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—— Abstract

We consider the following dynamic load-balancing process: given an underlying graph G with n
nodes, in each step ¢ > 0, one unit of load is created, and placed at a randomly chosen graph node.
In the same step, the chosen node picks a random neighbor, and 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.

Variants of the above graphical balanced allocation process have been studied previously by
Peres, Talwar, and Wieder [10], and by Sauerwald and Sun [12]. These authors left as open the
question of characterizing the gap in the case of cycle graphs in the dynamic case, where weights
are created during the algorithm’s execution. For this case, the only known upper bound is of
O(nlogn), following from a majorization argument due to [10], which analyzes a related graphical
allocation process.

In this paper, we provide an upper bound of O(y/nlogn) on the expected gap of the above
process for cycles of length n. 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 provide analytical and experimental evidence that our upper bound on the gap is
tight up to a logarithmic factor.
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1 Introduction

We consider 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 processes has been used to model
several practical allocation problems, such as load-balancing [3, 7, 11], hashing [5], or even
relaxed data structures [2, 1].
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One way to put our results into context is to view them as a variation of the well-known
d-choice process, in which, in each step, a new weight is generated, and is placed in the
least loaded of d uniform random choices. If d = 1, then we have the uniform random
choice scheme, whose properties are well understood. 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/loglogn) load, whereas if m = Q(nlogn) we have that the expected maximum load
is m/n + 6©(y/mlogn/n). Seminal work by Azar, Broder, Karlin, and Upfal [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/ poly n. An elegant alternative proof for a slightly weaker
version of this result was later provided by Talwar and Wieder [13].

More recently, Peres, Talwar, and Wieder [10] analyzed 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 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 S-edge-expansion [10], this gap is O(logn/B), with probability 1 — 1/poly n.

An alternative way to frame our results is to consider static load-balancing, where each
node starts with an arbitrary initial load, and the endpoints average their initial loads
whenever the edge is chosen. Then, the balancing process can be mapped to a Markov
chain, whose convergence is well-understood in terms of the spectral gap of the underlying
graph [12]. Sauerwald and Sun [12] considered this static case in the discrete setting, where
the fixed initial load can only be divided to integer tokens upon each averaging step, for
which they gave strong upper bounds for a wide range of graph families.

By contrast to this previous work, in this paper we consider the less complex continuous
averaging case, where exact averaging of the weights is possible, but in the more challenging
dynamic scenario, where weights arrive in each step rather than being initially allocated,
which is closer to the setting of the d-choice process discussed above.

One question left open by previous work concerns the evolution of the gap in the dynamic
case on graphs of low expansion, such as cycles. In particular, for cycles, the only known
upper bound on the expected gap in the dynamic case is of O(nlogn), following from [10],
whereas the only lower bound is the immediate 2(logn) gap lower bound for the clique.
Closing this gap for cycle graphs is known to be a challenging open problem [9]. As suggested
in [10], 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.

Contribution. In this paper, we address this question for the case where averaging is
performed on a cycle graph. Let Gap(t) 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 ¢t > 0, we show
that for a cycle graph with n vertices:

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

We complement this result with a lower bound of Q(n) on the E[Gap(t)?], as well as additional
experimental evidence suggesting that our upper bound is tight within a logarithmic factor.
Our results extend to weighted input. That is, we can allow our input to come from any
distribution W, such that E[W?2] < M2, for some M > 0.
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Technical Argument. 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 <4 < n we assume that the nodes i + n and ¢ — n are the same as the node i. Let z;(t) be
the load of node i node at step t. Then, we define the k-hop potential as:
n
Br(t) = > (wilt) — wipn (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 on regular graphs. While the expected values of k-hop potentials cannot be
computed 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:

Elp(t)] < k(n — k) —1,Vk > 1. 2)

In the second technical step, we shift gears, aiming to bound the mazimum possible value
of the gap between any two nodes, leveraging the fact that we understand the hop potential
for any k£ > 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 ¢ and hop count
k, we define the set family A% to be formed of nodes {i,i + 2%,i +2 x 2F i +3 x 2% ... }.
(Since we are on a cycle, i = i + 2™ %2k) Then for any 1 <i < n and k > 0, we will have

- Gapa_ (1) < 3 Gapag (1) + == v/bors (1), (3)

\V2k—1

where Gapx (t) is the maximal gap inside the set X at time ¢. 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 across 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, see Section 5.) We obtain that

E[Gap(t)] = O(vnlog(n)), (4)

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.

