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Finding locally optimal solutions for Mmax-cuT and MAX-k-cuT are well-known PLS-complete problems. An
instinctive approach to finding such a locally optimum solution is the FLIP method. Even though FLIP requires
exponential time in worst-case instances, it tends to terminate quickly in practical instances. To explain this
discrepancy, the run-time of FLIP has been studied in the smoothed complexity framework. Etscheid and
Roglin (ACM Transactions on Algorithms, 2017) showed that the smoothed complexity of FLIP for max-
CUT in arbitrary graphs is quasi-polynomial. Angel, Bubeck, Peres, and Wei (STOC, 2017) showed that the
smoothed complexity of FLIP for Max-cuT in complete graphs is O(¢°n!>1), where ¢ is an upper bound on
the random edge-weight density and n is the number of vertices in the input graph.

While Angel, Bubeck, Peres, and Wei’s result showed the first polynomial smoothed complexity, they also
conjectured that their run-time bound is far from optimal. In this work, we make substantial progress toward
improving the run-time bound. We prove that the smoothed complexity of FLIP for MAX-cUT in complete
graphs is O(¢n’-83). Our results are based on a carefully chosen matrix whose rank captures the run-time
of the method along with improved rank bounds for this matrix and an improved union bound based on
this matrix. In addition, our techniques provide a general framework for analyzing FLIP in the smoothed
framework. We illustrate this general framework by showing that the smoothed complexity of FLIP for max-
3-cuT in complete graphs is polynomial and for Max-k-cuT in arbitrary graphs is quasi-polynomial. We
believe that our techniques should also be of interest toward showing smoothed polynomial complexity of
FLIP for MAX-k-cUT in complete graphs for larger constants k.
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1 INTRODUCTION

A k-cut in a graph is a partition of the vertex set into k parts. Given an edge-weighted graph and a
k-cut, the value of the cut is the total weight of the edges crossing the partition. In the max-k-cut
problem, denoted MAX-k-cUT, we are given a graph with edge weights and the goal is to find a
k-cut with maximum value. For convenience, we will denote MAX-2-CUT as MAX-CUT. MAX-CUT
is a well-known NP-hard problem whose study brought forth many new algorithmic techniques.
In this work, we analyze the run-time of a local algorithm for Max-cuT and more generally, for
MAX-k-CUT.

A k-cut is said to be a local max-k-cut if the cut value cannot be improved by changing the part
of any single vertex. We recall that a local max-k-cut is, in fact, a (1 — 1/k)-approximate max-k-cut
[11]. The computation of a local max-k-cut is of interest in game theory as it is a Nash-equilibrium
in the party affiliation game [3, 8]: consider n players with certain weights between pairs of players
and they would like to form k teams. The payoff for a player is the total weight of the edges between
her and the players in her k — 1 opposing teams. A local max-k-cut is a Nash equilibrium for this
game. Schiffer and Yannakakis showed that computing a local max-cut is likely to be intractable.
In particular, they showed that it is Polynomial-Time Local Search (PLS)-complete [12].

A natural algorithm to find a local max-k-cut is to start from an arbitrary k-cut and repeatedly
perform local improving moves as long as possible. This is known as the FLIP method: it starts
from an arbitrary k-cut and repeatedly increases the weight of the cut by moving a vertex from its
current part to one of the other k—1 parts as long as such an improvement is possible. We note that
an implementation of the FLIP method should specify how to choose (1) the initial k-cut, (2) the
vertex to move in each iteration (if there is more than one vertex whose movement improves the
cut value), and (3) the part to which the chosen vertex should be moved (if there is more than one
choice that improves the cut value). The complexity of the FLIP method is the number of moves
required for any implementation of the FLIP method to terminate.

The FLIP method corresponds to a natural player dynamics in the party affiliation game and
hence its convergence time has been of much interest. Unfortunately, there are instances for which
the FLIP method needs an exponential sequence of moves to converge even for max-cur [2, 12].
Yet, empirical evidence suggests that the FLIP method is very fast in real-world instances of Max-
cur [10].

The smoothed complexity framework, introduced by Spielman and Teng [13], is well-suited to
explain the discrepancy in the performance of an algorithm between worst-case and practical in-
stances. In the smoothed complexity framework for max-k-cuT, we are given a graph G = (V, E)
on n vertices along with a distribution f, : [-1,1] — [0, ¢] according to which the weight X,
of edge e € E is chosen. We note that the edge weights are independently distributed. Here, the
parameter ¢ determines the amount of random noise in the instance: if ¢ — oo, then the instance
is essentially a worst-case instance, whereas finite ¢ amounts to some randomness in the instance.
The restriction of the edge weights to the interval [—1, 1] is without loss of generality as arbi-
trary bounded weights can be scaled. The goal is to determine the run-time of the FLIP method in
expectation (or with high probability) over the random choice of edge weights.

We distinguish between the two models under which the smoothed complexity of the FLIP
method for Mmax-cUT has been studied in the literature. In the case of smoothed complexity for ar-
bitrary graphs, noise is added only to the existing edges of the given graph. In the case of smoothed
complexity in complete graphs, noise is added to all vertex pairs including the non-edges of the
given graph (by treating them as zero weight edges). We emphasize that this kind of subtlety
between arbitrary graphs and complete graphs while studying the smoothed complexity has been
prevalent—indeed, Spielman and Teng’s work analyzed the smoothed complexity of the simplex
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Improving the Smoothed Complexity of FLIP for Max Cut Problems 19:3

method when noise is added to every entry of the constraint matrix including the zero entries;
determining the smoothed complexity of the simplex method when noise is added only to the
non-zero entries of the constraint matrix still remains as an important open problem.

All previous works [1, 5-7] have studied the complexity of the FLIP method only for max-cut
while its smoothed complexity for Max-k-cuT for k > 3 has not been considered in the literature.
We now mention the results relevant to this work. Etscheid and Réglin [7] showed that any imple-
mentation of the FLIP method for MAX-cuUT in arbitrary graphs terminates using at most ¢n?(1°g")
moves with high probability, i.e., the smoothed complexity when a small amount of noise is added
to every edge of the given graph is quasi-polynomial. Subsequently, Angel, Bubeck, Peres, and Wei
[1] showed that any implementation of the FLIP method for MAX-cUT in complete graphs termi-
nates using at most O(¢°n!>-!) moves with high probability, i.e., the smoothed complexity when a
small amount of noise is added to every vertex pair is polynomial.

1.1 Our Results

Motivated by empirical evidence, Angel, Bubeck, Peres, and Wei conjectured that the dependence
on n should be quasi-linear and therefore, raised the question of improving the run-time analysis.
In this work, we address this question by improving the run-time analysis of the FLIP method for
MAX-CUT.

THEOREM 1.1. Let G = (V,E) be the complete graph on n vertices, and suppose that the edge
weights (X.).cg are independent random variables chosen according to a probability density function
fe : [-1,1] — [0, ¢] for some ¢ > 0. Then, for every constant > 0,

(i) with high probability every implementation of the FLIP method for MAX-CUT terminates in at
most 23, 400$n3+ CHVDNVZEN) = O (pn7-829+3-4141) gpeps,
(ii) the expected number of steps in every implementation of the FLIP method for MAX-CUT is
47
O(gn+1),

In particular, by taking n = 0.0001, our theorem implies that the FLIP method for max-cuT
terminates in at most O(¢n’-3%) moves with high probability. This run-time bound improves the
dependence on both the max-density ¢ as well as the number of vertices n in comparison to that
of Angel, Bubeck, Peres, and Wei [1]. The outline of our analysis technique follows the recipe
introduced by Etscheid and Roglin [7] and followed by Angel, Bubeck, Peres, and Wei [1]: We
associate a suitable matrix with the sequence of FLIP moves; we show a union bound that a long
sequence of moves followed by the FLIP method will lead to a large improvement in the cut value
with high probability provided that the rank of this associated matrix is large; next, we show
that the rank of this matrix is indeed large. Our techniques differ from those of Angel, Bubeck,
Peres, and Wei along three fronts: (1) the matrix that we associate with the sequence of moves is
different from the one used by Angel, Bubeck, Peres, and Wei, but it is closer to the one used by
Etscheid and Roéglin, (2) the union bound that we show is much stronger than the one by Angel,
Bubeck, Peres, and Wei, and (3) the rank lower bound that we show is much stronger than the
one shown by Etscheid and Roglin.

