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Abstract

We consider the following dynamic load-balancing process: given an underlying graph
G with n nodes, in each step t > 0, a random edge is chosen, one unit of load is
created, and placed at one of the endpoints. In the same step, assuming that loads
are arbitrarily divisible, the two nodes balance their loads by averaging them. We are
interested in the expected gap between the minimum and maximum loads at nodes
as the process progresses, and its dependence on n and on the graph structure. Peres
et al. (Random Struct Algorithms 47(4):760-775, 2015) studied the variant of this
process, where the unit of load is placed in the least loaded endpoint of the chosen
edge, and the averaging is not performed. In the case of dynamic load balancing on
the cycle of length n the only known upper bound on the expected gap is of order
O(nlogn), following from the majorization argument due to the same work. In this
paper, we leverage the power of averaging and provide an improved upper bound of
O(y/nlogn). We introduce a new potential analysis technique, which enables us to
bound the difference in load between k-hop neighbors on the cycle, for any k < n/2.
We complement this with a “gap covering” argument, which bounds the maximum
value of the gap by bounding its value across all possible subsets of a certain structure,
and recursively bounding the gaps within each subset. We also show that our analysis
can be extended to the specific instance of Harary graphs. On the other hand, we prove
that the expected second moment of the gap is lower bounded by €2 (n). Additionally,
we provide experimental evidence that our upper bound on the gap is tight up to a
logarithmic factor.
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1 Introduction

This paper considers balls-into-bins processes where a sequence of m weights are
placed into n bins via some randomized procedure, with the goal of minimizing the
load imbalance between the most loaded and the least loaded bin. This family of
randomized processes has been used to model several practical allocation problems,
such as load-balancing [3,14,20], hashing [9], or even relaxed data structures [1,2].

The classic formulation of this problem is known as d-choice process, in each step,
anew weight is generated, and is placed in the least loaded of d randomly chosen bins.
If d = 1, then we have the uniform random choice scheme, whose properties are well
understood, e.g. [18]. In particular, if we place m = n unit weights into the bins, then it
is known that the most loaded bin will have expected ® (log n/ log log n) load, whereas
if m = Q(nlogn) we have that the expected maximum load is m /n+© (/m logn/n).
Seminal work by Azar et al. [3] showed that, if we place n unit weights into n bins
by the d-choice process with d > 2, then, surprisingly, the maximum load is reduced
to ®(loglogn/logd). A technical tour-de-force by Berenbrink, Czumaj, Steger, and
Vocking [4] extended this result to the “heavily-loaded” case where m > n, showing
that in this case the maximum load is m/n + loglogn/logd + O(1) with failure
probability at most 1/ polyn. An elegant alternative proof for a slightly weaker version
of this result was later provided by Talwar and Wieder [23].

More recently, Peres et al. [17] considered the graphical version of this process,
where the bins are the vertices of a graph, an edge is chosen at every step, and the
weight is placed at the less loaded endpoint of the edge, breaking ties arbitrarily. (The
reader will notice that the classic 2-choice process corresponds to the case where the
graph is a clique.) The authors focus on the evolution of the gap between the highest
and lowest loaded bins, showing that, for graphs of B-edge-expansion [17], this gap
is O (logn/B), with probability 1 — 1/polyn.

Another closely related line of work considers static load-balancing processes,
where each node in a graph starts with an arbitrary initial load, and the endpoints
average their current loads at each step. Note that load balancing schemes which are
commonly used in this setting are usually more involved than simply averaging the
loads of the endpoints of the randomly chosen node, but the tools used in their analysis
are still applicable to the static version of our process. To analyze such processes, it is
common to map the process to a Markov chain and analyse its convergence [6,10,12],
or derive an upper bound on a potential function which captures the discrepancy
between the loads [5]. In both cases, the gap between the highest and lowest loaded
bins can be characterized by the spectral gap of the graph [7,11,19,21,22].

By contrast to these two lines of previous work, in this paper we consider a graphical
load balancing in the dynamic case, where weights arrive at each step rather than being
statically allocated initially, but we allow balancing via continuous averaging, i.e. the
resulting weights after the balancing step equal the average of the sum of the weights
of the two nodes prior to balancing. Thus, our averaging step is more powerful relative
to d-choice or static averaging, but it is applied in the more challenging dynamic
scenario.

We will focus on the gap in the dynamic case on graphs of low expansion, specifi-
cally on cycles. In [17], it is shown that, in this case (but without averaging), the gap
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is O(nlogn) both in expectation and with high probability. The techniques used in
[17] imply that the averaging of the loads does not worsen the gap in expectation, our
aim is to show that it actually helps to reduce it. Also, directly applying the tools from
the static process to the dynamic one results in the upper bound which is larger than
O (nlogn). Upper bounding the gap for cycle graphs is known to be a challenging
open problem [16]. As suggested in [17], to deal with the cycle case, there is a need for
a new approach, which takes the structure of the load balancing graph into account.