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 lower bound in Equation 2. 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(t)*] = (n). (5)

This second moment bound strongly suggests that our above analysis is tight within
logarithmic factors. We conjecture that the bound is also tight with regards to the expected
gap, and examine this claim empirically in Section 6.

7:3
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Extensions and Overview. The analysis template we described above is general, and could
be extended to other graph families, such as regular expanders. In particular, we note
that the recursive structure of the k-hop potentials is preserved for such graphs. The main
technical steps in analyzing a new graph family are to (1) identify the right upper bound on
the k-hop potential (the analogue of (1)); and (2) identify the right set family for the gap
covering argument, and its recursive structure (the analogue of (2)). Obtaining tight bounds
for these quantities is not straightforward, since they do not seem to be immediately linked
to well-studied graph properties. Here, we focus on obtaining 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 Harary graphs [6] in a full version of the paper.

We discuss the relation between our results and bounds for the graphical power-of-two
process on a cycle [10] in Section 7.

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. In the static case with discrete
averaging, the problem has been considered by Sauerwald and Sun [12]. However, their
techniques would not apply 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(nlogn), by the potential analysis of [10]: they
consider 2-choice load balancing, and one can re-do their potential analysis for (continuous)
averaging load balancing, yielding the same bounds. However, as our bounds show, the
resulting analysis is quite loose in the case of cycles, yielding an Q(y/n) gap. This is a
consequence of the majorization technique used, which links dynamic averaging on the cycle
and a very weak form of averaging on the clique.

Our potential analysis is substantially different from that of [10], 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 notice that this is also different from the usual square potentials used for analyzing
averaging load balancing, e.g. [8], 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.

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

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 + 1 (recall that for any
1 <4 < n the nodes i + n and ¢ — n are the same as the node ).

We consider a stochastic process following real time ¢ > 0, in which, in each step, a weight
w(t) is generated from a same distribution W. We associate a real-valued load value z;(t)
with each node i. In step ¢, an edge (i,7 + 1) is chosen uniformly at random, and the two
endpoints nodes update their weights as follows:
zi(t) + xip1(t) + w(t)

LL’i(t-i-l)::L‘iJrl(t—f—l): 2
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We will assume that the second moment of the distribution W is bounded. That is:
E[W?] < M?, for some M > 0. For simplicity, we will assume that weights are normalized
by M. This gives us that E[W?] < 1.

Let X (t) = (z1(t), z2(t), ..., x,(t)) be the vector of the bin weights after ¢ balls have been
thrown. First, we define the following potential functions:

n
Vk e {1,2,...n—1}: gr(t) =Y (i) — iy (t).
i=1
Notice that for every 1 <14 <mn, we have that ¢;(t) = ¢,,—;(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 (t).
We start with ¢1 (¢t 4+ 1):

Bion(t+ DX (0,00 = 30 < (xi(w + xi;(t) +wt) rura(®)

K2

Effi(t) + xz‘+21 () +w(t) xi,l(t)) 2

> () - ﬂfj+1(f))2>
GAi—1,i,i41
- — 350t + % + %(d)l(t) +2¢2(1))

"2 00+ S(wi? - 2

+

+

+ %¢2(t)-

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

Efn(t + 1) Xy, w(t)] = Z 2 ((xl(t) + 1'i+21(t) + w(t) B l"i_k(t))z
zi(t) + xigl(t) +w(?) — :L‘i+1—k(t)>2

(
<mz(t) +zipa () +w(t) $i+k(t)>2
(

+

* 2

T; (t) + .TZ;H(t) + ’U)(t)
2

2
+ - $i+1+k(t))

+ > (z;(t) — $j+k(t))2>

ji—kitl—kitki+1+k

=1 2¢k(t) + (w(t)? — ¢1(t)) + Pr+41(t) n ¢k—1(t).

