do T

S; Sj
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where until this point, we have not used the particular definition of f; ;(z). In the next step we use
the definition of f; j(x) to obtain

1 1 1 1 T T
> fiix) (2 ad(i,f) - =+ =) fiilx)=2d(i, ) fii(x)- | =+ — Z
o) (2-adid)- (545 ) fule) =2dlid) fue)- (54 )+ -+ )
.. 1
= fij(z) - <(2a—2)-d(l,])- <3i s]> fij(x) + s_->’
and summing up over all edges yields the claim. O

The previous lemma lower bounds the potential improvement given that the expectations are
exactly attained. To relate this to the real potential change, we have to upper bound the variance
of the loads.

Lemma 3.5. For any step t and any state x,

E:VmﬂyuzJXF1= E:fh ( ;)_

eV (i.)EE

Proof. Note that

E:\hrUV(Xn|Aﬁ—1=aﬂ E:\@rpj Al
eV 5 eV 5i

where C! and A! are the random variables (conditioned on X*~1 = z) defined as follows. C! is the
random variable that counts the number of tasks that come to link ¢ from another link in x, and A§
is the random variable that counts the number of tasks that abandon link ¢ in z. Note that linearity

of the variance for independent variables and the fact that Var [-Y] = Var [Y] yields

Var [C At] _ Var [Cﬂ N Var [—AE] _ Var [Cf] N Var [Aﬂ

54 S 54 S Si

Observe that Cf = 3. e: Z%;, where Z%, > 0 is the random variable that counts the number

tasks that move from j to ¢ from xz. We have

: 1 L(zj) — L(z;)
Zt .~ Bin [ W(x; , — J
Jsi < () ad(i, j) (i + é) W ()
Similarly,
AL~ Bin (W), s <ffﬂ§%25
) -\ T35 ) T
J j: (e~ %

Since {Zt ;i JEN(G )} is a set of independent random variables, we have

‘ ' 1 L(zj) — L(zi)

: (],1)€E

<

1 L(:L’) — L(.%l)
3 R e

j: (GA)EE
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where the last inequality follows from Var [Bin(n,p)|] = np(1 — p) < np. Similarly,

. 1 L(.%'Z) — L(x )
All = B - . J
Var [A]] = Var |Bin | W(x;), ad(i,j) § : (L 1) W)
g (f)EE 2% %

< E . .
AN _ d .’ . l 1
jr(l}j)EEa (8.4) ( - )
Hence,
Z Var [W(X}) | X'~ = 2]

S

eV

1 1 L(x;) — L(z;) 1 L(x;) — L(x)
S22\ X Gy T T X gy (i)

. 1 ~ .
i€V i (ji)EE Si

Since every edge in E occurs exactly twice in above sum, once with weight 1/s; and once with weight
1/s;, we obtain

Var [W(X}) | X! = ] -1 L(x) — L(x))
Z Si S Z ( Sj) ad(i, j) (i‘ksi)

eV (i,j)eE Si J
a Z~ a( = 2 ful <S Sj)
(i,9)€eE (i,§)eE

O]

With Lemma 3.5 at hand, we will now provide a bound on the real potential change, i.e., we
include the deviation which occurs since the actual number of transferred tasks may differ from their
expected values.

Lemma 3.6. For any step t and any state x,
BlAn() X =a] > ¥ fu (A0 -1 )
(i.4)€E(x)
Proof. We obtain
E[A®, (X" | X" =2] = @ (z)—E[®(X") | X" =2]
Z Wizi) (W) +r) Zr' E [W(X!) | X! = 1]

S; S5

eV B
B [(W(XD)? | X' =]

_Z isi
W) (W (z) +r EWX) | Xt =z
_ Z () (Si( )+ )7270‘ W ( iz ]~

eV eV
5 E[W(X]) | X! = 2]’ 5 Var [W(X!) | X! = z]
S; Si

icV
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= AQ (X' X" =2)->"

£ S
eV
- 1 1
> D ) (A - - - ),
()€ B
where the last inequality follows by applying Lemma 3.4 and Lemma 3.5. O

The next technical lemma builds on Lemma 3.6 and shows that every edge (i,j) € E(z) with a
sufficiently large load difference contributes positively to E [A®,(X) | X'™! = z].

Lemma 3.7. Set a := 4symax = 4. Then the following two statements hold for any state x:
(1) If r = 1, then for any (i,j) € E(z) with

1 1
L(x;) — L(:Ej) = g + 5 Sj,

we have

s 8j 28max \Si S
(2) If r =0, then for any (i,j) € E(z) with

L(zi) — L(z;) > o + 5
] 1

1 1 1/1 1
M@z ()
7 7 7 J

Proof. We first start with the claim for » = 1. We obtain that

we have

1 1 r r ..
A0 =Ca=2)did)- (5 + 1) S+ - - (by definition)
7 i 1 J
L —L 1 1
ad(i, 7) s Sj
1 1 1 1 1
> <2 - ) . ( + ) +—-—-— (by assumption)
2Smax Sj  8iS; S;  8j
2 1 2 1 1 1
5j 28;Smax  SiSj  2SmaxSiS; Si Sj
1 1 2 1 .
>4 -4 - (since s; > 1)