Next, we turn to the smoothed complexity of the FLIP method for max-k-cut for k > 3. As
mentioned above, all known results on the smoothed analysis of the FLIP method address only the
case of k = 2. However, the convergence of this method for Max-k-cuT when k is larger is also
of interest (for instance, from the perspective of understanding the natural dynamics in the party
affiliation game). We take the first step towards this goal by analyzing the smoothed complexity
of the FLIP method for MmaxX-3-cuT in complete graphs.
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THEOREM 1.2. Let G = (V,E) be the complete graph on n vertices, and suppose that the edge
weights (X,).cg are independent random variables chosen according to a probability density function
fe : [-1,1] — [0, ¢] for some ¢ > 0. Then,

(i) for every constant n > 0, with high probability every implementation of the FLIP method for
MAX-3-CUT terminates in at most O(¢n®>*") steps.

(ii) the expected number of steps in every implementation of the FLIP method for MAX-3-CUT is
O(¢n*).

In particular, by taking # = 0.1, our theorem implies that the FLIP method for max-3-cut
terminates in at most O(¢n”*-!) moves with high probability.! We observe that the techniques
of Angel, Bubeck, Peres, and Wei do not extend to address the smoothed complexity of the FLIP
method for MAax-3-cUT in complete graphs. Their union bound argument for the matrix that they
associate with the sequence of moves crucially relies on the fact that its entries are independent
of the starting 2-cut. Unfortunately, a similar matrix for max-3-cuT has entries that depend on
the starting 3-cut and hence, their union bound arguments fail to extend. We overcome this
issue by relying on a completely different matrix. We believe that our techniques underlying
Theorem 1.2 provide a general framework to address the smoothed complexity of the FLIP method
for MAX-k-cUT in complete graphs for any constant k.

Finally, we also show that the smoothed complexity of the FLIP method for max-k-cuUT in ar-
bitrary graphs (i.e., noise is added only to the edges of the given graph) is quasi-polynomial for
constant k.

THEOREM 1.3. Let G = (V,E) be an arbitrary graph on n vertices, and suppose that the edge
weights (X,).cg are independent random variables chosen according to a probability density function
fe : [-1,1] — [0, §] for some ¢ > 0. Then, for every constant n > 0,

(i) with high probability every implementation of the FLIP method for MAX-k-cUT terminates in
at most O(¢n?@k=Dklog(kn)+3+1) grops,

(ii) the expected number of steps in every implementation of the FLIP method for MAX-k-cUT is
O(¢n2(2k—1)k10g(kn)+3+r]).

1.2 Related Work

The literature of smoothed analysis is vast with successful analysis of several algorithms for var-
ious problems. We mention the works closely related to max-cuT. Elsiasser and Tscheuschner [5]
showed that if the edge weights are perturbed using Gaussian noise in graphs with maximum
degree O(logn), then the complexity of the FLIP method is polynomial. Etscheid and Réglin [6]
considered another special case in which the vertices are points in a d-dimensional space and
the edge weights are given by the squared Euclidean distance between these points. In this set-
ting, they showed that if the points are perturbed by Gaussian noise, then the complexity of the
FLIP method is polynomial. After these special settings, Etscheid and Réglin [7] showed that the
smoothed complexity of the FLIP method in arbitrary graphs is quasi-polynomial. Subsequently,
Angel, Bubeck, Peres, and Wei [1] showed that the smoothed complexity of the FLIP method in
complete graphs is polynomial.

As we mentioned in the introduction, the FLIP method is of interest as a natural dynamics to-
wards computing a Nash equilibrium in certain games. In the non-smoothed setting, computing a

10ur run-time bound could be improved (see Remark 7), but we state a weaker bound for the purpose of simplicity in the
analysis.
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local max-k-cUT is a special case of computing a pure Nash equilibrium in network coordination
games. Independent of our work, Boodaghians, Kulkarni, and Mehta [4] have given an efficient
algorithm for computing a Nash equilibrium in smoothed network coordination games. However,
it is important to note that their smoothed setting for network coordination games when special-
ized to the case of Mmax-k-cUT does not correspond to our smoothed setting for MmAx-k-cUT. So, our
results on the smoothed complexity of the FLIP method for local Max-3-cuT and local Max-k-cuT
do not follow from their results. Alternatively, they present a “smoothness preserving reduction”
from computing Nash equilibrium in network coordination games involving only 2 strategies to
computing local max-cut. Our Theorem 1.1 complements this result as it now follows that the
smoothed complexity of a natural dynamics for computing a Nash equilibrium in 2-strategy net-
work coordination games is O(n’-53).

1.3 Preliminaries

All graphs considered in this work are simple. Let H = (V, E) be a directed graph and let v € V.
Then, we denote the outgoing neighborhood of v in H by A%*(v) := {u € V | vu € E} and
the incoming neighborhood of v in H by A}J(v) := {u € V | uv € E}. Likewise, we denote the
outgoing arcs from v in H by 6¢/(v) := {wu € E | w = v} and the incoming arcs to v in H
by 5}}1(0) := {uw € E | w = v}. For a matrix M, we denote the element in the ith row and jth
column of M by M[i, j], and we denote the kth column of M by M¥. For two vectors a,b € R",
we denote their dot product by (a, b). We denote the set of integers between 1 and an integer n by
[n]:={1,...,n}

2 OUTLINE OF OUR ANALYSIS

We will first describe our analysis for max-cuT followed by the analysis for MmAx-k-cUT.

2.1 Outline for MAX-cuT

In this section, we outline our proof of Theorem 1.1. Let G = (V, E) be the complete graph on n
vertices and let X € [—1, 1]% be the edge weights. We will show that every sequence of improving
moves of sufficiently large linear length, say 2n, from any initial cut must increase the cut value
by Q(¢1n"*83) with high probability. As the edge weights are bounded by at most 1, the value
of every local max-cut is at most n?. Hence, the FLIP method must terminate in at most O(¢n’-53)
moves with high probability. We now outline our proof showing that with high probability every
linear length sequence of improving moves from any initial cut must increase the cut value by
Q(¢‘1n_4'83).

We recall that a cut has two parts. So, we will represent a cut by a configuration in {+1}V
(that represents the part of each vertex). A move of a vertex from a given configuration can be
described using a vector a € {0, +1}¥ such that the increase in the cut value for that move is given
by (a, X). For a sequence of moves L from starting configuration 7, € {+1}", we define a matrix
Pr, 5, that conveniently nullifies the effect of non-moving vertices of L: for each pair of closest
moves of a vertex v in L, we have a column in P;_,, which is the sum of the two vectors a; and a
corresponding to those two moves of v. The main advantage of this matrix P;_,, is that it depends
only on the starting configuration of the vertices that move in L and is independent of the starting
configuration of the vertices that do not move in L (Proposition 1). This feature is crucially helpful
while taking a union bound later. Our matrix Py, is also implicitly used by Etscheid and Roglin.

We say that a sequence L of moves is e-slow from an initial configuration 7, with respect to
edge-weights X if each move of L strictly improves the cut value and moreover, the total improve-
ment made by L to the cut-value is at most €. Thus, if L is e-slow from 7, with respect to X, then

ACM Transactions on Algorithms, Vol. 17, No. 3, Article 19. Publication date: July 2021.



19:6 A. Bibak et al.
{a;,X) > 0 and th‘zllgth(L)(at,X> < €, where «; is the vector associated with the tth step of L. It
follows that if L is e-slow from 7j, with respect to X, then (C, X) > 0 for all columns C in Py, and
MOTeOVer 3¢ eColumns( PL,TO)<C’X ) < 2€, since each column « participates in at most two columns
of the matrix Py, . We define the following event for a sequence L from a starting configuration
79 for edge weights X: &;, 7, x is the event where (C, X) > 0 for all columns C in Py ,, and

Z(C,X} < 2e.

CeColumns(Pr, )

We show that (Lemma 3.13) for a fixed choice of L and 7y, the probability (over the choices of X)
that &1, 5, x happens is at most

(2¢6)rank(PL, )
rank(Pr, r,)!

Our probability bound mentioned above is stronger than the bound given by Etscheid and Réglin
as well as Angel, Bubeck, Peres, and Wei. The main fact that we exploit to obtain this stronger
bound is that an e-slow sequence, by definition, improves the total sum ’ cccolumns(p;. TO)(C, X) by
at most 2¢. In contrast, previous works used e-slow in a weaker manner: Etscheid and Roglin only
used the fact that (C, X) < 2e for every column C of the matrix P; ,, while Angel, Bubeck, Peres,
and Wei only used the fact that (@, X) < € for every step t in L. We deviate from their analysis to
further exploit the definition of e-slowness.