1.1 Contribution

In this paper, we address this question for the case where averaging is performed on a
cycle graph. Let Gap(¢) be a difference between highest and lowest loads of the nodes
at time step t. We provide the upper bound on the gap in the dynamic, heavily-loaded
case, via a new potential argument. More formally, for any ¢ > 0, we show that for a
cycle graph with n vertices:

E[Gap(1)] = O(v/nlog(n)). ey

We show that our technique can be used to upper bound the gap for the 4-
connected Harary Graph. We complement this result with a lower bound of €2(n)
on E[(Gap(t))?]. Further, we provide experimental evidence that the gap is of order
©(4/n), making our upper bound accurate up to a log n factor. Our results extend to the
case where the load generated at each node is weighted according to some distribution
whose second moment is bounded. Formally, we allow our input to come from any
distribution W, such that E[W?2] < M2, for some M > 0.

1.2 Technical Overview

Our upper bound result is based on two main ideas. The first introduces a new
parametrized hop-potential function, which measures the squared difference in load
between any k-hop neighbors on the graph, where k > 1 is a fixed hop parameter. Let
G = (V, E) be our input graph, where V = {1, 2, ..., n}. Throughout the paper, for
any 1 <i < n we assume that the nodes i + n and i — n are the same as the node i.
Let x; () be the load of node i at step . Then, we define the k-hop potential as:

Gr(t) =Y (xi(t) — xiqx (1))

i=1

The first technical step in the proof is to understand the expected (“steady-state™)
value of the k-hop potential. We show that, in expectation, the k-hop potential has
a recursive structure. While the expected values of k-hop potentials cannot be com-
puted precisely, we can isolate upper and lower bounds on their values for cycles. In
particular, for the k-hop potential on an n-cycle, we prove the following bound:

Elge(®)] < k(n —k) — 1, Vk = 1. @)
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In the second technical step, we shift gears, aiming to bound the maximum possible
value of the gap between any two nodes, leveraging the fact that we understand the
hop potential for any £ > 1. We achieve this via a “gap covering” technique, which
characterizes the maximum value of the gap across all possible subsets of a certain
type.

More precisely, in the case of a cycle of length n = 2™, for each node i and hop
count k, we define the set family A;; to be formed of nodes {i,i + 2" K i + 2 x
om—k 4 35 pm—k .} (since we are on a cycle, i =i + 2’""‘2"). Then for any
1 <k < m, we will have

3 Gapy 0 = 3 Gapy 0+ VO, 3

i=1

where Gapy (t) is the maximal gap inside the set X at time 7. Intuitively, this result
allows us recursively characterize the gap value at various “resolutions” across the
graph.

Finally, we notice that we can “cover” the gap between any two nodes by carefully
unwinding the recursion in the above inequality, considering all possible subsets of a
well-chosen structure, and recursively bounding the gaps within each subset (this step
is particularly delicate in the case where n is not a power of two, please see Sect. 5).
We obtain that

E[Gap(1)] = O(v/nlog(n)), “)

as claimed. The logarithmic slack is caused by the second term on the right-hand-
side of (2). We note that this technique extends to the case where inserted items are
weighted, where the weights are coming from some distribution of bounded second
moment.

1.3 Lower Bound

It is interesting to ask whether this upper bound is tight. To examine this question,
we revisit the recursive structure of the k-hop potential, which we used to obtain the
upper bound in Eq. (3). We can leverage this structure to obtain a lower bound on
the expected k-hop potential as well. Starting from this lower bound, we can turn the
upper bound argument “inside out,” to obtain a linear lower bound on the expected
squared gap:

E[Gap(1)*] = Q(n). Q)

We conjecture that both upper and lower bounds on the expected gap are of order
O(+/n) (given that E [W?] is constant), and examine this claim empirically in Sect. 6.

@ Springer



Algorithmica

1.4 Extensions and Discussion

We believe that the analysis template we described above is general, and can be
extended to other graph families, such as regular expanders. Here, we focus on obtain-
ing tight bounds on the gap for cycles, which is technically non-trivial, and leave
the extensions for other graph families as future work. To substantiate our generality
claim, we exhibit an application of our analysis technique to the specific instance of
Harary graphs [13] in Sect. 7. More precisely, we provide the upper bound on a gap
for a graph on n vertices, where each vertex i is connected with edges to vertices
i—2,i—1,i+1landi+2.

We discuss the relation between our results and bounds for the graphical power-of-
two process on a cycle [17] in Sect. 8.

1.5 Related Work

As we have already discussed broad background, we will now mainly focus on the
technical differences from previous work. As stated, we are the first to specifically
consider the dynamic case for continuous averaging on cycles. The static case has been
studied both with continuous averaging [5-7,10-12,19,22] and discrete averaging
[21]. However, their techniques would not apply (or would result in a worse bound)
in our case, since we consider that weights would be introduced dynamically, during
the processes’ execution.

To our knowledge, the only non-trivial upper bound on the gap of the process we
consider which would follow from previous work is of O(n logn), by the potential
analysis of [17]: they consider 2-choice load balancing, and one can re-do their poten-
tial analysis for (continuous) averaging load balancing, yielding the same bounds.
(Specifically, one can use the same definition of the potential I'(¢) as in this reference,
and will obtain the same upper bounds, since the pairwise load balancing we con-
sider has slightly stronger guarantees.) However, as our bounds show, the resulting
analysis is quite loose in the case of cycle graphs, yielding an Q(,/n) gap between
the bounds yielded by these techniques. Technically, this is a consequence of the
majorization technique used in [17], which links dynamic averaging on the cycle with
a very weak form of averaging on the clique. Reference [8] studies the performance
differences between various load-balancing techniques; specifically, it shows that con-
tinuous averaging cannot improve the bound on the gap relative to d-choice on the
clique. Unfortunately, this result does not seem to extend to arbitrary graphs.