S; Sj SiSj sjsmax

1 1 1 1 1 1
1+ (==
S; 8 8iS; Si+ 55 Si 84
1 1 1
1+ =+
2Smax S; 8§

WV
|
+
|
+
Il

WV
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Similarly, consider now the second claim where r = 0. Then

1 1
A?j(:n) = (20— 2) - d(i,j) - < + ) - fij(z) + LN (by definition)
’ Si Sj S; S
.. L(.TZ) — L(.Q;‘j)
= (20— 2) - d B Sl 2 V4
(20-2)-dii.j) - HEL
1 1 1
> <2 - > : ( + ) (by assumption)
2S8max Sj Si
212
B S5 QSjSmax S 28maxSi
2 235, + 2; (since Spmax = 1)

3.2 Convergence to Approximate and Exact Nash Equilibria

In this section, we finally prove our main theorems. We use Lemma 3.4 for the migration in a single
round and consider the potential drop w.r.t. an “ideal” potential value if exactly the expected loads
are realized. Then, using Lemma 3.6, we bound the difference between ideal and realized potential
values by analyzing the variance of the migration process. This yields bounds on the expected drop
of the potential in one round and is the main ingredient to prove the theorems. Let us define for

any given state x the mazimum load difference as

La(x) = rg%;{u/(xl) —m/S| .

12

In order to prove our first theorem, we use function ®g and its normalized version ¥y. For any given

state x, we observe a simple relation between the potential value ®g(z) and the maximum load
difference La(x). Note that ®g(z) = oy (W(2;))?/s; is minimized when all W(z;) = m/S - s;.

This implies
Do(z) = > (m?-5:)/5* =m?/S.
eV
The following observation considers the normalized version of Wy (x).

Observation 3.8. For any state x of the system it holds that

(La(2))? < Wo(z) = Po(z) — —5 < 5 (La(2))*
Proof. Clearly,

Si S

m? m/S - s;+ (Wi(x;) —m/S-s))? m2
x)_S:Z( / (W (i) —m/S - s;))

eV

isZ m/S s (W(x;)) —m/S - s;) —m/S - s;
_Z / 22/ W(z;) —m/ +Z /S - s5:1)?

iV icV % iV 5i
m/S-si-W i) — (m/S)? m/S 5:)?
=2
z L
zEV i€V

isZ
SRS ?

eV

|
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and

= Imax 2
S; eV s; — S;
i

%

; 2 T;)—m 'Si2 ;) — M -SZ'Q
(La(2))* < (max W(z:) —m/sb (W (i) —m/S - si) <Z:(W( ) —m/S - si)”

Moreover,

Z (W (i) — m/S i)’ Zsz (z:)/si —m/S)* < S (La(x))?.

i€V i€V
O

Lemma 3.9. Let v := 325 - (diam(G))? - Smax/Smin - &. Let x be a state such that La(z) >
8 -diam(G) -n-A. Then

E[Uo(X") | X" =2 < (1 - i) Wy ()

Proof. In this proof, we consider the progress of ®o(X?) for an arbitrary but fixed assignment
X%t = 2. Consider now the protocol before the execution of the next step t. Let [ € V be a vertex
with |L(xz;) —m/S| = La(z), and assume w.l.o.g. that L(z) > m/S. Then there must be another
vertex k € V with L(xzg) < m/S. This implies that there is an edge {p,q} € E on a path from [ to
k such that

L(xzp) —m/S > L(xzg) — m/S + La(x)/diam(G) ,

which is equivalent to
L(zp) — L(xq) > La(z)/ diam(G) .

By Lemma 3.6,
t i—1 1 1
E[A‘I)()(X) |X :ZL‘] > Z f%](x) AZ'J‘(ZL‘)—*‘—f
(i,§)eE
Let us now define for any edge (i, j) € E,
t) yt—1 0 1 1
AZ'J“I)()(X |X = $) = f@j(l’) . Ai,j('x) - = s

so that

E[AG(X") | X' =a] > B Ayo(x'| X =a).

(i,j)€E

Let us now group E into three disjoint groups (where we omit the argument z throughout):

Ey = {(i,j) € E: L(x;) — L(zj) > 1 1} \(p, q)

S Sj

By = {(i,j) € E: L(z;) — L(z)) < 1+1}\(p,q)

S Sj
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The intuition behind this grouping is as follows. El contains all edges with a load difference large
enough so that, in expectation, the edge yields a decrease of the potential. FE5 contains all edges
with a small load difference. Due to the variance, these edges could increase the potential. However,
since the load difference is small, their total impact on the potential is limited. Finally, F3 consists
of the edge (p, q) which has a large load difference and thereby decreases the potential significantly
(in expectation).