Note that in the above calculations for ¢ (t 4+ 1) and ¢ (¢t + 1), for k > 1 the terms which
contain w(t) as linear multiplicative term disappear because we can assume that loads
x1(t), z2(t), ..., xn(t) are normalized (this will not change our potentials) and we have:

n

> w(t)zi(t) = 0. (6)

i=1

ICALP 2020
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If we remove conditioning on w(t) and express these equations for k = 1,2,...,n — 1, we get:

%(E[Wﬂ B ¢1(t)) + ¢2(t)'

+
+ (E[WQ} _ ¢17§t)) + ¢1¢Et) + 4537?).

Elg a)(t+ DIX(E)] = (252) ) (t) + (E[W?] — 20)
+¢L%jfl(t) ¢zj41(t)

n n

El¢n—2(t + 1)IX(8)] = (%52)dn-a(t)
HEW?] - 2488 4 asall 4 fana0,
(252) -1 (1) + (E[W?) — 21 4 £oc2(0),

n

Elgn—1(t + 1)|X(2)]

Using the above equations we can prove the following:
» Lemma 1. For everyt >0 and 1 < k <n —1, we have that
E[pr ()] < (k(n — k) = DE[W?] < k(n — k) — 1. (7)

Proof. Let ®(t) = (¢1(t), d2(t), ..., dn—1(t)) be the vector of values of our potentials at time
step t and let Y = (y1,y2, ..., Yn—1), be the vector containing our desired upper bounds for
each potential. That is: for each 1 <i <n — 1, we have that y; = (i(n —4) — 1)E[W?]. An
interesting and easily checkable thing about the vector Y is that

E[®(t + 1)|®(t) = Y] = . (8)

Next, consider the vector Z(t) = (z1(t), 22(t), ...2n—1(t)) =Y — ®(¢). Our goal is to show
that for every step ¢t and coordinate i, E[z;(t)] > 0. we have that

Elz1(t + 1) X ()] = y1 — Elo1 (¢ + 1) X (2)]

= ("2 4 (Y - L) 4 2 ((”‘ 2)61(0) + 5 B - 2y 4 ‘“”)

n 2 n n n n n
= (22 - 20 20

and for 2 <14 < | %], we have that

n—2 Zl(t) + Zifl(t) + Zl',l(t)'

Elz(t + DIX ()] = (—)z() - = n n

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

nXxElz1(t+1)|X(#)] = (n—2— 1)z1(t) + 22(t).
nxElze(t+1)|X(t)] = —21(t) + z1(t) + (n — 2)22(¢) + 23(¢).
nx Elzz(t + 1)| X ()] = —21(¢) 4+ 22(¢) + (n — 2)23(t) + 24(1). (9)

n X E[ZL%J t+D|X®)]=—-21(t) + ZL%j—l(t) +(n— Z)ZL%J (t) + Z[%J-‘rl(t)'
Next, using induction on ¢, we show that for every ¢t > 0
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The base case holds trivially since Z(0) =Y. For the induction step, assume that
0 <E[z1()] < E[22(t)] < ... <E[z2(¢)]. First, we have that

nE[z1(t +1)] = nEx ) [E[z1(t + 1) X (1)]] = (n — 2 — %)E[zl ()] + E[z2(t)] > 0.
Additionally, we have that:
nElz(t+1)] = (n—2- %)E[Zl ()] + E[z(t)] < (n = 2)E[21(8)] + E[2(1)]
< (n = 2)E[(8)] + Elzo(t)] = nElz(t + 1)].
For 2 <i < |§] — 2, we have that

< —Elz1(0)] + Efzi()] + (n — 2)E[zi41 (8)] + Elzi12(0)]

= nE[Zi+1(t + 1)]

Next, observe that by our assumption:
Elz|241()] = E[zra1-1(t)] > E[2| 2| _2(t)]. Finally, by using this observation we get that

nE[z\n) 1(t+1)] = —E[z1(t)] + E[z| 2| 2(¢)] + (n — 2)E[z| 2|1 ()] + E[z| 2| (?)]
< —E[z1(8)] + Elz 2 )11(0)] + E[2 3 )-1(0)] + (n — 3)E[z 2 )1 ()] + E[z| 3 (?)]
< —E[z1(8)] + Elz 2 j+1(0)] + E[z3)-1(1)] + (n — 2)E[z( 2 ()]
[ZL%J (t + 1)}
This completes the proof of the theorem. <

3 Upper Bound on the Gap for n = 2™

In this section we upper bound a gap in expectation for n = 2" case. The proof for the
general case is quite technical but not necessarily more interesting, and is provided in the
Section 5.