Our potential analysis is substantially different from that of [17], as they track a sum
of exponential potentials across the entire graph. By contrast, our analysis tracks the
squared load differences between k-hop neighbors, establishing recurrences between
these potentials. We note that this is also different from the usual square potentials
used for analyzing averaging load balancing, e.g. [15], which usually compare against
the global mean, as opposed to pairwise potential differences. Our approach is also
different from the classic analyses of e.g. [3], which perform probabilistic induction
on the number of bins at a given load, assuming a clique.
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Generally, our technique can be seen as performing the induction needed to bound
the gap not on the bin loads, as is common in previous work, e.g. [3], but over the
topology of the graph. This approach is natural, since we wish to obtain tight, topology-
specific bounds, but we believe we are the first to propose and analyze it successfully.

2 Averaging on the Cycle: Upper Bounding the Gap
2.1 Preliminaries

We consider a cycle graph G = (V, E) where V = {1, 2, ..., n}, such that each
node i is connected to its left and right neighbors, i — 1 and i 4 1 (recall that for any
1 <i <nthenodesi + n and i — n are the same as the node 7).

We consider a stochastic process following real time ¢ > 0, in which, at each step
t+ 1, aball of weight w(z) > 0 1is generated from a same distribution W. We associate
a real-valued load x;(t) with each node i (x;(¢) is the value after ¢ steps). Initially,
we have that x;(0) = O for every node i. At step ¢ + 1, an edge (i, i + 1) is chosen
uniformly at random, and the two endpoint nodes update their weights as follows:

Xi (1) + xip1 (1) + w()

xit+ 1) =xiq(t+1) = >

We will assume that the second moment of the distribution W is bounded. That
is: E [WZ] < M2, for some M > 0. For simplicity, we will assume that weights are
normalized by M. This gives us that E[W?] < 1.

Let X(¢) = (x1(¢), x2(?), ..., x,(¢)) be the vector of the bin weights after step 7.
First, we define the following potential functions:

Vke (1.2, ...on— 1} d(t) =Y (i (1) — xia (1),

i=1

Notice that for every 1 < i < n, we have that ¢; (t) = ¢,,—; (). We want to analyze
what is the value of these functions in expectation after an additional ball is thrown,
for a given load vector X (7).

We start with ¢ (¢t + 1):

n

Elg1(t + DIX (1), w(t)] =) %((x,- () + xiv1 (1) + w(®)

2

X (D) + Xi1 (1) + w()
(T

—aa®)

i=1

—Xi—l(l))2

+ ) (xj(r)—xj+1<z)>2). (6)

jEi—Lii+1
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Notice that:

YooY @O —x ) = (= 3)¢i(0), (7

i=1 j#i—1,ii+]

Hence we need to bound the remaining terms:

" (%O + X (0 + 2y (a0 X @)+ wl ’
So((HEOEED ) (HOEEHOEEO i 0)’)

i=1
n

-y <2xi (1) 4 2xi11 ()% + 2w (1)* + 4x; (1) x; 11 (1)
N 4
i=1

+ xi42(0)% + xi-1 (1) — (i (1) 4+ xi41(0) (i1 (1) + xz'+2(l)))~

where we used the fact that terms, which are linear in w(#), cancel out.
The right side of the above equation can be rewritten as:

n

N2 n . 2 n "
DRI SRiT U S TGS SUNIGE
i=1

i=1 i=1 i=1

+ Y X Oxi1 () = Y xiOxi1() = Y xip1(xigat)

i=1 i=1 i=1
nw(t)2
2

- in(t)xi+2(t) - sz'+1(t)xi—1(l) +

i=1 i=1
n n " 2
=3 x> =) xOxip () =2 xi(Oxipa() + nwz(f)
i=1 i=1 =l

v () = v @)

2
=2 2 ) + Xn: (xf ®) - Xi+z(t))2 + %0)2

i=1 i=1
1) nw(r)*
=—* (1) + >

By using the above equation and Eq. (7) in Eq. (6) we get that

-2 1
Elgr -+ DIX@, w0 = 2910+ 5 (w(? — 220) 4 20

n

Now, we proceed with calculating the expected value of ¢ (r + 1),
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for2 <k < |n/2]:

"1 i i ’
Mm0+mxmwﬁﬂz§:;«xm+xgaymun_mkm)

i=1

N <Xi(l) +Xi+21 0 +w) _ xi+1—k(t))2

N (xi(l) +xi+21 ) +w@) _ xi+k(t))2

N (x, ) +xz+21(f) +w@) xi+1+k(t))

+ > (nm—meﬁ)

JEi—ki+1ii+1
Notice that:

1 ¢ , n—4
-y > (xj (1) = xj4i(1))” = Pic ().
n n

i=1 j#i—k,i+1—k,i+k,i+1+k

In the similar way as for ¢ (¢) the remaining terms can be rewritten as:

n

E:%(MUV+XHKﬂ2+WUF+QMUHHK0+4ﬁU)
i=1

—GNQ+MH000HHU+MHHUHﬂ%HU+M%H00>

1QWWV+6§:MUy+2§:MUVHKD_4§:MUVHMﬂ

n
i=1 i=1 i=1

—ZE:MUVHHNﬂ—2§:MUVHkNU)

i—1 i=1
+ Pr+1(1) n ¢k—l(t).
n n

¢>1(t))
n

2 2
= o0 + (w)” —

Hence, we get that:

n —

o1(8) n Gr+1(1) n ¢k—1(l)_
n

n n

2
E[¢r(t + DIX(@®), w(®)] = P (1) + (w(t)* — )

n

If we remove conditioning on w(¢) (note that E[w(t)?] = E[W?]) and express
these equations for
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d1t+ 1), 2t +1),...,¢0,—1( + 1) (recall that ¢ () = ¢,,—x(?)), we get:

El¢1(t + DIX(0)] = (21 (1) + JE[W?] — &40 20,
Elga(r + DIX(D] = (53)da(1) + (BIW?] — 202 4 20 4 0,

Elg z)(t + DIX (0] = (52)y2) (1) + (E[W?] — 2D
+¢L%J—1(t) n ¢L%J+1(Z). (8)

n n

Elgn—2(t + DIX ()] = (“2)$n2(1)
+(E[W2] _ (Pln_(l)) + ¢n—;(l) + ¢n—nl(f).
El¢n—1(t + DIX(0)] = (2 pu—1(1) + LEW?] — 20 4 2@

Using the above equations we can prove the following:

Lemma1 Foreveryt > 0and 1 <k <n — 1, we have that
Elgr ()] < (k(n — k) — DE[W?] < k(n — k) — 1. 9

Proof Let (1) = (¢1(2), p2(2), . .., Ppn—1(t)) be the vector of values of our potentials
at time step ¢ and let ¥ = (y1, y2, ..., Yu—1), be the vector containing our desired
upper bounds for each potential. That is: for each 1 < i < n — 1, we have that
yi = (i(n —i) = DE[W?].

An interesting and easily checkable thing about the vector Y is that

E[®@ + D|P@) =Y]=Y. (10)
Next, consider the vector Z(t) = (z1(t), 22(¢), ... z4—1(t)) = Y — ®(¢). Our goal

is to show that for every step ¢ and coordinate i, E[z; (#)] > 0.
We have that

Elz1(z + DIX ()] = y1 — E[¢1(r + DX (0)]

n—2 1
= S+ S EW -2 + 2
n 2 n n

- <(E)¢1 O+ ~@w2 - 29 W))
n 2 n n
S Gl e L 23
n 2n n

and for 2 < i < |5, we have that

Elzi (¢t + DIX(1)] = (”ni)z,-m - Zf) a2 LR RILON

n n
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Hence we get the following equations (recall that z; () = z,—; (¢)):

nxElzit+DIX@)]=0n-2~— %)m(t) + z22(2).
nxElz2(t + DX ()] = —z1() +z21(1) + (n — 2)z2(2) + 23().
nx Elzz3(t + DIX(®)] = —z1(t) + z22(t) + (n — 2)z3(t) + z4(2). (1)

nx Elzpz(t + DIX(O)] = —z1(0) + z12)-1(1) + (1 = 2)z)2 (1) + 21241 (0).

Next, using induction on ¢, we show that for every r > 0

0 <E[z1(0] < E[z2()] < - -+ < E[z 2, (®)]. 12)

The base case holds trivially since Z(0) = Y. For the induction step, assume that
0 < Elz1(0] < E[z2()] < - -+ < Elz 2 (1)]. First, we have that

1
nE[z1(t + D] = nEx[E[z1(r + DIX(O]l = (n -2 — E)E[Zl(f)] + Efz2(0)] = 0.

Additionally, we have that:

1
nElzit+ D=0 -2 - E)E[m(t)] + Elz2(0)] = (n — DE[z1(D)] + E[z2(2)]
= (n = 2)E[z2()] + E[z3(1)] = nE[z2( + D].

For2 <i < |5] — 2, we have that

nElz;(t + )] = —E[z1 ()] + E[z;—1 ()] + (n — 2)E[z; (1)] + E[z;41(#)]
< —Elz1i0)] + Elzi(O] + (n — 2)E[zi41 ()] + E[zi42(1)]
= nE[z;+1(t + D].

Next, observe that by our assumption:
E[ZL%J_H(I)] = E[ngw_l ] = E[ZL%J_ZU)]. Finally, by using this observation we
get that

nElzpg) 1t + D] = —Elz1(O)] + Elz 1) (O] + (n — 2)E[z 2,1 ()] + El[z 2 (1)]
= —Elzi®] + Elz 21O+ Elz 21 (O] + (n = IE[z 1)1 (D] + E[z 2, ()]
< —Elzi(O] + Elz 2)11 (O] + Elz 3,1 (O] + (n = 2)E[z) 2, ()]
=nE[z2, + D]

This completes the proof of the lemma. O
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3 Upper Bound on the Gap for n = 2™

In this section we upper bound a gap in expectation for the case when n = 2. is quite
technical but not necessarily more interesting, and is provided in the Sect. 5.
We begin with some definitions. Foraset A C {1, 2, ..., n}, let