Next, we need to upper bound the probability that there exists a starting configuration 7, and a
linear length sequence L such that the event &; ,, x happens. To attempt the natural union bound,
we need a lower bound on the rank of the matrix P;_,, for sequences of linear length. For example,
if the rank is at least some constant fraction of n, then we may use a straightforward union bound.
However, there are linear length sequences that have rank much smaller than n. We address this
issue by focusing on critical sequences.

A sequence B is a critical sequence if {(B) = [1.71s(B)] and moreover, {(B’) < 1.71s(B’) for
every subsequence B’ of B, where £(L) and s(L) denote the length and the number of vertices, re-
spectively, in a sequence L. Here, the constant 1.71 is chosen optimally to obtain the best possible
run-time using our technique and the reasoning behind this choice is not insightful for the pur-
poses of this overview. Critical sequences were introduced by Angel, Bubeck, Peres, and Wei, who
also showed that every sequence of length [1.71n] (i.e., sufficiently large linear length) contains
a critical subsequence (Lemma 3.14). Thus, it suffices to upper bound the probability that there
exists a critical sequence B and a starting configuration 7 such that the event Ep ,, x happens.

Let us now fix a critical sequence B and obtain an upper bound on the probability that there
exists a starting configuration 7, such that the event &g ,, x happens. We exploit the fact that
the event Ep 4, x is independent of the starting configuration of the vertices that do not move
in B (as the matrix Pg , has this property). Thus, it suffices to perform a union bound over
the starting configuration of the vertices that move in B. The number of such vertices is s(B),
hence the number of possible starting configurations of moving vertices is 2°®). Now, it remains
to bound the probability that the event &g, x happens, where 7 is a fixed choice of the starting
configuration of the vertices that move in B and an arbitrarily chosen starting configuration of
the vertices that do not move in B. For this, the above discussions suggest that we need a lower
bound on the rank of the matrix Pp ,, for a critical sequence B. We show that for a critical se-
quence B, the rank of Pp ,, is at least 0.38s(B) (Corollary 3.11). Thus, for a fixed critical sequence
B, the probability that there exists a starting configuration 7; such that the event &g, ;, x happens

ACM Transactions on Algorithms, Vol. 17, No. 3, Article 19. Publication date: July 2021.



Improving the Smoothed Complexity of FLIP for Max Cut Problems 19:7

is at most
(o) (2963550
(0.38s(B))!
Finally, we take a union bound over critical sequences. The number of possible critical sequences
B with s(B) = s is at most (';)sr”m, since the length of such a critical sequence is [1.71s]. Thus,
the probability that there exists a critical sequence B and a starting configuration 7y such that the
event Eg . x happens is at most

n n [.718] S(2¢E)0.385) B
SZ:; (s)s o (2 (0.38s)! | o1).

when € = ¢~1n™*8 using Stirling’s approximation.

Our analysis approach builds on top of two previously known ingredients: the matrix Pr,
implicitly used by Etscheid and Réglin [7] to nullify the effect of non-moving vertices and the
notion of a critical block introduced by Angel, Bubeck, Peres, and Wei [1] that is helpful to show a
lower bound on the rank of the relevant matrix. Our main contributions to improve the run-time
analysis are (1) a tighter union bound by exploiting the full power of e-slowness and (2) improved
rank lower bounds for critical sequences.

2.2 Outline for MAx-3-cut and mMAx-k-cuT in Arbitrary Graphs

In this section, we outline our proof of Theorems 1.2 and 1.3. The high-level approach is similar
to the one for max-cut described above. Let G = (V, E) be an arbitrary graph on n vertices and
let X € [-1,1]F be the edge weights. Our goal is to show that every sufficiently long linear length
sequence of improving moves from any initial k-cut must increase the cut value by some non-
negligible amount.

We represent a k-cut by a configuration in [k]" that represents the part of each vertex. Using an
observation by Frieze and Jerrum [9], we can again associate a vector a € {0, +1} with each move
such that the increase in the cut value for that move is given by (&, X). We emphasize that these
vectors depend on the starting configuration. The analysis technique by Angel, Bubeck, Peres, and
Wei for max-cuT does not extend to MAX-k-cUT even for k = 3 primarily due to the dependence
of the rank of the matrix of these vectors on the starting configuration.

Our main tool to overcome this issue is by considering an appropriate matrix Py , for max-
k-cuT. Instead of pairs of nearest moves in L that was helpful for max-cuT, here, we define the
notion of a cycle over a vertex in L. A cycle over a vertex is a set of moves of that vertex that result
in the vertex moving from one part and eventually returning to that same part. We note that this
generalizes the concept of a pair in the MAX-CUT setting, since any two nearest moves would form
a cycle. Next, we define the matrix Pr_,, to have a column for every cycle in L that is the sum of
all the vectors that correspond to moves in that cycle. The matrix Py, ,, has the property that it is
independent of the starting configuration of the vertices that do not move in L (Proposition 2).

We use the same notion of e-slowness as that for MaAx-cuT. Now, if L is e-slow from an initial
configuration 7, with respect to edge weights X, then (C, X) € (0, ke] for all columns C € Py,
since each column of the matrix Py ,, is the sum of at most k vectors a;,, ... a; . We define the
following event for a sequence L from a starting configuration 7, for edge weights X:

Dr.r.x : {C,X) € (0, ke] for all columns C in Py .

For a fixed L and 7y (Lemma 4.16), the probability (over the choices of X) that D, ,, x happens is
at most

(kg{)e)rank(PL‘To).
The above result follows from Lemma A.1 in Reference [7].

ACM Transactions on Algorithms, Vol. 17, No. 3, Article 19. Publication date: July 2021.



19:8 A. Bibak et al.

Next, we need a lower bound on the rank of the matrix Pr ;. We emphasize that this needs
substantially new combinatorial ideas in the form of considering the many different ways a cycle
can interact with other cycles and vertices that are not part of any cycle.

e For the complete graph in the MmAX-3-cuUT case, we show that the rank of a critical improving
sequence B is at least (1/32)s(B), where s(B) is the number of vertices that move in the se-
quence B (Corollary 4.14). With this rank lower bound and the probability bound mentioned
above, the rest of the analysis for the complete graph is similar to the analysis for maAX-cUT.

e For arbitrary graphs in the max-k-cuT case, we show that the rank of an improving se-
quence B is at least half the number of vertices that appear in a cycle of B (Lemma 4.7).
Next, we show that a sequence B of length kn must have a subsequence B’ with at least
1/(2(2k — 1)k log(kn))s(B) vertices that appear in some cycle of B’. We use these results
in conjunction with the probability bound mentioned above to show that every sequence

of improving moves of length kn from any initial k-cut must increase the cut value by
Q( —ln—2(2k—1)klogkn).

Our main contributions are twofold: (1) We introduce the appropriate matrix Pr, ,, that nullifies
the effect of non-moving vertices, which is crucial to perform the union bound, and (2) we show
rank lower bounds for this matrix for k-cut in arbitrary graphs and for 3-cut in the complete graph
based on combinatorial arguments. We believe that our techniques should also be helpful to show
polynomial smoothed complexity of FLIP for max-k-cuT for larger constants k in the complete
graph case.

3 SMOOTHED ANALYSIS OF FLIP FOR max-cut

In this section, we prove Theorem 1.1. We begin with some notation.

Let G = (V, E) be a connected graph with n vertices and let X : E — [—1, 1] be an edge-weight
function. We recall a convenient formulation of the objective function for Mmax-cuT. We consider
the space {+1}" of configurations that define a partition of the vertex set into two parts. For a
configuration 7 € {+1}", we denote the part of v by 7(v). For a configuration 7 € {+1}V, the
weight of 7 is given by

2 2 Xaol1 = 2(@)7(@)). 0
uveE

Let
H(r) := —% ZXuvr(u)r(v).

uveE
We observe that H(7) is a translation of (1) by half the total weight of all edges and hence, it suffices
to work with H(r) henceforth.

We analyze the run-time of the FLIP method in the smoothed framework for the complete graph.
We will work with the complete graph in this section and avoid stating this explicitly henceforth.
A flip of a vertex v € V changes 7(v) to —7(v). We will denote a move by the vertex that is flipped.
We will need the notion of improving sequences that we define now.

Definition 3.1. Let L be a sequence of moves, 7, € {+1}" be an initial configuration and X €
[-1,1]F be the edge weights. We will denote the length of the sequence L by (L), the set of
vertices appearing in the moves in L by S(L), and s(L) := |S(L)|. We will denote the tth move of L
by L(t) = v;.