Group 1: Lemma 3.7 with » = 0 shows that

> A X =0 = Y Sl (M- - )20

(i.5)€Er (i.5)EEx

Group 2: In this case we consider the value of Z(ij)EEQ A jPo(X| X1 =2). Let (4,5) be an

edge in Es. Then, plugging in the definition of Ag J(af) and f; j(z) yields
A Po(XH X = 1)
1 1
= figo) 80) ~ figlo) - (5 + 1)

L(zi) — L(z;) aooain (Lo p _ L(xi) — L(y)
s (e (D) ) - EHEE

S; 85

L(z:) — L(x;) : <2 _ 2) (L) — L(z;))
N !

(i)~ L(z)

a-d(i,j) (L + L el - d(i, j)
i ¥l >0
141
> _L(:pi) _.L<$j) S Sj S; 2 _z ’
a-d(i,j) « a

since we assumed that all speeds are larger than one. Summing up over all edges in E’g, we obtain

_21E|

D Ai@(XH X =1) > -

(i.j)€E>
Group 3: Consider now the edge (p, q), i.e., the set Es:

_ 1 1
Ap,qq)O(Xt | X! b= z) = fpqlz)- (Ag,q(x) - - >
Sp  Sq

L(xp) — L(zq) ) AW ) — L)) —
i e ((272) v -t -2)
L(zp) — L(zg) ) La(x)
- d(p,q) (i + i) (diam(G) 2>
La(z)/diam(G)  La(x)
~ a-d(p,q) (i + é) 2 diam(G)
) (La(@))?
2(diam(G))? - a - d(p,q) (5 + 5;)

Sp Sq
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where the second last inequality holds since L(x),) — L(z4) > La(z)/diam(G) and o > 2. The last
inequality holds since by assumption, La(z) > 8 - diam(G) - n - A. Combining the contribution of
all three groups yields
E [A®y(X") | X" = 2]
D ARX X =)+ Y AO(X X = 1)+ Ay Do(X | X =)

{i,j}€E1 {i,j}€E2
2| (La(z))
>0 a 2 (diam(G))? - o - d(p, q) - (i + é)
(La(x)?
4(diam(G))2 o d(p,q) - (L + L)’

where the last inequality uses La(z) > 8 - diam(G) - n - A.

Now we continue with the normalized version of ®¢(z), i.e., with ¥o(x). By Observation 3.8,
Uo(z) < S - (La(x))? Since A¥y(X!) = Adg(X?) and o = 4515 We obtain (as long as La(z) >
8 - diam(G) - n - A) that

2
E [A\I/(](Xt) ‘ Xt—l — LU] > ‘ (LA('I)) - -
4 (diam(G@))? - o - d(p, q) - (5 + 5)
Py ()
= N 2 A 1 1
45 - (diam(G))?-a-A- (5 + E)
N Wo(a)
7 325 - (diam(G))? - Smex . A
With v := 325 - (diam(G))? - Smax/Smin - A we have E [AU(X!) | X" =z] > % - Uo(z), or
equivalently
E [‘IJO(Xt) ‘ Xt—l — SU] < <]_ — 1) . \I’Q(IE)
v
[

Lemma 3.10. Let v := 325 - (diam(G))? - Smax/Smin - A and 7 := v - (2Inn + In(¥(X?))). Then,
with probability at least 1 — n~"', there exists a round t € [1,7] such that

La(X") < 8diam(G) - n - A.

Proof. Let us define an auxiliary random variable Wy by Wo(X?) := Wo(X ), and for any round
t>1,
Fo(X") = Uo(X?) if [La(X'Y) = 8diam(G) - n - A] A [Wo(XE1) > 0]
0 o otherwise.
Then, for any ¢t > 1, it follows by Lemma 3.9,
1

E [@O(Xt) | Xt = x} < <1 - 7) (XL,
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We have for 7 = - (2Inn + In ¥y (X?)),
[% Xt} ZE[ | Xt = 2| P[XT! = o

<> (1 - ,1y> Wo(X) - PIXTT =2
s (bi)T"T’O(XO) <n?

Hence by Markov’s inequality,
Pr [\i'o(XT) > nil} <n b

We consider two cases.

Case 1: For all time-steps ¢ € [0, ..., 7], Uo(X!) = Uo(X?). Then by Observation 3.8,
X7) < V(X)) =/ Tp(Xt) <nV2

7] such that \TJO(X ) # Uo(X?). Let t be the smallest time
Xt=

Case 2: There exists astep t € [1,... 3
D)y = To(Xt1). If Up(XT1) =0,

step with that property. Hence, Wo(X?) # Wo(X*), but Wy(

then
LAX'Y) < V/Uo(XH1) = 4/ To(Xt-1)

If ‘T’O(thl) # 0, then by definition of \IIO(Xt),
(@O(Xt) ”] %(Xt)) A (iizo(xt—l) ” o) = La(X") < 8diam(G) - n - A.