We begin with some definitions. For a set A C {1,2,...,n}, let

Gapa(t) = max(z;i(t)) — min(z;(t)).
Also, let A% be {i,i4 2%, i +2x 2% i +3 x 2k, ...} (Notice that i =i +2m~*2%). Our proof
works as follows: for each 1 < ¢ <n and 0 < k < m, we look at the vertices given by the sets
At and A};ﬁk_l and try to characterise the gap after we merge those sets (Note that this
will give us the gap for the set A% | = Al U A?‘Qkfl). Using this result, we are able to show
that > 1, GapAZ_l(t) is upper bounded by Y7, Gap 4 (t) plus n times maximum load
difference between vertices at hop distance 25~!. Next, we use 2~ hop distance potential
¢ox—1(t) to upper bound maximum load between the vertices at hop distance 2¥~!. Using
induction on k, we are able to upper bound Y., Gap 3 () in terms of >oiq Gapyi (t) and
> opey @or-1(t). Notice that by our definitions, for each i, Gapa: (t) =0 (A" contains only
vertex i) and Gap; (t) = Gap(t) (Aj 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.

77
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» Lemma 2. For any 1 <i<mn and k > 0, we have that

2Gapy: (1) <2 max |z;(t) — @) 1001 (8)] + GapAijkfl (t) + Gap 4: (1). (11)

Proof. Fix vertex i. Note that AL | = A} U A?zk_l. Let u = argmax;c oi  ; (t) and let
v =argmin;. AL TG (t). We consider several cases on the membership of nodes v and v, and
bound the gap in each one:

Case 1. u € A} and v € A}. Then GGPA;;_l(t) = Gapy;: (t) and we have that

GUJPA;; (t) = |zu(t) — ()]
<Nzypor—1(8) = 2 (8)] + [Tppor—1 () — 2o ()] + |Bugor-1(t) — Typor—1(t)]
<Nypor-1(t) — 2y ()| + |Typqor-1 () — o (t)] + GapA;;+2k—1 (t)

<2 max |z;(t) — zjy00-1 ()] + Gap i2e-1 (1)
JEA] k

Where we used the fact that both u 4+ 2~ and v 4 2*~! belong to A?jyﬁl. This gives

us that

2Gap 1(t) <2 max |z;(t) = @961 ()] + Gap yipar-1 (1) + Gap i (). (12)
- JEAL | k k

Case 2. u€ A} andv € A}:‘Zkfl. Then we have that:

Gapa (1) = |zu(t) — 2o ()] < f2u(t) = Typor—r ()] + [2yp2n-1 (8) — 20 ()]
< Gapy; (1) + max (|25() = 254202 (B)])

k—1
and

GapAfcil(t) = |xu(t) — Ty (t)| < ‘xu(t) - xu+2k*1(t)| + |$u+2k*1(t) - xv(t)l

< Gap et () + max (j2,(6) = 25520 (1))

JEAk 1
Where we used v + 281 € A¥ and u + 2+~ € A?Zkﬂ. Hence, we again get that

2Gap l(t) <2 max |z;(t) — zjyoe-1 ()] + Gap iyar-1 (1) + Gapyi (). (13)
c— ]EA;€71 k k

L ok—1 L ok—1
Case 3. u € A§€+2 and v € A?Q , is similar to Case 1.

. . k—1
Case 4. v e A}, and u € A?Q , is similar to Case 2. |

Next, we upper bound the quantity Y ., max;e 4 |2 (t) — 2400 (1)].