(1) For each t € [£(L)], we will denote 7; as the configuration obtained from 7;_; by setting
7 (1) := 14-1(u) for every u € V \ {v;} and 7;(v;) := =741 (vs).
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(2) We say that L is improving from 1, with respect to X if H(z;) — H(t;—1) > 0 for all t € [£(L)].
We say that L is e-slowly improving from ry with respect to X if L is improving from 7y and
H(zery) — H(z) € (0, €].

The improvement of H(7) in a step can be written as the inner product between the edge-weight
vector X and a suitable {0, +1}-vector. We formalize this with a convenient matrix below.

Definition 3.2. Let L be a sequence of moves and 7, € {+1}V be an initial configuration. Let
My, € {0,+1}EX[C@W] be a matrix with rows corresponding to the edges of G, columns corre-
sponding to time-steps in the sequence L, and whose entries are given by

+1 if L(t) € {a, b} and 7, (a) # 7,(b),
Mi, . [{a, b}, t] := 3 -1 if L(t) € {a, b} and 7;(a) = 7: (D)
0 otherwise,

where {a,b} € Eand t € [€(L)].

Remark 1. For a sequence L from an initial configuration 7,, we have H(z;) — H(t4—1) =
(M - X).

Next, we need the notion of repeating and singleton vertices. We note that the following defini-
tion does not depend on the initial configuration.

Definition 3.3. Let L be a sequence of moves. We will denote the number of times that a vertex
v moves in L by #1(v). A vertex v € S(L) is called repeating if #1(v) > 2 and is called a singleton
otherwise. Let S;(L) and S;(L) denote the set of singleton and repeating vertices of L, respectively,
and let s;(L) := [S1(L)| and s2(L) := |S2(L)|. For time steps t1, t2 € [{(L)], the ordered pair (t1, t2) is
a pair for vertexv € Vif t; < tp, L(t;) = v = L(t2) and L(t) # v forallt € {t; + 1,...,t — 1}. For
allv € V,let I'(L, v) be the set of pairs for v in L and T'(L) := Uy,eyT(L, v) be the set of pairs for all
vertices in L.

We now define a suitable matrix that will nullify the influence of non-moving vertices.

Definition 3.4. Let L be a sequence of moves and let 7y € {+1}" be an initial configuration. Let
Pr.4, € {0, £1}PT@) be a matrix with rows corresponding to edges of G, columns corresponding
to pairs in L, and whose entries are given by

PLo{a,b),Cl = " My g [la b} 1],
teC
where {a,b} € Eand C € T'(L).

PROPOSITION 1. Let L be a sequence of moves. If v € V' \ S(L), then Pr ., [{a,v},C] = 0 for every
C eTI(L) and{a,v} € E.

Proor. Let C = (t1,t3) € T'(L) and {a,v} € E. Since v is not in S(L), it follows that C is not a
pair for v. If C is not a pair for a, then My, ,,[{a, v}, t;] = 0 for i € [2] and hence Py, [{a, v},C] = 0.
Suppose C is a pair for a. Then, it follows that M; . [{a,v},t1] = —Mp [{a, v}, t:] and hence
Pr [{a,v},C] = My [{a, v}, t1] + My o [{a, v}, 2] = 0. ]

3.1 Rank Lower Bounds for Py,

Let L be a sequence of moves and let 7y be an initial configuration. In this section, we show a lower
bound on the rank of Py . For this, we will relate the rank of the matrix Py , with the number
of edges of a certain directed graph. This graph has certain properties that imply this relation.
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These properties, in fact, motivate the definition of the graph; hence, we define the properties in
Definition 3.5 below.

First, we need non-zero entries in Py, to obtain rank lower bounds. For a pair C = (#;, t;) € I'(L)
for vertex v, the entry Pr, . [{u, v}, C] is non-zero if and only if u appears an odd number of times
between t; and t,. This motivates the definition of L-good-arcs below. Second, we need several
linearly-independent rows in the matrix Py, ;. The notion of L-neighbor-wise independence below
will help us to obtain an upper-triangular submatrix of Py ., thereby allowing us to get linearly-
independent rows. Finally, the notion of functional graphs below will help us later in constructing
an L-good L-neighbor-wise independent directed acyclic graph with a large number of edges. We
define these notions below.

Definition 3.5. Let L be a sequence of moves.

(i) For u,v € S(L), we will call the ordered pair vu to be an L-good-arc if there exists a pair
C € I'(L) for v such that Py, [{u, v}, C] # 0. A directed graph H with node set S(L) is L-good
if every arc in H is an L-good-arc.

(if) A directed graph H with node set S(L) is L-neighbor-wise independent if for every v € S(L),
there exists an ordering of AI";”(U), say ui, . .., Um, along with pairs Cy, ..., Cy,, € I'(L) for v
such that for every i € [m],

(@) Pr,q[{v,u;}, Ci] # 0 and
(b) Pr[{v,u;},Ci] =0foreveryje {i+1,...,m}.
(iii) A directed graph H with node set S(L) is functional if |5I‘}”t (v)| = 1 for every v € Sy(L).

Remark 2. For u,v € S(L), the ordered pair vu is an L-good-arc if and only if there exists a pair
(t1,tz) € T'(L) for v such that the number of times u appears between t; and ¢, is odd.

The following lemma is our key tool in obtaining a lower bound on the rank of P _,,. We show
that the rank is at least the number of arcs in an L-good L-neighbor-wise independent directed
acyclic graph.

LEMMA 3.6. Let L be a sequence of moves and let 7y € {+1}V be an initial configuration. Let H be

an L-good L-neighbor-wise independent directed acyclic graph. Then,
rank(Pr,.,) > |E(H)|.

Proor. Consider the submatrix B of Py, consisting of the rows corresponding to edges {u, v}
for every arc vu € E(H). We now show that the matrix By has full row-rank by induction on
|E(H)|. The base case for |E(H)| = 0 is trivial.

For the induction step, we consider |[E(H)| > 1. Suppose that there exist coefficients yy,, .} € R
for every uv € E(H) such that

D Mo P[0}, (5,£)] = 0

uveE(H)

for every pair (t,t") € T'(L). Since H is a directed acyclic graph with at least one arc, there exists a
node v € V(H) with |63** (v)| > 1 and |57 (v)| = 0.

Claim 1. For every u € A9 (v), the coefficient yi(,, 4) is zero.

Proor. Consider the ordering uy, . . ., u, of the vertices in A%* (v) and pairs C; € I'(L) satisfying
Definition 3.5 (ii). We will show that yi(, ;) = 0 for every i € [m]. We use induction on j € [m + 1]
to show that 1y, 4,} = 0 for every i < j.
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The base case for j = 1 is trivial. To prove the inductive step, we consider j = j, + 1 > 2. By the
induction hypothesis, we know that i, ,,; = 0 for every i < j,. Thus,

m
0= Z,U[v,ui}PL,ro[{vs ui}, Cjj .

i=jo
Moreover, by the choice of C;;, we also have that
PL,TO[{’U7ujo}’Cj ] # 0, and PL’TO[{’U,ui},CjO] =0Vie {]() +1,... ,m}.

Consequently, we obtain that pi(s,4; } = 0. We have thus concluded the inductive statement that
Hiv,u;} = 0 for every i < jo + 1. !

As a consequence of the claim, we have that the matrix By has full row-rank if and only if the
matrix By obtained from the graph H” := H—57/*! (v) has full row-rank. We note that the graph H’
is also an L-good L-neighbor-wise independent directed acyclic graph. Moreover, |E(H")| < |E(H)|.
Thus, by the induction hypothesis, the matrix By has full row-rank. Hence, the matrix By also
has full row-rank. O

To show a lower bound on the rank of P;_,, we switch our attention from L to specific blocks
of L with special properties. We will see later that all sufficiently long L must contain such blocks.

Definition 3.7. Let L be a sequence of moves. A block of L is a continuous subsequence of L. For
t1, t, € [€(L)], we will denote the block of L between time-steps ¢; and t, as L[t1, t»]. For a block B
of L, we will denote the starting and ending time-step of B in L as tp.4(B) and tepq(B). Let > 0
be a constant. A block B in L is S-critical if £(B) > (1 + f)s(B) and £(B’) < (1 + f)s(B’) for every
block B’ that is strictly contained in B.

We begin with a simple property of S-critical blocks.

Claim 2. Let B be a f-critical block for 0 < f < 1. Then, for every block B’ that is strictly
contained in B, we have that S;(B’) # 0.

Proor. Let B’ be a block that is strictly contained in B. Suppose for the sake of contradiction that
every vertex in B” appears at least twice. Then, £(B’) > 2s(B’) > (1 + f)s(B’), which contradicts
the criticality of B. O

We use Claim 2 to show that for a -critical block B, there exists a path of B-good-arcs from any
repeating vertex to a singleton vertex.