In all cases we have shown that there exists a step € [0, 7] so that La(X?) < 8diam(G) - n - A.
This completes the proof of the lemma. O

3.2.1 Proof of Theorem 3.1

First note that for any state z we have ¥y(x) < m / Smin < m2. We now show that for m > 85 - n3
any state  with La(x) < 8- diam(G)-n-A < 8-n3 is indeed a 1/(1 + §)-apx. NE. For every i € V
we have

[W(zi)/si =m/S| < La(z) <
Consider now any pair 4, j with {i,j} € E. Then W (z;)/s; <
(W (z;) +1)/s; > max {1/s;j,(m/S) — 8n* + (1/s;)}

We are looking for the smallest possible e € [0,1) such that (1 —e) - W(X])/s; < (W(X])+1)/s;.
Plugging in our bounds from above, a simple calculation yields the result m > 8§ - n3.
From Lemma 3.10, it follows now that with probability at least 1 — n~% after

7 = (325 - (diam(G))? - Smax/Smin - A) - (41n7n + In Tp(X0))

8-
8-n3+ m/ S and similarly

=0 (n(m) - (dian(G))* & -5 22 )

Smin
steps, we reach a 1/(1 + d)-apx. NE in the time-interval [0,1,...,7]. Hence after expected
O (ln(m) - (diam(G))?-A- S - S"‘dx) rounds, we have reached a 1/(1 4 §)-apx. NE. This proves
Theorem 3.1.



3 UNIFORM TASKS AND RELATED MACHINES 17

3.2.2 Proof of Theorem 3.2

Now we show that there is still a small potential drop even if La is already relatively small. First
we show some results that will be needed in our later proofs.

Observation 3.11. Let x be a state that is not a Nash equilibrium. Then there exist two neigh-
bouring vertices i,j such that L(x;) — L(x;) > i If all speeds are integers, then we also have

1 1
L(SL‘l) - L(SU]) > ; + ss.
J e}

Proof. The fact that two neighbouring vertices ¢, exist with L(z;) — L(x;) > % follows directly
from the definition of a NE. Also,

W(l’z) . W(xj) > i PN W(IL’Z) > ﬁ . (W(xj) + 1). (32)

S; Sj Sj Sj

Let us now fix any s;, s; and sum of weighted tasks W (x;). Our goal is to lower bound the smallest
possible W (z;) such that the strict inequality above is fulfilled. We proceed by a case distinction.
First we assume s;/s; - (W (x;) 4+ 1) is an integer. Then,

Wia) > - (W) +1) + 1,

and therefore,
Wi(z; Wiz 1 1 1 1
L(z;) — L(x;) = ) Wily) , 1, 1,1, :
S; Sj Sj S; Sj SiSj

Now we assume that z—; - (W(x;) + 1) is not an integer. Hence,
s,
W) > | 2 W)+ 1)
j

We now use the fact that [¢] — ¢ > % for any pair of integers a,b (where a is not a multiple of b)
to conclude that

W(x;) > S—Z -(W(zj)+1)+ Sl
and
W(x;) B W(xj) S 1 1

= .
S; Sj Sj S; * S]'

L(zi) = L(z;) =

Again, we define a normalized version of ®;. For every state z, we define

m n

\Pl(x):¢1(x)<n:+n-5 >

48 min

The next Lemma shows a relation between LA and Wy.

Lemma 3.12. Let x be an arbitrary state. With the definition above we have

0< Uy (x) < S (La(@)® +n-La(z)+n .
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Proof. We first show the left inequality, i.e., we show a lower bound on ®;(z). In order to bound
the minimum, we characterize the NE with minimum potential. The loads are equilibrated to m/S
on all machines when the weight is W (x;) = m - s;/S for every machine i. Thus, in every state z
of the game we have a weight W (x;) = m - s;/S + d;, where ¢; € [ Ehm — msi] and ),y 0; = 0.
Using this insight, we bound

msi 4§ 2 ms 46

Qy(x) = U5 : ;) + £ :
=% 5i 5i
m? 81 2m5i 52 m 0;

7

S Si S S;

i€V
- et (s) ey d
% ey St S
2
. m®  nm 3i(0; + 1)
= Tt
eV
m2  nm n
>z — 4+ — -

because the function y(y + 1) > —1/4 for any y. This proves the lower bound in the lemma.
To show the upper bound, we note that L(x;) — m/S < La(x) and calculate

N
n

24 (Z L) - T’;) o

eV
S - (LA(Z'))Q +n-La(z)+n,

where the first inequality follows from Observation 3.8. This finishes the proof of the lemma. O

N

Lemma 3.13. Assume that at step t the system is not in a Nash equilibrium. We have

1
8As3

max

B [0 (XT) | X' = 2] < () -

Proof. Note that Observation 3.11 provides the minimum decrease required to apply Lemma 3.7 for
®;(x). Plugging in this bound for Az{j in Lemma 3.6 yields an expected (additive) decrease of at

least 1/(8As3 ) per round, as long as z is not a NE. O

max )

Lemma 3.14. Assume that at step T we have LA(X7) < 8-diam(G) -n-A. Let T be the additional
number of steps such that X™+71 is a Nash equilibrium. Then

E [T] < 560 - (diam(G))*-n?*-A3-S - s>, .
Proof. For reasons of simplification let us assume 7 = 0. Lemma 3.12 implies that for every state x
with La(z) < 8 -diam(G) -n- A
Uy (x) (8 -diam(G) -n-A)? +n-8-diam(G)-n-A+n

SO
< §-70- (diam(G))? - n? - A? .
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Hence we can assume that E [¥1(X")] <70- S (diam(G))? - n? - AZ.