» Lemma 3.
- n
() — X0k (t)| < —— k(t). 14
;:1;2355\%() Tjok(t)] < \/2—kx/¢2 (t) (14)
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Proof. Notice that for any 7 and ¢’ € A};, we have that A}€ = A};7
hence max ¢ 4: |;(t) — 101 (t)] = max;c 4 |2;(t) — 212+ (¢)| and this means that

n ok
; mase fo(8) = 510 ()] = gmAx 25(t) — 250 (8)]
ok
< gV D mae (8~ (O
n
= 2%\/27 2 |75 (t) — jpon (B)]* = \/% Par (t)
j=
Where we used a fact that sets A,lc, Ai, - Aﬁk are disjoint. <

Finally, using the two Lemmas above and Theorem 1 we can upper bound the expected
gap at step t:

» Theorem 4. For every t > 0, we have that
E[Gap(t)] = O(v/nlog(n).

Proof. From Lemma 2 we have that

n n n
Z 2Gapa; (1) < Z Gapai (t) + Z GapAszk_l (t)
i=1 i=1

i=1

i1 I€Mk
n n
=2 Gapy () +2)  max |z;(t) — ;5001 (t)]-
i=1 i=1 984

After dividing the above inequality by 2 and applying Lemma 3 we get that:

; Gapa; (1) < g Gap q: (1) + # Vo (8).

Notice that Y i, Gap}(t) = nGap(t) and we also have that

ZGapig (t) = Z |zi(t) —zirg (D] <V Z |2i(t) — iz (D] = Vo /o2 (1)

Hence, we get that

n . " ) n
nGap(t) = Z Gapi(t) < Z Gap's (t) + T Dor—1(t)
i=1 i=1 k=1
m—1 n
Vo301 + X Ve

7:9
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Next, we apply Jensen and Theorem 1:

m—1

nE[Gap(t)] < VB, /63 (1) + > \/;TE Gari(2)
m—1
< Viny[Elpy ()] + 2 = VElbw (1]
5 m—1
<vn (g) + 2 22_1 2k—1(p — 2k=1)
< mny/n = n(logn)y/n.
This gives us the proof of the theorem. |

4 Gap Lower Bound

Next we prove the following theorem, which provides strong evidence that our bound on the
gap is tight within a logarithmic factor.

» Theorem 5. The following limit holds:
Jim E[Gap(t)?] = Q(nE[IW?])).

Proof. In this case we want to prove that not only does vector Z(t) have positive coordinates
in expectation, but also IE[zL% 1] converges to 0 . This will give us that ¢| = | approaches it’s
upper bound (| %][%] — 1)E[W?] in expectation. Then, we can show that there exist two
nodes(At distance |5 ]) such that the expected square of difference between their loads is
Q(nE[w?)).

Recall from Equations 9 that

nE[z 241 = —Elaa ()] + Elz z)41(8)] + E[z 2 -1 ()] + (n — 2)E[z 2| ()]
We also know that Inequalities 10 hold for every ¢, hence we get that

Bl (1)

Elz1g o] < Eloig ol - —

The above inequality in combination with Inequalities 10 means that

LI
Bletg(t+ 5] + DI <Blagyt+ 0] - 3 @ (15)
< Elz)s)(t+1)] - w "

Again by using Equations 9 and Inequalities 10, we can show that for every 1 <i < | §]—1:

Elzi(t+1)] > M

This gives us that:

Blea(t + 2] > (- )Bleate + 2]~ 1] > () Eles(t + 5]~ 2)]
> ...
> (Dm0 - = () B e 1)
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By plugging the above inequality in inequality 15 we get that

Bl (¢ + 2] + 1)) < By (¢ + 1) - o 18D

< Bl 1) - (2) Bl 1) = (1 - (1)”]1)1@[43](” 1]

n

n

l3]-1
Because (1 - (l) ’ < 1 and does not depend on ¢, we get that lim;—, E[2 = |(¢)] = 0..

This means that lim; ., E[¢| 2 | (t)] = Qn*E[W?]).
Let Gap|n |(t) = maxi<;<p [2:(t) — 442 (t)]- Note that:

Gap(t)? > Gap ) (1)? > 22 Hence lim, o E[Gap(t)?] = Q(nE[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 on 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 the Theorem 4 for the general case, we need to redefine our sets A¥. In order to do

this, for each k we define 2¥ dimensional vector Ay, = (6}, 62, ..., 5,?) For k = 0, we have that
k—1

Ay = (n). For [logn| >k > 0 we set A, = (o, 6, — ak,ak,é,%_l — ay, ...,ak,éﬁ_l —ag).