LEMMA 3.8. Let B be a f-critical block for 0 < f < 1 with S1(B) # 0. Then, for every v € S,(B),
there exists a sequence ugtly, Uy, . . . , Ug U1 Of L-good-arcs such that uy = v and ug,, € S1(B).

PrOOF. Let v € Sy(B). We will build a chain of blocks By € B; € By € ... € Bx C Band vertices
Uy, Ug, - - - , Uk, U1 such that

(i) ug = v and the vertices ug, u1, . . ., g4 are distinct,
(ii) uk+1 € S1(B),
(iii) u; € S1(Bj-1) for every i € [k + 1],
(iv) the start vertex and end vertex of the sequence B; are u; and a vertex in {ug, uy, ..., u;j—1},
and
(v) for every i € [k + 1], there exists an L-good-arc u;u; for some j < i.
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Procedure
Input: f-critical block B (0 < < 1) with S;(B) # 0 and a vertex v € Sz(B).
(1) Initialize i < 0, ug < v, By « B|t1, t2] for an arbitrary pair (1, t2) for ug.
(2) u « an arbitrary vertex from S1(Bo) and ry, «— time-step r € {tp¢4(Bo), . .., tend(Bo)} for which B(r) = u.
(3) While (u ¢ S1(B)):
(@) i —i+1.
(b) uj «— u.
(c) Let (ry, qu) (or (qu. ru)) be a pair for u. Since u ¢ S1(B), but u € S1(B;—1) it follows that
qu & [tbeg(Bifl)’ tend(Bi-1)]. Set

B e {B[qu, tpeg(Bi-1) =11 if qu < tpeq(Bi-1),

= B[tend(Bi—l) +1, qu] if qu > tznd(Bi—l)'
(d) B;j « concatenation of B;_1 and B;_l as they appear in B.
(e) u « an arbitrary vertex from S1(B;) and ry « time-step r € {tpey(Bi), ..., tend(Bi)} for which B(r) = u.
(4) ujy1 < u.

Fig. 1. Procedure for Lemma 3.8.

We observe that such a chain immediately implies the existence of the required sequence of
L-good-arcs that proves the lemma: by condition (v), there exists a sequence of L-good-arcs that
form a path that ends at ug; and necessarily starts at 1. By condition (i), we have that uy = v and
by condition (ii), we have that uy,; € S;(B).

We now show that a chain of blocks and vertices satisfying properties (i)-(v) indeed exists. For
this, we consider the procedure given in Figure 1. We first note that a valid choice for the vertex
u in steps 2 and 3(e) exists by Claim 2 and by the fact that S;(B) # 0. The sequence constructed
by the procedure is a nested chain, since B;;; is a concatenation of B; with a block adjacent to
B;. Moreover, by steps 3(c) and 3(d), the block B;_; is strictly contained in the block B;. Thus, the
procedure will indeed terminate, since the sequence of blocks By, By, . . . , B forms a nested chain
that grows in size. In the worst case, the procedure will terminate with By = B at which point
step 3(e) finds u € S;(Br) = S1(B). We now show that the required conditions are satisfied. Let
the procedure terminate with the nested chain By € B; € By € ... C By € B and vertices
Uy, U1y .o o s UK, U1

(i) By initialization uy = v. Since B; is strictly contained in B;;; and by steps 3(e) and 3(b), the
vertices ug, Uy, . . . , U4 are distinct.

(if) By the termination criteria, we have that u,; € S1(B).

(iii) By steps 3(e), 3(a) and 3(b), we have that u; € S;(B;-1) for every i € [k + 1].
(iv) By steps 3(c) and 3(d), the start vertex and end vertex of the sequence B; are the vertex u;
and a vertex in {ug, U, ..., U;j_1}.

(v) Let i € [k + 1] and consider u;. Let h be the smallest index in {0,1,...,k + 1} such that
u; € S1(Bp). Then, by condition (iii), we have that h < i — 1. We will show that the arc uju; is
an L-good-arc. If h = 0, then, by the choice of By, we have that the arc uyu; is an L-good-arc.
So, we may assume that h > 1. Then, the block By, is a concatenation of By_; and B;kr Also,
by the choice of h, we know that u; ¢ Bj_;. Hence, the vertex u; € B;l_l. Now, by condition
(iv), we have that the block B} _, ends with uj. By condition (iii), we have that uj, € S;(Bp-1).
Hence, we have an L-good-arc upu;. a

We need the notion of transition and singleton blocks.
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Definition 3.9. Let L be an improving sequence from some initial configuration. Then a maximal
block of repeating vertices is called a transition block and a maximal block of singletons is called a
singleton block.

For a sequence L and a vertex v € S,(L), let by (v) denote the number of transition blocks that
contain v. Also, let R(L) := {v € S;(L) : br(v) > 2} (i.e., R(L) is the set of vertices that appear in at
least two transition blocks) and let r(L) := |R(L)|.

LEMMA 3.10. Let B be a f-critical block where 0 < f < 1 with S;(B) # 0. Let tp € {+1}" be an
initial configuration. Then,

rank(Pp.z,) > 5:(B) = r(B) + Y (bp(v) = 1).
v€ES,(B)

Proor. We first build a functional B-good directed acyclic graph with s;(B) arcs as follows:
consider the B-good directed graph H over the node set S(B) containing all possible B-good-arcs.
Now, run a reverse breadth first search from the nodes in S;(B) and consider the subgraph H’ over
the node set S(B) obtained by including only the reverse-BFS-tree arcs. By Lemma 3.8, the reverse
BFS search traverses all nodes in S, (B) and hence, the graph H” has at least s, (B) arcs. Moreover, the
graph H' is a functional graph and acyclic, since we included only the reverse-BFS-tree arcs. Now,
we note that every functional B-good directed graph is B-neighbor-wise independent as every
node has only one outgoing arc. Thus, the graph H’ is a B-good B-neighbor-wise independent
directed acyclic graph.

Next, we add more arcs to H’ to obtain a larger B-good B-neighbor-wise independent directed
acyclic graph H"” as follows: Consider a node v € R(B). We have exactly one outgoing arc vw from
v in H'. For every two adjacent transition blocks containing v, we may add one B-good-arc vu to
a vertex u that appears in a singleton block between those two adjacent transition blocks. If vw is
not B-neighborwise-independent with the added arcs, then we discard the arc vw. We perform the
above operation for every node v € R(B). The resulting graph H”” is a B-good B-neighbor-wise
independent directed acyclic graph. The number of arcs in H” is at least

52(B) + " (bp(v) = 2) = 5o(B) = r(B) + Y (bp(v) — 1).
v€ER(B) v€S,y(B)
Then, by Lemma 3.6, we have that
rank(Pp «,) > 5(B) = r(B) + ) (bp(v) = 1). o
v€ESy(B)

COROLLARY 3.11. Let B be a B-critical block where 0 < < 1 with S;(B) # 0. Let 1y € {+1}" be
an initial configuration. Then,

p

1428

rank(Pg,,) >

s(B).

Proor. We first show that rank(Pg ,,) > %sl (B). Let Ty, . . ., T denote the transition blocks

of B, and for a vertex v, let 1,7, denote the indicator function for whether the vertex v appears
in T;. Then,

k
D) bs@= X, Yl =), > lver = ) s(Th).

k k
v€ESy(B) v€eS,(B) i=1 i=1

vES,(B) i=1
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Since each T; is a proper sub-block of B, we have that £(T;) < (1 + f)s(B;); hence,

ZbB (v) = Zs(r) > ﬁz‘/

v€ESy(B)

We note that r(B) < s3(B). Then by Lemma 3.10, we have that

rank(P,q,) = s2(B) = r(B) + ) (bp(v) — 1)

v€ESy(B)
> ) (bs(0) — 1)
v€eS,(B)
= ZbB(U - s2(B
v€eS,(B)

k
T4 p 2T B

: —f@;;;@ ot
_U(B) 1
“1ep Tapn® 0
= 1+ﬁ31(B),

since B is a critical block, we have €(B) > (1 + f)s(B). Moreover, by Lemma 3.10,

rank(Ps,,) 2 5(B) = r(B) + ) (b(v) = 1) = 5,(B) + > (bp(v) = 2) 2 52(B).

vES,(B) v€ER(B)

The last inequality above is because bg(v) > 2 for every v € R(B). Thus,
rank(Pg,;,) > max {sz (B), %sl (B)} .
Let A := s1(B)/s(B). Then, s;(B) = As(B) and s5(B) = (1 — A)s(B) with A € (0, 1]. Therefore,

rank(Pg, ;) > max {1 -, %A} s(B).