The rest of the proof is done by a standard martingale argument. Let 7" be the end of the
first time step after the system reaches a NE. Let ¢t A T be the minimum of ¢ and T and let
V =1/(8As3,.). We define Z; = ¥1(X?) +¢-V. Observe that T is a stopping time for (Z;)¢o.
{Z}iar is a supermartingale since by Lemma 3.13 with Xt = z,

E(Zi1|Zi=2] = E[W(X") 4V (t+1) | Uy(z)+t-V =2]
E[U (X" | Ui(z)=2—t-V]+(t+1)-V

<
< (z—tV-V)+({t+1)V =2

Hence E[Zi1| =) E[Zi1|Zy = 2] - Pr|Zy = 2| < ), z-Pr[Z; = z] = E[Z;]. We obtain

V-E[T] < E[WXD))+V.E[T]
= E[Zr] <...< E[Z)
< 70-S-(diam(G))*-n?- A% .

Therefore,

70 - S - (diam(
70 - S - (diam(
= 560 - (diam(G))* - n? - A3.S-s3

max *

G))?-n® A% (1)V)
@))?-n*- A% (8As)

max)

NN

Now we are ready to show the theorem. From Lemma 3.10 we know that there is an integer
Ty <7v-(2lnn+1InPy(X)

such that
Pr [-3t < Ty : La(X") < 8-diam(G) -n-A] <1/4 .

Let T be the additional number of steps until X**72 is a NE. From Lemma 3.14 we get

E [T3] <560 - (diam(G))* - n® - A% S )0,

which implies

Pr [T5 > 4-560 - (diam(G))*-n? - A3 S s3] <1/4 .

Hence, for
T =Ty + 2240 - (diam(G))? - n? - A®. § . §3

max

the probability that X7 is not a NE is at most 2/4. Now divide the time into intervals of length
T. The expected number of these time intervals is at most 1+ 1/2 + (1/2)2 + (1/2)3... < 2. In
addition, after c-log, n intervals the state X! is a NE with probability at least 1 —1/n¢. This proves
Theorem 3.2.
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4 Uniform Tasks and Identical Machines

In this section we consider the case of identical machines. We use Protocol I with sy, = 1 and
a = 3. For uniform tasks and identical machines, a task assigned to ¢ prefers machine j if and only
if W(Xffl) — W(X]t-fl) > 1. With us being the second smallest eigenvalue of the Laplace matrix,
we show the following result.

Theorem 4.1. Let m > én® for some § > 1. With a = 3, Protocol I reaches a 2/(1+6)-approzimate
Nash equilibrium in expected time

O((A/pz) - nm) .

Theorem 4.2. With o = 3, Protocol I reaches a Nash equilibrium in expected time

O ((A/p2) - (Inm+Tnn) + (|E]- A)/p2)

4.1 Proof of Theorem 4.1

For a state x, we define f; j(z) as in Section 3, i.e., as the expected load that is sent from i to j
in one round of Protocol I. The next lemma bounds the potential change for the edges with a load
difference of at most two.

Lemma 4.3. Let uo be the second smallest eigenvalue of the Laplace matriz and let « = 3. Assume
Uo(x) = 2|E|/us, then

E [Aw(X)| X =a] > (1- 225) - Yo(a) -
Proof. Consider Rosenthal’s potential function, which simplifies to ®1(x) = >, oy W (a;)- (W () +1)
since all s; = 1. We obtain

Oi(z) =) W) (Wlwi)+1) =Y (W(x:)> + ) W(xi)
eV eV eV
= dg(z)+m
m2

Hence, for any given state x functions ®;(x), ®o(x) and Vo(z) differ only by additive terms and
AP (X X =12) = AUy(X?| X1 = 2). Note that for uniform tasks and with a = 3 we have

W(z:)-W(z;) .
fii(e) = { Odegtig) 1 Wlei) = Wiag) > 1
| 0 otherwise.

We also have
A, (@) = 8 degi.j) - (o)

and

B@)={(i,j) € B: W(x) - Wi(z;)> 1} ,
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where we omit the argument x whenever possible. Applying Lemma 3.6 we get

E[AT(XY X =a] > Y fii@) (AY(2) - 2)

(i,j)€E
_ Wiai) =Wia) (o oy W) = Wi(z)
S 2 edig O =
B W(x;) — W(x;)
2 (W (x:) — W(xy))? W (2i) — W (x;)
- Z d(i. i - Z ~d(i. i .
(e 9-d(i, ) eE 3-d(i,j)

Now we apply = < 22/2 for > 2 to obtain

Bl xt-1 — o 2(W(w:) = Wi(xy)® 5 - (W(x;) — W(z;))
E[AV (X" | X! =2] > {JZ}:GE 5-diJ) {JZ}:GE 37
_ (W (:) = W (x))?
N {]Z}:GE 18 - d(i, §) '

We conclude from Lemma 4.3 that

N W () — W(x;))? Wiz;) — Wi(x;))?
E [AU,(XY) | X! =2] > Zf (18).d(2";)1)> > Z~( ( )IS.A(J))
{i,j}eE {i,j}€E