Gap(t) = max x; (r) — min x; (¢).
ieA ieA

Also, let Al be {i,i +2" 7K i +2 x 2"k i +3 x 2"k .} (Notice that i =
i+2m_k2k).0urproofw0rks as follows: foreach1 <i <nand1 < k < m,welookat

. . ; i om—k .
the vertices given by the sets A}, and A;:zl and try to characterise the gap after we

merge those sets (note that this will give us the gap for the set A;; = A};_ Y A}':zlm_k).
Using this result, we are able to show that Y "_, Gap Al (t) is upper bounded by
> Gap Al l(t) plus n times maximum load difference between vertices at hop

distance 2. Next, we use 2% hop distance potential Pom—i (t) to upper bound
maximum load difference between the vertices at hop distance 2”7~ By summing up
the derived inequality for k = 1 to m, we are able to upper bound ) "_, Gap i () in

termsof ) ;_, Gap Al (1) and )} | ¢om—i (¢). Notice that by our definitions, for each i,
GapA{) =0 (Af) contains only vertex i) and GapAin (t) = Gap(t) (Ain contains all
vertices). Hence, what is left is to use the upper bounds for the hop distance potentials,

which we derived in the previous section.
We start by proving the following useful lemma.

Lemma2 Foranyl <i <nandl <k < m, we have that
ZG"PA;‘( (1) < 2jrr;a/1§ 1xj (£) = X jom—k ()] + GapAiﬂlmfk () + GapAL1 ().
P i
(13)

Proof Fix vertex i. Recall that A}'C = A;‘cfl u Aj;‘tzlm*k.

Letu = arg Max; 4i X; (t) and let v = arg minjeA;{ x;(t). We consider several cases
on the membership of nodes u and v, and bound the gap in each one:

Caselu c A;_,andv € A} _,. Then GapA;'{ () = GapA;( I(t) and we have that

Gap i (1) = 1%, (1) = x, (1)
= 1%y qam—t (1) = 2y (D] + Xy om- () = x0 (1)
+ X, om—k (1) — Xy om—k (1)
< |y pom—ik (1) — X, ()] 41Xy pom—k (1) — Xy ()]
+Gap ipom-k (1)
k—1

<2max |x; (1) — x; om-+ ()| + GapAHszk 1),
jeA;c k—1

@ Springer



Algorithmica

where we used the fact that both u + 2"~* and v 4 2" belong to A7T3" . This
gives us that

k() + Gapy (D). (14)

2GapA2 (1) < 2jné2114)l(]_c 1xj (1) = X jom—k (O] + GapA,+

. . m—k
Case2u c A;_,andv € A}:zl . Then we have that:

GapAi @) = |xu () — xp (O] =< |xu @) — Xy 0mk (O] + |xy 1 om—k (1) — xp ()]

< Gap,i (1) + max(|x; (1) — x;om—k(1)])
k=1 JEA, ’

and
Gap 4 (1) = [xu(t) = Xy (O] = [xu (@) = Xy qom— (O] + Xy 4omx (1) = 20 (1)]

= Gap iom—k (1) + max(|x; (1) — xjom-k (D)),
AL JEA; ’

where we used v + 2"k € A’ _yandu+2"" ke A”r2m . Hence, we again get that

2GapA;-( (1) <2 ma/t;g lxj (8) — xj om—k ()] + GapAHszk (t) + GapA;-( 1(t). (15)
Jj€ ;( k—1 -

Case3u € A'+2 and v E A'+2 , 1s similar to Case 1.

Case4v € A’ _yandu e A’+2 , is similar to Case 2.

|
Next, we upper bound the quantity Y 7, max jeal [ (1) — xj L om—k (1)].
Lemma3 Foranyl <k <m:
- n
max [X;i(t) — X omi(t)] < ———=+/Dm-i(1). (16)
ZjeAi, J Jj+2 /—Zm_k 2

Proof Notice that for any i and i’ € AL, we have that A} = A};’,
hence max ;i 1xj (1) = X jom-k (D] = maxjeAir 1xj (£) — X om—k (1)] and this means
that

om— —k
me’; 6 (D) = Xk (0] = S Z max |x; () — x; ynk(1)]
i=1 /€A io1 JeA
Cauchy—Sch 2t
auchy—oschwarz n
< —V2ms —k Z max |x; (£) — X om« ®))?
2m i 1]€Ak
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n

n
< V2R | 0 = xj o O

= Hm
j=l1

= Wv¢2m k(1),

. . . m—k o« o e
where in the last inequality we used a fact that sets A ,i, A%, ey A,% " are disjoint. O

Finally, using the above lemmas we can upper bound the expected gap at step #:

Theorem 1 For every t > 0, we have that
E[Gap(t)] = O(v/nlog(n)).
Proof From Lemma 2 we have that

Z 2Gap, ) < Z Gap; (1) + Z Gap At (1)

i=1

+ Z 2max |x; () — x; onk (1)]

/GA’

=2 Z Gap,y_ (1) +2 Z max |x] (1) = X j ot (D).

i=1
After dividing the above inequality by 2 and applying Lemma 3 we get that:
Gap,i(t) < Gap ,i (t) + Pom—i (1).
> Gapy )5 3 Gapy 0+ s S
Next, we sum up the above inequality for k = 1 to m:
m n m n m n
3 Gap,; (1) < 3N Gapy (1) + > W‘/@M ).
k=1 i=1 k=1i=1 k=1

Recall that )/, Gap i (t) = nGap(t) and Y GapA{) (t) = 0. Hence, we get that

nGap(t) <)

n
¢2m—k (t)
Pt /om—k

Next, we apply Jensen’s inequality and Lemma 1:

m

nE[Gap(1)] <

\/ ¢2m k (t)
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<y ;%EmHm]
k=1
e n

<> o V2= (n — 2m=k)

»
I
_

< mn/n = n(logn)ﬁ.