Setting A = 1 +2 [3 minimizes the maximum among the two quantities in the right-hand side (RHS).
Hence,
rank(Pp, ;) = LS(B). m|
T 1+ 28

3.2 Run-time of FLIP for mAx-cuT in the Complete Graph

In this subsection, we will show that a linear-sized improving sequence will improve the value of
H(7) by some non-negligible amount with constant probability. Theorem 1.1 will follow from this
result. First, we show a slight extension to a lemma of Reference [7].

LEMMA 3.12. Let ¢ > 0 and X3, ..., X, be independent random variables with density functions
fiseoosfm R —>[0,¢]. Let X := (x1,...,xXm)T and a1, ..., € Z" be linearly independent vectors.
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Then for every e > 0,
(ge)*

k
li(r (i, X) > 0 Vi€ [k] and ;(ai,X) < E] < o

The proof of Lemma 3.12 is presented in the appendix (see Appendix A). We will use Lemma 3.12
and the rank lower bound to bound the probability of existence of a starting configuration that is
slow for critical blocks.

LEmMA 3.13. Let B be a f-critical block where 0 < < 1 with S;(B) # 0. Then the probability
that there exists a starting configuration ty € {+1}" such that B is e-slowly improving from 7, with
respect to X is at most

5 (2¢€) 1+2ﬂ s(B)
(1+2ﬁ s(B)!

ProoOF. Suppose that B is e-slowly improving from some 7, with respect to X. Since B is
improving, we have that (Mg TO,X) > 0 for all t € [£(B)]. Since B is e-slow, we have that

Z[(B) X ) < €. As every column of Pg is the sum of two columns of Mg ,, we have
(P B ,X) > 0 for all pairs C € I'(B). Moreover, every column of Mp ;, contributes at most to
two distinct columns of Pp ,,. Hence ZCGF(B)(PgT ,X) < 2e.

For 7y : S(B) — {1} and 7. : V' \ S(B) — {*1}, let us define g me) V — {£1} as

np(u) ifu € S(B) and
T(n'f n'c)(u) = .
m.(u) ifueV\S(B).
Let Rp,r,x denote the event that B is e-slowly improving from the initial configuration r with
respect to X. Then, by union bound, the required probability is at most

DL Br[Ame s VAS(B) = (£ : R, x]-
7p:S(B)—{£1}

Now, consider a fixed choice of 7y : S(B) — {+1}. We would like to bound the following

probability:
Pr [37: VASB) - (1) : RB,T(nme].

Let us define an initial configuration 7, : V' \ S(B) — {1} by m.(u) = 1 forallu € V' \ S(B) and
consider o := T(ns,7.)- By Proposition 1, we have P; , = PL,T(”f’”C) for every 7. : V\ S(B) — {*1}.
Hence,

(2ge) 7D
(1+2ﬁ5(3)>

The last inequality above follows from Lemma 3.12 and Corollary 3.11. Hence, the required prob-
ability is at most

Pr[3 e VAS(B) > (1) Ry x| = Br [Rox] <

125 S (B)
zs(B) (2¢€) zﬂ O

(Zps®)t

For edge-weights X, let Rx denote the event that there exist a sequence L of moves of length
[(1+ B)n] and an initial configuration 7y € {+1}" such that L is e-slowly improving from 7, with
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respect to X. The following two lemmas show that if Rx happens, then there exists a starting
configuration 7, € {+1}" and a f-critical block B such that B is e-slowly improving from 7, with
respect to X and moreover, €(B) = [(1 + f)s(B)] and S;(B) # 0. Lemma 3.14 is similar to Lemma
4.1 in Angel, Bubeck, Peres, and Wei [1].

LEMMA 3.14. Let L be a sequence of moves of length [(1 + f)n] for some > 0. Then there exists
a B-critical block B in L such that €(B) = [(1 + f)s(B)].

Proor. Consider an inclusion-wise minimal block B in L such that £(B) > (1 + f)s(B). We note
that such a block exists, since (L) = [(1 + f)n] > (1 + f)s(B). By inclusion-wise minimality, we
have that B is a f-critical block. Suppose €(B) > [(1 + B)s(B)] + 1. Then, consider the sub-block
B’ C B obtained by removing the last vertex from B. For this sub-block, we have that s(B’) < s(B)
and {(B’) = ¢(B) —1 > [(1 + B)s(B)] = [(1 + B)s(B)] = (1 + B)s(B’), thus, contradicting the
choice of B. m|

The next lemma shows that S-critical blocks that are improving from an initial configuration
with respect to some edge weights have at least one singleton vertex.

LeEmMA 3.15. Let B be a f-critical block where 0 < < 1 with {(B) =
exists an initial configuration 1y € {+1}" and edge weights X € [-1,1]
from 7y with respect to X. Then, S;(B) # 0.

1+ f)s(B)]. Suppose there

(
E such that B is improving

ProoF. Suppose for the sake of contradiction that S;(B) = 0. Suppose 2s(B) > [(1 + f)s(B)].
Since every vertex appears at least twice in the sequence B, we have

{(B) 2 25(B) > [(1 + f)s(B)] = {(B),

a contradiction. Therefore, we may assume that 2s(B) = [(1 + f)s(B)] (ie., €(B) = 2s(B)). Let
Seven(B) and S,q4(B) denote the set of vertices that appear an even and odd number of times
in the sequence B, respectively. Since B is improving from r, with respect to X, it follows that
Soad(B) # 0 (otherwise, every vertex moves an even number of times in B, which means that the
final configuration is the same as the initial configuration 7, and consequently, the sequence B
would not have been improving). Now, we have

((B) = > #5(v) + ) #5(v) @)
vVESeven(B)  vESoqa(B)

2 2[Seven(B)| + 31Soda(B)| ®3)

= 25(B) + [Soqa(B)| (4)

> ((B), (5)

a contradiction, where Equation (3) follows from the assumption that S;(B) = 0, Equation (4)
follows from |S(B)| = [Seven(B)| + Soqd(B)|, and Equation (5) follows from £(B) = 2s(B) and
|Sodd(B)| > L a

LEMMA 3.16. Let G be the complete graph with |V| = n and for constantsn > 0, and f € (0,1), let

_2(1438) B _(1+2ﬁ+2ﬂ2 +n(1+2ﬂ>)
e=e¢ P b ¢'n s £,
1+2p

Then, the probability (over the choices of X ) that there exists a sequence L of moves of length [ (1+ f)n]
and an initial configuration 7y € {+1}"V such that L is e-slowly improving from 7, with respect to X
iso(1).
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ProOF. Let Rx denote the event that there exist a sequence L of moves of length [(1 + f)n]
and an initial configuration 7y € {+1}" and such that L is e-slowly improving from 7, with respect
to X. Lemmas 3.14 and 3.15 show that if Rx happens, then there exists a starting configuration
1y € {1}V and a B-critical block B such that B is e-slowly improving from 7, with respect to X
and moreover, {(B) = [(1 + f)s(B)] and S;(B) # 0.

Let B be the set of -critical blocks with ¢(B) < [(1+f)s(B)] and S;(B) # 0. Then, the probability
of Rx occurring is at most the sum over B € 8 of the probability that there exists 75 € {£1}V such
that B is e-slowly improving from 7, with respect to X. By Lemma 3.13, this sum is at most

2 %S(B) n 2 %s
Z 5s5(8) (29€) < Z n) [ p)s1ys (2P ™
B s B_\1
BeB 1+2ﬁs( ) s=1 1+2ﬁ5 :
The last inequality above is because £(B) = [(1+ f)s(B)] and hence the number of possibilities for

B € B with s(B) = s for a fixed s is at most (:)sm*ﬁ)s]. Now, by using Stirling’s approximation
and the fact that [(1 + f)s] < (1+ f)s + 1, we have that the probability of Rx occurring is at most

n T +L - S
Z (E)S S(1+/3)S+125 (2¢€ ) zﬂ < ZS eZ(ll+23/f) ( ) o nl 2162/2;/} (¢€) 1+2/3 .
s=1 s ( ) 1”/5 s=1 1+ Zﬁ

e(1+2ﬁ)

The last inequality above is by using the fact that s < n. Now, for the choice of

2(1+3f) 11284282 | p(1+28)
€= e_+T 'B ¢ 'n ( PR )
1428

s

the above sum is an arithmetic-geometric sum. That is,

n ’7
s -ns _
I;g[Rx] E sn < E sn T

s=1

which tends to 0 as n — oo. |

We now restate and prove Theorem 1.1.