Where,
| srer] /2, if [5tr] is even.

A =
* UQ%J /QJ, otherwise.

First we prove the following lemma:s:

» Lemma 6. For any |logn| >k > 0, we have that

k .
(1) Y2, 5 =n. |
(2) Forany1<i<2* 6i € {[3:]3r]} (Notice that this means oy = | 3%] or ap = [35]).

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 that they
hold for k as well. We have that Zil 5= Z?Zl(ak +6 - = Zf:l 5, =mn.To
prove Property 2 we consider several cases:
Case 1. 51 = 2q, for some integer q.
We have that aj = ¢, and hence for any 1 <i < 27! 6§ | —a; = q. Since [2]| = ¢,
Property 2 holds.
Case 2. 51 = 2¢q + 1, for some integer q.
We have that oy = ¢, and hence for any 1 <i < 2F-1 51 —ay = g+ 1. Since o] = ¢
and [gr] = ¢+ 1, Property 2 holds.
Case 3. 51 = 2q + ¢, for some integer ¢ and 0 < e < 1.
We have that |51 | = 2¢ and [55r | = 2¢ + 1. Additionally, a = ¢, and hence for any
1<i<2M1 (6 ) —ap) € {g,q+1}. Since |g5| = g and [2] = ¢ + 1, Property 2
holds.
Case 4. 55 = 2q + 1 + ¢, for some integer g and 0 < e < 1.
We have that |57t ] = 2¢ + 1 and |55 | = 2¢ + 2. Additionally, a3, = ¢ + 1, and hence
forany 1 <4 <2571 (6i_, — o) € {q,q+1}. Since |3k ] = g and [g] = ¢+ 1, Property
2 holds. |
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Next, for |[logn| > k > 0 we set

2k_1
AF = {i,i+ 0hyi+ 6 + 0, i+ Y S1)
j=1

It is easy to see that for any [logn| > k > 0 and i, we have that |[Al| = 2k, Al =
Al UATSE and AL N APSE = (. Also notice that for any u € A% |, there exists
v E A}:‘J{’“, such that v+ ax = v or v + ap = u (For any u € Aztoi’“ there exists v € A} |
with the same property).

Next we prove the lemma which is similar to the lemma for n = 2™ case:

» Lemma 7. For any 1 <i<mn and |logn] >k >0, we have that

2Gap 4i (t) < 2max [2;(t) = Tjta, ()| + Gap yive, (t) + Gapai (1) (17)
]GA;; k—1 k—1

Proof. Let u = argmax;c4i z;(t) and let v = arg minje 4 x;(t). We consider several
cases:
Case 1. u € A% | and v € A}_,. Notice that in this case GapA};,l(t) = Gapy; (t). Let

u € A};O{" be the vertex such that v + oy = v’ or v/ + a = u and let v’ € A}':‘ik be the
vertex such that v 4+ ap = v' or v/ + o, = v. We have that

GGPA;'c (t) = [wu(t) — (1)
)] + |z (8) — 20 ()] + |2wr (B) — 24 ()]
(t)

<y () — @y
( — T, (T | + \xv/ - $U(t)| + GapA;::alk (t)

S |$u’ t)

< 2max |xj (t) — Ljtay (t)| + GapAiJrzk*l (t).
}C k—1

This gives us that

2Gap,y; (£) < 2ma 1,(8) = 5, ()] + Gap yiv, () + Gapa;(2). (18)
JGA;C k—1 k—1

Case 2. u€ Al_, andv € A;:Ol"“ Let v € A?;o{k be the vertex such that v + o, = v’ or
v +ap =wu and let v’ € A} | be the vertex such that v+ ap =" or v/ + a = v. We
have that:

Gap gy (1) = u(t) = 20(1)] < 2ut) = 0 (8)] + [20r(£) — 2, (1)
< Gap g, (0) + max(fa;(6) ~ 10, (1))

and
Gappi (t) = |z (t) — 2o (1)] < [2u(t) = 2w ()] 4 |2 (£) — 20 (2)]
< Gap it () + max(|z; () — @j4a, (1))
k—1 ]eA;C
Hence, we again get that

2Gapyy (1) < 2max|z;(t) = Tjva, ()] + Gap yve (1) + Gapay _, (1)- (19)
. —1

Case 3. u € A% and v € AT9*, is similar to Case 1.
Case 4. v € Al_, and u € A}, is similar to Case 2. <
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n
Next, we upper bound } ;" ; max;c 41

i (t) = Tjta (t)]-

» Lemma 8.