On the other hand, a classic result from standard (continuous) diffusion [7, Theorem 4] (see also
[22, Proof of Theorem 1]) shows that

(W (i) = W) _ po
> .
Z 18A > 5.4 Y@
{i,7}€E
where we recall that ps is the second smallest eigenvalue of the Laplace matrix. By noting that
(W(z;) — W(z;))? < 1forall e € E\ E, we derive

(W(z;) — W(z;))? o |E|
> : -
Z~ 18- A TN A ray
{i,7}€E

Hence if po - ¥o(x) > 2|E|, we get

t t=1_ 1~ _H2 '
E [A%(X")| X' = 2] > 2o ()

This implies that as long as Wo(z) > 2|E|/ e,

E [Wo(X") | X! = 2] < Ug(a) — E [AT (X)) | X = 2] = (1 — ;‘%) ()

This completes the proof. O
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As in Lemma 3.10, we prove that:

Lemma 4.4. Let v := 22 gnd 7 := ~- (2Inn+1In(®o(X?))). Then with probability at least 1 —n~",

42
there exists a round t € [1, 7] such that

o(X) < 2|B|/pa.

Proof. The proof is the same as Lemma 3.10, except that the conditions on L (X?) are replaced by
the conditions on Wg(X?). O

Now we are ready to show Theorem 4.1.

Proof of Theorem 4.1. First we show that for m > én®, any state  with Wo(z) < 2|E|/us < n’ is a
2/(1 + §)-apx. NE. Note that 2|E|/us < 4|F|? diam(G) < n°, using the fact that for any graph G,
For the approximation ratio we note that, given W¥o(z) < n°, the maximum load must satisfy
Wnax () = max W(z;) < m/n + ns.

1%
The minimum load must satisfy
Whnin(2) = min W (z;) > m/n — n?.
%
Recall that in an e-apx. NE, for all neighboring vertices ¢, j the following inequality must hold

(1—e)W(z;) < W(xj)+ 1.

Thus, as we have W (z;) < m/n +n® and W(z;) > max{0,m/n —n3} + 1 for all edges (i,j) € E
along which players want to move, it suffices for ¢ to satisfy (1 —¢)(m/n +n?) < m/n —n3. By
solving this for ¢ and using m > dn’, we get e <1 — (6 —1)/(6 +1) =2/(6 + 1) as desired.

Using Lemma 4.4 along with the fact that Wo(X°) < m?, it follows that with probability at least
1 —n~! that there is a step ¢ € [1, 7] with W (X?) < 2|E|/pu2 < n® and 7 € O((A/p2) - (Inn +1Inm))
as in Lemma 4.4. Since this holds for an arbitray initial state at step 0 with m tasks, it follows that
the expected time to reach such a state is at most O((A/u2) - (Inn + Inm)). With m € Q(n), the
theorem follows. O

4.2 Proof of Theorem 4.2

The proof of Theorem 4.2 is very similar to the proof of Theorem 3.2. Using Lemma 4.4, we can
bound the number of steps to reach a state T with ®,(X") < n’. Therefore, it remains to consider
the number of additional steps to reach a NE from such a state.

Lemma 4.5. Assume that at step t the system is not in a Nash equilibrium. Then we have

1
18A

Proof. If in a step t we are not in a NE, there is an edge {7,j} € F with |[W(X}) — W(X;)\ > 1.
Then Equation 4.2 of Lemma 4.3 yields

E[Wo(X"™) | X' = 2] = Wo(a)

1

t+1 t_ < _
E[¥o(X")| X" = 2] < Wo(w) — -
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for each task / in parallel do
Let ¢ = i(¢) the current machine of task ¢ and wy the weight of task ¢
Choose neighbor machine j u.a.r.
it W(X;™") = W(X/™") > w, then
Move task ¢ from machine ¢ to j with probability

deg(7) ‘ W(Xf_l) - W(X]t‘_l)
deg(i, j) 2a- Wi

end if
end for

Figure 2: Protocol II for weighted tasks and uniform speeds.

Lemma 4.6. Assume that at step T we have ®o(X") < 2|E|/ua. Let T be the additional number of
steps until X1 is a Nash equilibrium. Then

E[T] < 36|E| /2 - A .

Similarly to Theorem 3.2, we are now able to prove Theorem 4.2 by combining Lemma 4.4
(to reach a state 7 with ®o(X7) < n°) and Lemma 4.6 (to reach from there a NE). By Markov’s
inequality and the union bound, with probability at least 1/2, the number of total steps needed for
this is at most 26 Bl A

= . (2Inn + In(®(X?)) + 54L.

2 K2
Since for any state z, ®g(x) < m?, it follows that the total number of expected steps for Protocol I
to reach a NE is at most

O <1 -(Inn+1Inm) + IE| 'A> :
2 M2

5 Weighted Tasks and Identical Machines

In this section we assume that every task ¢ € [m] has an integral weight w, > 1.