THEOREM 1.1. Let G = (V,E) be the complete graph on n vertices, and suppose that the edge
weights (X,).cg are independent random variables chosen according to a probability density function
fe : [-1,1] — [0, ¢] for some ¢ > 0. Then, for every constant > 0,

(i) with high probability every implementation of the FLIP method for MAX-CUT terminates in at

most 23, 400¢n>+ EHVDNZEN) = O(pn7-829+3-414n) speps,
(ii) the expected number of steps in every implementation of the FLIP method for MAX-CUT is
O(gn’s*n).

ProOF.

(i) We will use Lemma 3.16 with an optimal setting of . We will derive this optimal setting at
the end of the proof. For now, let us consider f € (0,1). Let Rx denote the event that an
implementation of FLIP starting from some initial configuration 7, follows a sequence L of
length at least

(1+p)e

-1 2
201+3p) (3 w2fap? | (1+2ﬂ>)
> ( B ) én t—F P ). (6)

1+2p
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Suppose Rx happens. For 1 < i < z := €(L)/(1+ f)n, let L; denote the block of L from
time-step (i — 1)(1+ f)n + 1 to time-step i(1 + f)n and let 7; denote the configuration before
time-step (i — 1)(1 + f)n + 1. We note that

Ji -1 <2+ 1+zﬁﬁ+z/f2 N q(l;Zﬁ))
n .
1+2p 9

For every i € [z], we have that £(L;) = [(1 + f)n] and L; is an improving sequence from the
initial configuration 7; with respect to X. We will now show that there exists i € [z] such
that L; is an e-slowly improving sequence from the initial configuration z; with respect to
X for an appropriate choice of e.

For notational convenience, let h(L) denote the total improvement of H(zy) from the initial
configuration 7, by following the sequence of moves in L. Then, k(L) < n?, since |X,| < 1 for
every e € E. Let h(L;) denote the total improvement of H(z;) from the initial configuration
7; by following the sequence of moves in L;. Then, h(L) = },7_, h(L;). Hence, there exists
i € [z] such that h(L;) is at most

2 1+28+282 142
n _20+3p) _(MJ,M)
—<e 7 b ¢'n b B,
z 1+2p

2(1+3f)
z>e P

™)

The inequality above is by the lower bound on z from Equation (7). Thus, there exists i € [z]
such that L; is e-slowly improving from z; with respect to X, where

_2043p) _(ﬂ M)
e B ﬁ ¢_ln BT .
1+2p

The above argument implies that if Rx happens, then there exists a sequence L’ of moves of
length [(1 + $)n] and an initial configuration gy € {+1}" such that L’ is e-slowly improving
from oy with respect to X. By Lemma 3.16, the probability of the latter event is o(1) and
hence the probability that Rx happens is o(1).

It remains to identify a setting of § that bounds the run-time. That is, we need a setting of
that minimizes the exponent of n in the RHS of Equation (6). The optimal choice is f = 1/V2.
Thus, the probability that an implementation of FLIP starting from some initial configuration
79 follows a sequence L of length at least

€ =

23, 4004n>+ (V2D (V2+)

is o(1).

(if) We consider f = max{2/3+n/2,1} € (2/3,1). Let L denote the sequence of moves executed by
the algorithm and let T := [£(L)/(1+f)n].If T > 1, then there exists a starting configuration
7o and a f3-critical block B such that B is (n?/T)-slowly improving from 7, with respect to X
and moreover, by Lemmas 3.14 and 3.15, £(B) = [(1 + f)s(B)] and S;(B) # 0.
For non-negative integers s and ¢, let R(s, t) denote the event that there exists a f-critical
block B in L of length [(1 + f)s] with s(B) = s and S;(B) # 0 and a starting partition 7, such
that B is (n?/t)-slowly improving from 7, with respect to edge-weights X. Let

- [ezm;m (1 JrﬂZ,b’) ¢n4+zﬁ+4_

We have that

n

Ex(T) < ZI;(r(T >0 <+ ) ZI;(r(R(s, ).

t=1 s=1
We will show that the second term is O(t).
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We begin by considering the case of s < 3. For s = 1, 2, there are no f-critical blocks B with
s(B) = s for which €(B) = [(1+ f)s]. For s = 3, an exhaustive search shows that for every f-
critical block B with s(B) = 3 from every starting configuration 7, with £(B) = [3(1+f)] = 6,
the rank of the matrix Pg , is at least 3. Thus,

2

22\\3
Pr(R(3,1)) < (”)3“1%3123M _ O(ns (¢_nz )3)
X 3 2

t

&) 0 243 2\3
;I)’(r(R(&t)) =fto O(n3 ("57”) )dt = o(n%o(‘%) )zo(to).

The last equality above is by the choice of t,.
We now consider the case of s > 4. By Lemma 3.13 and the fact that the number of critical

blocks B with s(B) = s and ¢(B) = [(1 + B)s(B)] is at most (Z)SF(H,B)H, we have that

Hence,

2
Pr(R(s. 1)) < (”)sm+ﬁ>s1zs
X s

< (E)S S1+B)s+1 95
T \s

—
+
Do

=

2(1+3)
Ss(e 1+25 ( b

Hence, 372, Prx(R(s,t)) is at most

( a03p) (B e n =AY st 1+2p
‘ o ( ) nsm (¢) (_)) ) ( 0 )( ).
1+2p8 to s — 28 B

B

With the above-mentioned choice of t,, we obtain that

> s %5 st 1+2
(#7) B
Drews. < (2) s_;;TZﬁ( ).

Therefore,

n oo n ﬂs
> wee.n < (V57 (2) (%)”W
s S_T S

s=4 t={, =4

=4

where the last equation is because f € (0, 1) is a constant. Finally, we note that for every

constant 5, we have
n

52 o0,
s=4 n
which is due to the fact that the function
L sy (s
fo = (2)

s=4
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has a constant value for n = 4, and is decreasing for n > 4 as we have
2 2 2
d Z":(s)(ffw)s _Z": d (s)(fﬁﬁ)S_Z": 2 (s)ﬁﬁzﬁs+1<0
dn\&i\n ~ Lidn\n 4 1+28\n '
s=4 s=4 s=4

Hence,

an i Pr(R(s. () = O(t).

s=4 (=1
We have thus shown that Ex(T) = O(t,) for every constant € (2/3,1) and hence, the
expected number of flips performed by the algorithm is

O(ton) = O(¢n” " 7) = O(gn #+2F).

By the choice of f = max{2/3 + 1/2, 1}, we see that the expected number of flips performed
by the algorithm is

O(¢n*1).

4 SMOOTHED ANALYSIS OF FLIP FOR max-K-cuTt

In this section, we prove Theorems 1.2 and 1.3. We begin with some notation. Let G = (V, E) be an
arbitrary connected graph with n vertices and let X : E — [—1, 1] be an edge-weight function. We
will redefine some of the concepts from Section 3 as there are subtle differences between the same
notions between the case of Max-cuT and Mmax-k-cuUT. For the sake of completeness, we state the
complete definitions and prove all necessary details.

We recall a convenient formulation of the objective function for Max-k-cuT [9]. When consider-
ing MAX-k-cUT, let 0(1), ..., (k) be vectors defined as follows: take an equilateral simplex 3 in
R*~! with vertices by, . . ., bx. Let ¢y := (by +- - - + b ) /k be the centroid of 3 and let o'(i) = b; — cy.,
for i € [k]. Assume that 3 is scaled such that |o(i)] = 1 for i € [k]. For example, MAX-3-cUT
produces the vectors:

o(1) = —=(=2,1,1), 0(2) 1= —=(1,~2,1), and o(3) = —=(1,1, ~2).

V6 \G \G

Remark 3. If i, j € [k], then
1 ifi=j,

= ifi#].

(o(i),o())) = {

We consider the space [k]V of configurations that define a partition of the vertex set into k parts.
For a configuration 7 € [k]", we denote the part of v by 7(v). For a configuration 7 € [k]V, the
weight of 7 is given by

kk;l ZXuv(l — (o (z(w)), a(z(v)))).

uveE

Let
1) = - S X lo(r(@). o e @),
k uveE
We observe that for constant k, H(7) is a translation of the weight of 7 by some fraction of the
total weight of all edges and hence, it suffices to work with H(z) henceforth.
We analyze the run-time of the FLIP method in the smoothed framework. We will denote the
move of a vertex v € V from part p € [k] to part q € [k] \ {p} as an ordered triple (v, p, q). A move
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(v,p, q) is valid for a configuration 7 € [k]V if 7(v) = p and g # p. We will need the notions of
valid and improving sequences that we define now.