This gives us the proof of the theorem. O

4 Gap Lower Bound
Next we prove the following theorem, which lower bounds the second moment of the
gap in expectation.

Theorem 2 The following limit holds:

lim E[Gap(1)’] = QuE[W?)).

Proof In this case we want to prove that not only does vector Z(¢) have positive
coordinates in expectation, but also E[z L2 1] converges to 0. This will give us that ¢L% ]

approaches its upper bound (|5 /[57 — 1E[W?] in expectation. Then, we can show
that there exist two nodes (at distance L%J) such that the expected square of difference
between their loads is Q (nE[w?]).

Recall from Eq. (11) that

nElz 1 o4+n] = —Elzi®] + Elz 2 )11 (O] + Elz 2 )1 (O] + (0 — 2)E[z 2 (1)].

We also know that Inequalities (12) hold for every ¢, hence we get that

Elz1(1)]
E[ZL%J(I+1)] =< ]E[ZL%j(t)] - PR

The above inequality in combination with Inequalities (12) means that

" QST
Blzgyt + 5]+ DI S Elz g0+ D] = ) =
i=t

Elzi(t + 15 D]
n

< Elz/(t + D] — (17)

Again by using Eq. (11) and Inequalities (12), we can show that forevery 1 <i <
5] 1:

MMHAMz@%#m.
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This gives us that:

1 1\2
Elz1(t + Lgm > (;)E[Zz(t + L%J — D12 (=) Elzate + L%J —2)]

n

A%

1y l51-1 n n
= (=) Elgye+ 151 - (51— D))

1\l5]-1
= <Z> Elz 3 (t + D].

By plugging the above inequality in Inequality (17). we get that

Elz1(t + |5
E[ZL%JU + Lg] + D] < E[ZL%J(Z‘ + D] — M

1\ 5]
< Elz3)(+ D1 = (=) T Elz g+ )]
1\l5]
- (1 - (;) ’ )E[ZL;J(r + D).

L5]
Because (1 — (%) ’ ) < 1 and does not depend on ¢, we get that
[1_1>n30 Elz; 2] =0.

This means thatlim, , oo E[¢ 1 (1)] = Qn2E[W?2]).
Let GapL%J (t) = maxi<;<p |x; (t) — Xig[] (1)|. Note that:

Pray()
Gap()* = Gap 3 (1) = —2—.
n
Hence

Jlim E[Gap(1)*] = QnE[W?]).

Unfortunately we are not able to obtain the lower bound on the gap, since our
approach uses the fact that the upper bounds on k-hop potentials are ’tight’. Since our
potentials are quadratic, we are not able to derive any kind of lower bound for the gap
itself. Intuitively, this will be an issue with any argument which uses convex potential.

]

5 Upper Bound on the Gap, General Case

To prove Theorem 1 for the general case, we need to redefine our sets A;'(. In order to
do this, for each k we define 2% dimensional vector A= (8 1 8,3, el 8,%’(). Fork =0,
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we have that Ay = (n). For [logn] > k > 0 we set Ay = (o4, 8,1_1 — o, O, 8,%_1 —

k—1
Oy o ooy O, 3,%_1 — o). where

B l5e=r1/2, ifl5] is even.
k= szk 1]/ZJ otherwise.

First we prove the following Lemma:

Lemma4 Forany |logn| > k > 0, we have that
ok g

LYo =n

2. Forany 1 < i < 2K, (Sk € {(zk] szj} (notice that this means oy = L 7l or
QA = |_21<-|)
Proof We prove the lemma using induction on k. Base case k = 0 holds trivially. For
the induction step, assume that Properties 1 and 2 hold for k — 1, we aim to prove

k . k—1

that they hold for k as well. We have that 212: 18 = le 1 (o + Sk | — ) =
212:1‘ 8,i_1 = n. To prove Property 2 we consider several cases:
Case 1 5 = 2q, for some integer g.

We have that oy = ¢, and hence for any 1 < i < 2k—1 5,’;_1 — ar = q. Since
LG_k.] = g, Property 2 holds.
Case 2 an r = 2q + 1, for some integer q.

We have that ax = ¢, and hence for any 1 < i < 2k~! 8k | —ar =q + 1. Since
szj =gq and [2k] = g + 1, Property 2 holds.