5.1 Protocol and Results

We denote the maximal and minimal weight of any task by wmax and wmin, respectively. A task £
with weight w, € N that is located at machine ¢ in state x prefers machine j over ¢ if and only if
W (x;) > W(x;) + wg, which is equivalent to W (x;) — W (x;) > w,. Our protocol for weighted tasks
is given in Figure 2.

Theorem 5.1. With a = 4wnax, Protocol II reaches a Nash equilibrium in expected time O(A-W?3.

wmax) .
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5.2 Proof of Theorem 5.1

Let = be an arbitrary state. We define for every task ¢ an indicator variable Hﬁ j(@) € {0,1} (H
for happy) which is one if task ¢ prefers machine j over its current location ¢, and zero otherwise.
H; j(x) is defined as the fraction of the total weight of jobs on machine ¢ that prefer machine j over

i, 1.e.,
wy
lex;: nyj(x):l i

Note that for uniform weights, H; ;(x) € {0, 1}, i.e., either all tasks or no task on i prefer j over
i. For non-uniform weights however, H; j(z) may potentially be as small as wmin/W (apart from
being 0). For any j € N (i) at least one of the variables H; j(x) or H;;(x) must be zero. With these
definitions we get

E[WX)|X"™ =z] =W(;) — Z Z wy - Pr [r moves to j]
JEN(@0):W (2:)>W (25) bex;: Hf ;(x)=1
+ Z Z wy - Pr [£ moves to i
JEN(9):W (2:)<W (X;) ez, : Hﬁi(:p):l
Wi(x;) — Wi(x;
= W(x;) — > H; () - (i) : .( i)
. . 200 - d<Z7])
JEN(i):W (z;)>W ()
W) — W)
MNP DR M v
JEN(@):W () <W ()

Again, we denote by E(z) the set of edges (i,7) with H; j(z) > 0 (and omit  whenever possible).
Then

W(zi) — W(zx;) W(zj) — Wiai)

E [Wi(X") | X" =2] = i) — H; () - Hj () -
j:(i,4)ER j:(J,0)EE

So the expected flow from i to j, {i,j} € E, in a single round of the protocol starting from state z
is

fij(x) == H; j(x) - W(QLZ)- ;(ZVJ()QC]) '

Note that at least one of the flows, f; j(x) or f;i(z) has to be zero. Further, observe that (4, j) € E(x)
if and only if f; j(x) > 0.

Let us first consider the potential change A®(X'| Xt~! = z) (recall, this is the change under
the assumption that the flow on every edge is exactly its expected value).

ADy(XH | X =)= (W(2:)” = Y (B [W(X])])™
eV eV

The following lemma generalizes [7, Lemma 2| to the setting with weights. The statement and the
proof is similar to Lemma 3.4.

Lemma 5.2. For any step t € N and any state x it holds that
ad(i, j)
Hi j(x)

Roo(x' X =0)> Y figto)-((

(i,j)€E

— )} 4 fgo))
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Proof. We follow the same proof as for Lemma 3.4. Recall that in the proof of Lemma 3.4, we did
not use the particular definition of f; j(x). Hence we can use the same notations and definitions as
in the proof of Lemma 3.4 to obtain a simplified version of equation (3.1) for weighted tasks but
with uniform speeds, i.e.,

Ay (XER) > £ 5(x) - (2 (W () — Way)) — 2+ (2d(i, ) — 1) fi5(x))
where e, = (7,j) represents the k-th activation of an edge in E (z). Plugging in the definition of
fij(x), we get

Bao(x®) > fiy(o)- (el A 2 a0~ 1) - (o))

> fislo)- ((W —did)) A f))

Summing over all (4, j) € E yields the result. O

Now we bound the sum of the variances of the random variables W (X}) conditioned on X!~1 = x
for any x. We define w; j(x) as the maximum weight of a task that prefers (in state z) either j over
i or i over j. We define w; ;(x) = 0 if there is no such task.

Lemma 5.3. For any step t € N and state x it holds that,

S Var [W(X!H X =2)] = Y wiyz) - Hig(z) -

ieV (i,j)eE
Proof. We have

ZVar WX | X! = ]:ZVar[Cf—Aﬂ,
icV eV

where the random variable C’f counts the number of tasks that come to link ¢ from another link in
step ¢, and the variable A! counts the number of tasks that abandon link 7 in step ¢. Again we have

Var [C’f — A’;] = Var [C’f] + Var [Af] .