ZmaX |I] xj+ak(t>| < ’VL%J—‘ 2k \ ¢Oék (20)

i
i— 1J€A

&)1
Proof. Notice that for any 1 < u < n and sets A}, A”"’1 - A: L3k are disjoint, because

for any 1 < j < 2k, 57 > szj (This means that for any 1 < i < n, distances between
consecutive vertices in A}C are at least |5 |). Using this fact and Cauchy-Schwarz inequality
we get that

u+|.2kJ 1
Y max|a;(t) -z, (t)]
p— JEAL
u+|_ -1
n
</ Loz ; Helfffl%() Tjta ()]

< L;J\Z% —@jpan (O = [ L55) V6 )

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

> max ;1) — 21e (0] < [ 17 |y g ) Vo ) (21)
i:lJeAk T

With the above lemmas in place, we are ready to prove Theorem 4 for general n.
From Lemma 7 we have that

n n n
Z; 2Gap i 1) < Z; Gapai (1) + Z Gap yi+a (t)

i=1
n
+ 2max |x;(t) — x; t
> 2max |2, (0) = 2540, (1)
n
= 2ZGGPA;;_1 +2ZHeli>f|xj ~ Tjtay ().

After dividing the above inequality by 2 and applying Lemma 8: we get that:

ZGapAi(t)SZGapALl (t) Z 1/ Qk 1V bay (1)
i=1 i=1 "

Notice that for any i, Gapi(t) = 0. Hence, we get that

Llog 7]
ZGapAUOg”Jt < lzg: h;ﬂ\/@ /b (1)
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Let i = arg min, GapAiLl J(t). Notice that consecutive vertices in A, | are 1 or 2 edges
ogn

|logn
apart, hence for any 1 < i < n, either i € A’L}Og n) OF 1+ 1e Aﬁog ) This gives us that

Gap(t) < Gap o (1) + max |z;(t) — i1 (t)]

llog n]

=Gap,r () + \/m?x 2i(t) — 21 ()2 < Gap o (t) + V1 (D).

[logn] [logn]

By combining the above two inequalities we get that

nGap(t) < nGap 4 (t) +ny/o1(t) < Z GapAiLl (t) + nv/d1(t)

Llog n] ogn]
logn) ~
<X |7 [y L8 Vom0 + /10,

Next, we apply Jensen’s inequality and Lemma 1 (We are going to use a looser upper
bound: E[¢;(t)] <i(n—1i) —1<in)

[log n]
nE[Gap(t)] < nEv/[61(8)] + > LZJ |57 EV/Ba, (D)
k=1 2

llog )

< n/Ef1 ()] + Z h;ﬂ\/@\ﬂm

llog n|
< nv/n + ; (Mﬂ |35 )varn = O(nylogn).

no

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 ©(y/n).
In Figure 1 we ran our experiment 100 times and calculated average gap over the 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 y/n. The experiment shows that once the number of
thrown balls is large enough, the gap stays between /n and 1.4y/n.

7 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(y/nlogn) in expectation. Additionally we showed
that the expected square of the gap is lower bounded by Q(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 of ©(y/n). As already discussed, we also
plan to extend our results to more general graph families, in particular grid graphs.

Comparison of two-choice and averaging load balancing. Finally, it is interesting to ask
if it possible to extend our gap bounds in the case of the classic two-choice load balancing
process. In particular, it is possible to show that the gap in the case of averaging process is
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Figure 1 The evolution of average gap divided by square root of n, where n is the number of
bins.

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 [10] can be used to upper bound the gap for
averaging, 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 5. The gap should decrease in
expectation as we increase §. Note that the only result which lower bounds the gap for
the two-choice process on the cycle is the straightforward Q(logn) lower bound which can
be shown for the clique [10]; so what makes the existence of the majorization argument
interesting is that it would allow us to 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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