Case 3 2,:1—4 = 2¢q + €, for some integer g and 0 < € < 1.
We have that sz" -] = 2¢ and [2[‘—11 = 2g + 1. Additionally, oy = ¢, and hence
forany 1 < i < 2k-1 (8k | — o) €{g,q +1}. SmceL J—qand( 1l =q+1,
Property 2 holds.
Case 4 5 25 =2g + 1 + €, for some integer g and 0 < € < 1.
We have that LZ,HJ =2g+1and (2,( r]1 = 2q + 2. Additionally, oy = g + 1,
and hence for any 1 < i < 2k—1, (81‘; — o) € {q,q + 1}. Since L -] = g and
[5r1 =g + 1, Property 2 holds. O

Next, for |logn] > k > 0 we set

2k—1
Al =i i+8.i+8 +80.....i+ Y &)

It is easy to see that for any |logn| > k > 0 and i, we have that |A};| = 2K,
Al = AL UAT and AL N ALY = ¢, Also notice that for any u € Al_|,

u+oy € A”r % and for any u € Ak Fou—ap e Al
Next we prove the lemma which is similar to the Lemma 2 for n = 2" case:
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Lemma5 Foranyl <i <nand |logn| >k > 0, we have that

2Gap i (1) < 2max [x; (1) — Xj1q ()| + Gap ive (1) + Gap i (). (18)
k jeAL Ay k-1

Proof Notice that the statement we need to prove is identical to that of Lemma 2,
with the exception that in the letter we use 2”7 * instead of aX. The proofs are also
almost identical (2% can be simply replaced with «y ). The only difference is that the

proof of Lemma 2 uses the property that for any u e Af:zlm_k 2 X () = X, om—k (D] <
max ;i |xj (£) =X j4om—k (1) and u + am—k ¢ Aj_,. Instead, we will use the property
that for any u € Ak 1 1 (1) — Xy, (1)] < max ;i [xj(t) = Xjyo () andu —oy €
A;{ I O

Next, we upper bound ) /_, max ;i |xj (1) — X jyq (1), by proving the following
lemma, which is the analogue of Lemma 3.

Lemma 6
57 max (1) — 10, 0] = EEAT 19)
ie l]EAk I._k 2
- w1 utlypl=1
Proof Notice that for any 1 < u < n and the sets A}, A;™ ", ..., A,

disjoint, because for any 1 < j < 2k, (Sj > L” ] (this means that for any 1 <i < n,

distances between consecutive vertices in A’ are at least L 71). Using this fact and
Cauchy—Schwarz inequality we get that

u+|_2"kj 1

D max (0 = xjia ()]
JEA;

i=u

utlpl-1

n

<l | DD maxx() — xjie (O
2 \ i—u EAl

< LG_kJ Z|xj(t)—x]~+ak(t)|2=,/L2n—kJ\/m
j=1

Since the above inequality holds for any u# we can write that:

Zmaxpc,(r) w1 = | 77 | Lgp WO
2k

1 JEAL
O
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With the above three lemmas in place, we are ready to prove Theorem 1 for general
n.
From Lemma 5 we have that

Z 2GapAl o = Z GapAl (t) + Z Gap l+ak (1)

i=1

+Z2max|x/(t) Xjyay (D]
i=1 IGA

_2§:&wy(n+2z)mu%m Xjtay (D]

i=1

After dividing the above inequality by 2 and applying Lemma 6, we get that:

T/ 550V .

Notice that for any i, Gapi\O (t) = 0. Hence, after summing up the above inequality
for k = 1to [logn] we get that

ZGapA, ") < ZGapAl ) + {

i=1 LG_kJ

[logn]
Z Gapy, 0= 3 | 17 || lge Vo= .

k=1 2k

are 1 or

This

Let i’ = argmin; Gap Al (t) Notice that consecutive vertices in Auogn [
2 edges apart, hence for any 1 <i <n,eitheri € Al ori4+1¢e Al

gives us that

Llog ) Llogn)-

Gap(t) < Gap 41 J(t) +2max x; () — xi1 ()]
og n

= Ga
pAl\_l();:nj

0+ 2\/miax x; (1) = xip1 (D> < GapAiL/lUgnJ (1) +2v¢1(0).

By combining the above two inequalities we get that

n
nGap(t) =nGapy (1) +2n3/$1(0) <) Gapyy (1) +2ny/1(1)
i=1

logn
Z ’VL kJ—‘ Lzrl_kj\/¢ak(f)+n\/¢1(t).
2

k=1
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Fig.1 The evolution of average gap divided by square root of n, where n is the number of bins

Next, we apply Jensen’s inequality and Lemma 1 (we are going to use a looser
upper bound: E[¢; (1)] <i(n —i) — 1 <in)

Llogn] _

nEIGap®) = 0B\ i01 01+ Y | g |y Ly BB @
k=1~ R2¢
[logn] _ n n
<2VEROT+ Y [ o |y g VE e O]
k=1 2k
[logn] 0o 0
<2nn+ Z “ij ‘/Lz—kja/akn:0(n\/ﬁlogn).
k=1 2k

This completes the proof.