Observe that

Z Z Wy - Y-K,y

JEN(i) bew;: HE (v)=

where th ; is the Bernoulli random variable indicating whether task ¢ jumps to j at step t. Note

that T < W(z)) — W(x,-))
£ a-dig) 2 W) )

Similarly,

t t
Al = Z Wy - Z&,ﬂ

lex;



5 WEIGHTED TASKS AND IDENTICAL MACHINES 26

where Zgi is the Bernoulli random variable indicating whether a task ¢ located at i before step ¢
moves to another vertex. Again, we have

W.IZ' —Wl‘j
3 (xi) — W(z;)

Zzi ~ Ber 2 W ()

By independence,

Var Ct o Z Z w% . Var [Ber (a : dl(z',j) ) W(;Cy)w;(zj)(:m))]

JEN(i) tew;: HE (z)=1

1 W(zj) — W(z;)
<D wigla) Y Yadig) T 2 W)

JEN(3) lex: Hfl(x)zl
Similarly,
1 W (zi) — W(z;)
Var At Z wg Var |Ber [ ——— - Z J
tex; a- (i,J) JENG):H! (2)=1 2 Wiwi)
1 W(zi) — W(z;)
<> > wp- — :
i sen Gy = o-d(i, j) 2 W(x;)
oD S
jEN(i)EExi:Hﬁj(a;):l [o (17]) . (-’Bl)
1 W (zi) — W(z;)
< .. . . .
S 2w DL e g T i)
JEN(3) @Gxisz’j(z)zl
This gives
1 Wix;) — Wix;
ZVar WXt X! = 2)] = Z wij(x) -2 Z we — ol (2 )W(x)( i)
eV (i,j)eE tex;: HY ;(x)=1 ’ !

— Z wj j () Z we - a-di,j) W (z:)

(i,j)€E tex;: HY (z)=1
1

= X wiy@) Hiy@) - o (Wia) - W(ey)
(i,j)eE ’

The following lemma is similar to Lemma 3.6 (where we have different speeds but uniform
weights).

Lemma 5.4. For any step t and any state x it holds that

E [A‘I)()(Xt) |Xt_1 _ l‘] > Z 1— (wi,j(ﬂf) +Ci) . Hi,j(x)> . Hi,j(x) .
(ij)eE
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Proof. From the definition of ®¢ we get

E[@o(X") | X" =2] =) E[(W(X])*| X" =]
eV

=" Var [W(X}) | X! = 2] + (B [W(X])| X! =a])”.

=%
Therefore,
E [A®y(X") | X! = 2]
=> (W)=Y (BWE)H| X = ZVar )| X =2a].
eV eV eV

We first lower bound the first two sums. Using Lemma 5.2 we get

S W) = (B W)X =q])?

eV iev
(ljzéE ute «m - d(i’j)> 4 f@j(fﬂ))
(”ZQEH” (2a>' ;(ZV],()%) | <<aHi((Zx§) - d(i’j)> '4'fz‘,j(x))
%25 ) o e <<H?(x> - 1) 2 fm'(x>>

Now we define

Alr) = (HO‘() ) 2 figl@) - d(ir]) -

Then by the above and using Lemma 5.3 to bound the sum of variances, we arrive at

E[A®y(X) | X' =a] > 3 Hz-,j<x>-W(“)_W<xj>'< ; ‘1>'2-fi,j<x>

@ Hij(x)

(i,j)eE

- Z U]zj . zg ) Oéd(Z,])

(i,4)€E
= 2) — ws () - ..x_W(xl)_W(%)
- T ) ) Hute) S
We lower bound A(z) as follows:
Alz) = <Hz(j() > 2- fij(x)-d(i,j)
_ O Y o H (). W) — Wzy)
B (Hz',j(x) 1> 2 Hij(w) 20

1 1
> (W - a) “H; j(x) - (wij(z) +1)

_ (1 = H”(x)> (wij(z) +1)

(wig(a) +1) - Higla)

— oy +1-—
wj j(z) o

27



6 CONCLUSIONS 28

Hence

(wij(z) +1) - Hij(z)

E[AS (X)X =2]> > (1-
{i,j}eE

> - Hij(z) -

With this lemma at hand, it is easy to conclude the proof of Theorem 5.1.

Proof of Theorem 5.1. Assume there are tasks on machine ¢ that prefer machine j over i. Then,
since H; j(x) <1, w; j(2) < Wmax and a > 4wpay, we have

(g (0) + 1) Hig(x) _ e 1 _ 1
«Q - dwmax S22

We also have H; j(z) > wmin/W if H;j(x) > 0. Hence as long as we have not reached a NE,
Lemma 5.4 implies that

Wmin Wmin 1 (wmin)2

1
5' W '4wmax'A_§'A‘W’wmax ‘

E [A®y(X") | X" =2] >

Next observe that for any state x, we have ®g(z) < W2, where W is the sum of the weights of all
tasks. Hence as in the proof of Theorem 3.2, we obtain the following upper bound on the expected
time to reach a NE:

A w. max
{/{/2.8.7“)2a <8 AW W,
(wmin)
where the last inequality holds, since wmi, > 1. This completes the proof of Theorem 5.1. O

6 Conclusions

In this paper we initiate the study of concurrent protocols for selfish load balancing on general
networks. Our protocols rely only on local information and computation and yield rapid conver-
gence times to approximate and exact NE for systems with many agents. We show a number of
generalisations e.g., to networks with uniformly related machines of different speeds or agents with
weights.

There are many open problems that arise from our work, such as finding improved convergence
times or general lower bounds for concurrent protocols. On a more technical side, the generalization
of our techniques is an interesting open problem, e.g., to more general potential functions that work
for networks with both speeds and weights [14]. Another interesting problem is whether approaches
that do not use potential functions (e.g., [4]) can be applied here.
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