6 Experimental Validation

On the practical side, we implemented our load balancing algorithm with unit weight
increments on a cycle. The results confirm our hypothesis that the gap is of order
©(4/n). In our experiment we observe the evolution of gap as we perform up to
10° increment operations. In Fig. 1 we ran our experiment 100 times and calculated
average gap over all runs. x-axis shows number of balls thrown (which is the same
as the number of increments) and y-axis is current average gap divided by +/n. The
experiment shows that once the number of thrown balls is large enough, the gap stays
between /n and 1.4./n.
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7 Harary Graph, Upper Bound on the Gap

Recall that the Harary graph Hy , is a k-connected graph with n vertices, which has
the smallest possible number of edges. In this section we show that our approach can
be extended to the Harary graph Ha , (unless specified we will assume Hj ,, to be the
Harary graph): each vertex i is connected with edges to vertices i — 1,7 + 1 (called
cycle edges), i — 2 and i + 2 (called extra edges). As before, the operation consists of
picking an edge u.a.r and doing increment and averaging (for the simplicity we assume
that increments have unit weights, the result can be extended to the random weights,
in the similar fashion to the cycle case). After careful calculations which mimic the
calculations for the cycle case, but by taking extra edges of the Harary graph into the
account, we can derive the following equations for the hop potentials (hop distance is
counted over the cycle edges only):

E
Elg1(1)] + + ‘ﬁl,f’) + )]

E[¢:1(t + D] =
El¢2(t + D] =

_2
_2

B i _
E[¢k([ + 1)] — %E[Qﬁk(l)] +1-— ]E[fﬁzln(f)] _ E[q;zn(t)] + [¢Ic2n2(f)] 4 [¢k2n1(t)]

+ E[@gl ®)] + E[¢k2;2 ®)]

Recall that for the cycle potential ¢ (t + 1) depends on the potentials ¢ (t), dr+1(t),
¢r—1(t) and ¢ (¢) (please see Eq. (8)). In the case of Harary graph ¢ (r + 1) depends on
the potentials ¢y 12(1), dr1(t), P (1), Pr—1(1), Ppr—2(t), $1(¢) and ¢2(¢). The reason is
that we are able to perform load balancing operation on two hop neighbours. Similarly,
if we have a graph where each vertex is connected with all vertices which are at hop
distance at most £ (this is the Harary graph Ha; ), then ¢ (¢ 4+ 1) will depend on
Do), .oy Gr1 (@), P (), Gr—1(2), ..., Px—e(2), and @1 (1), P2(¢), ..., Pe(?). Next
step is to find the stationary points for the hop potentials. That is: the values which
stay the same after we apply step given by the above equations. As before (please see
Lemma 1), these values will be used as the upper bounds for the expected values of
potentials. In the case of Ha ,, we get that for every ¢ and k:

Elgy (1)] < %k(n B ta (20)

Here, extra term « has a closed form, which we omit and instead concentrate on the
property that it is upper bounded by 2n. Observe that since the Harary graph contains
cycle and we defined our hop potentials based on the hop counts of that cycle, we can
upper bound the gap by using:

m

E[Gap()] < Z

—E\/$yn+(1) < O(WJnlogn). 1)
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Notice that since o < 2n, for large enough & and n, the upper bound for E[¢y ()] can
be two times smaller than the upper bound for the cycle case, which was shown in
Lemma 1. Hence, we can use this to slightly improve the constant hidden by big O
notation in the upper bound. In general, we conjecture that for any pair of parameters
1 <y <[y < n,agap for the Harary graph Hyj, , is smaller than a gap for the Harary
graph Hy;, ,. Unfortunately, we are not able to provide the exact dependence of a gap
on the Harary graph parameter.

8 Discussion and Future Work

We have shown that in the case of dynamic averaging on a cycle the gap between
highest and lowest loaded bins is upper bounded by O(4/nlogn) in expectation.
Additionally we showed that the expected square of the gap is lower bounded by
Q2 (n). It the future, it would be interesting to further tighten our results, matching our
experimental analysis. We conjecture that the “correct” bound on the expected gap
is ©(4/n). As already discussed, we also plan to extend our results to more general
graph families, in particular grid graphs.

8.1 Comparison of Two-Choice and Averaging Load Balancing

Finally, it is interesting to ask if it is possible to extend our gap bounds to the case
of the classic two-choice load balancing process. In particular, is it possible to show
that the gap in the case of averaging process is always smaller in expectation than
the gap in the case of two choice process? Intuitively this should be the case, since
the load balancing operation in the case of averaging can be viewed as picking up a
random edge, incrementing the load of the less loaded endpoint, and then averaging the
values. The extra averaging step should not make the gap larger. Indeed, the exponential
potential used to analyse the gap in [17] can be used to upper bound the gap for the
averaging process, since the exponential function is convex and averaging values does
not increase it (by Jensen’s inequality).

Unfortunately, it is not clear if averaging helps to actually decrease the exponential
potential. Additionally, this argument shows that averaging does not make the gap
worse if applied to the particular technique of upper bounding the gap, and it is not
clear if the gap itself is actually smaller, if we use averaging on top of the two-choice
process. We conjecture that there exists a majorization argument which is based on
how often the process performs the averaging step. More precisely, we consider the
setting where after the increment step (using two choice), we perform averaging with
probability 8. The gap should decrease in expectation as we increase 8. Note that the
only result which lower bounds the gap for the two-choice process on the cycle is the
straightforward €2 (log n) lower bound which can be shown for the clique [17]. Where
The lower bound comes from the observation that if 2 (n logn) balls of weight one
are placed into n bins according to the two choice process, then the average load is
Q2 (log n) and with constant probability there exists a bin which is empty. What would
make the existence of the majorization argument interesting is that it would allow us to
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show that the lower bound we derived on the second moment of the gap while always
performing averaging step on the cycle (8 = 1) can be automatically used as the lower
bound on the gap for two choice on the cycle (8 = 0). We plan to investigate this
connection in future work.
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