Definition 4.1. Let L be a sequence of moves, 7) € [k]V be an initial configuration, and X €
[-1,1]F be the edge weights. We will denote the length of the sequence L by ¢(L), the set of
vertices appearing in the moves in L by S(L), and s(L) := |S(L)|. For each v € V, we will denote
the number of times that the vertex v moves in L by #; (v). We will denote the tth move of L by
L(t) = (v, Pt qr)-

(1) For each t € [£(L)] such that L(t) is valid for 7;,_;, we will denote 7; as the configuration
obtained from 7;_; by setting 7;(u) := 7;-1(u) for every u € V \ {v;} and 7;(v;) := q;. If
there exists t € [€(L)] such that L(¢) is invalid for 7,_;, then we say that L is invalid from zo;
otherwise L is valid from 7.

(2) We say that L is improving from 7y with respect to X if L is valid from 7y and H(z;)—H(74—1) > 0
for all t € [€(L)]. We say that L is e-slowly improving from t, with respect to X if L is valid
from 7y and H(7;) — H(7;—1) € (0, €] for all t € [£(L)].

The notion of valid sequences is needed only for k > 3 in the case of Max-k-cutr and was
not necessary for MAX-cUT in the previous section. Moreover, we emphasize that the definition
of e-slowly improving here is different from the one that we used in Section 3 for MmAx-cuT. The
improvement of H(7) can once again be written as the inner product between the edge-weight
vector X and a suitable vector whose coordinates are in {0, +1}. We formalize this with a convenient
matrix below.

Definition 4.2. Let L be a valid sequence of moves from a configuration 7, € [k]V. Let My ,, €
{0, £1}EX¢() be a matrix with rows corresponding to the edges of G, columns corresponding to
time-steps in the sequence L, and whose entries are given by

if a=v; and p; = 74(b),
or b = v; and p; = 7;(a),

My [lab),t]:={_y i a=veandgq, =7n(b),
or b =v; and q; = 7;(a),

+1

0 otherwise,

where {a,b} € Eand t € [¢(L)]. We will denote the tth column of My, ,, by ML o

Remark 4. For a sequence L that is valid from an initial configuration z,, we have H(z;) —
H(r;-1) = (M}, X).

L, 7o ’
Next, we generalize the notion of “pairs of immediate occurrences” used in Section 3 with the

notion of cycles and cyclic vertices. We note that the following definitions do not depend on the
initial configuration.

Definition 4.3. Let L be a sequence of moves.

(1) A set of wmoves {(vs, Pr,5qt,)s - - - (U1, Pr,,» qr, )} I L is a w-circuit over a vertex v € S(L)
if
(@) t; < tjforalli < j,
(b) q¢, = ps,,, foralli e [w—1],
(C) qt,, = Py and’
(d) vy, =vforallie [w].
We will denote the time steps {ti, . . ., t,,} of the w-circuit by T(C).
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(2) A w-circuit is a w-cycle if it is inclusion-wise minimal.

(3) A set C of moves in L is a cycle if it is a w-cycle for some w. Also, let tp.4(C) := min(T(C))
and t,,,4(C) := max(T(C)). Let I'(L) denote the set of all cycles in L.

(4) A vertex v is called cyclic if there exists a cycle in I'(L) that is over v. A vertex v is called
acyclic if it is not cyclic. Let C(L) and A(L) denote the set of cyclic and acyclic vertices of L,
respectively, and let ¢(L) := |C(L)| and a(L) := |A(L)].

As mentioned above, the notion of cycles (circuits) can be viewed as a generalization of pairs of
immediate occurrences used in Section 3. We note that every pair of immediate occurrences of a
vertex is a 2-cycle (2-circuit). However, the converse does not hold, as the moves in a cycle (circuit)
need not be consecutive moves of a vertex.

Remark 5. Let L be a sequence of moves and let C € I'(L) be a cycle over a vertex v. Then, every
part is visited at most once by v in the cycle.

Remark 6. For a sequence L of moves, we have that #;(v) < k — 1 for each vertex v € A(L).
We now define a suitable matrix that will nullify the influence of non-moving vertices.

Definition 4.4. Let L be a sequence of moves that is valid from an initial configuration 7, € [k]".
Let Pp ;, € {0, +1}PXT() be a matrix with rows corresponding to edges of G, columns corresponding
to cycles in L, and whose entries are given by

PLo[{a,b},Cl = " My g [la,b},
(Ut p-q:)€C

where {a,b} € E and C € T'(L).

PROPOSITION 2. For a sequence L of moves that is valid from an initial configuration ty € [k]V, if
v € V\S(L), then Pr, [{a,v},C] = 0 for every C € I'(L) and {a,v} € E.

Proor. Let C € T'(L) and {a, v} € E. Since v is not in S(L), it follows that C is not over v. If C is
not over a, then M;_, [{a, v}, t] = 0 for every ¢t € T(C), and hence Py ,,[{a, v}, C] = 0. Suppose C is
a w-cycle over the vertex a and let C = {(a,ps,, q4), - - ., (a4, pr,,- q2,,) }- i M [{a, v}, t;] = 0 for all
i € [w], then the claim holds. Let t;, be the first instantin {t1, . . ., t,,} such that M, [{a, v}, t;] # 0.
Then, it follows that ¢;, # t,,. We have two cases:

e Case 1. Suppose t;, # t;. Then My, [{a,v},t;)] = =1 and My ,[{a, v}, tj+1] = 1. Moreover,
My, [{a,v},t;] = 0 for every j € [w] \ {io,ip + 1}, since v does not move in L. Hence,
PL‘L’o[{av ] Zz 1MLT0[{a v, t ] 0.

e Case 2. Suppose t;, = t;. Then, M  [{a,v},t1] = 1. Moreover, M; r [{a,v},t;] = 0 for all
1 < i < w,since q;, # py, for all i # w. Finally, it follows that M;  [{a, v}, t,] = —1, since v
does not move between t; and t,, in L. Hence, Py, [{a,v},C] = X}, Mp, To[{ vl ti] = O

4.1 Rank Lower Bounds for Py,

In this section, we show a lower bound on the rank of P;, . For this, we will again relate the rank of
the matrix with the number of edges of a certan directed graph. This graph has certain properties
that imply this relation. These properties, in fact, motivate the definition of the graph; hence, we
define the properties in Definition 4.5 below before defining the graph.

The notion of L-good arcs below will help us identify non-zero entries in the matrix while
the notion of L-neighbor-wise independence below will help us obtain large upper triangular
submatrices.
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Definition 4.5. Let L be a sequence of moves.

(i) For u,v € S(L), we will call the ordered pair vu to be an L-good-arc if there exists a cycle
C € I'(L) over v such that Pr . [{u,v},C] # 0. A directed graph H with node set S(L) is
L-good if every arc in H is an L-good-arc.

(i) For a cyclic vertex v € C(L) and a collection U C S(L) of vertices with m := |U|, the
collection of ordered pairs {vu : u € U} is an L-neighbor-wise independent set if there exists
an ordering of U, say uy, . .., U, along with cycles Cy, ..., Cp, € T'(L) over v such that

(@) Prg[{v,u;},Ci] # 0 and

(b) Prl{v,u;},Ci] =0foreveryje{i+1,...,m}.
A directed graph H with node set S(L) is L-neighbor-wise independent if for every v € S(L),
the collection {vu : u € A% (v)} is an L-neighbor-wise independent set.

The next lemma is our key tool in obtaining a lower bound on the rank of P;_,,. We show that
the rank is at least the number of edges in an L-good L-neighbor-wise independent directed acyclic
graph. Although the definitions have changed mildly, the proof follows the same outline as that
of Lemma 3.6 in Section 3.

LEMMA 4.6. Let L be a valid sequence from an initial configuration 7o € [k]". Let H be an L-good
L-neighbor-wise independent directed acyclic graph. Then,

rank(Pr,,) > |E(H)|.

Proor. Consider the submatrix B of Py, ,, consisting of the rows corresponding to edges {u, v}
for every arc vu € E(H). We will show that the matrix By has full row-rank by induction on |E(H)]|.
The base case of |[E(H)| = 0 is trivial.

For the induction step, we consider |[E(H)| > 1. Suppose that there exist coefficients i, ) € R
for every uv € E(H) such that

Z lu{u,U}PL,To [{u’ 0}7 C] =0
uveE(H)

for every cycle C € I'(L). Since H is a directed acyclic graph with at least one arc, there exists a
node v € V(H) with |57/ (v)| > 1 and |5§1(v)| =0.

Claim 3. For every u € A9 (v), the coefficient yi(,, ) is zero.

Proor. Consider the ordering uy, . .., up, of the vertices in A% (v) and cycles C; € T'(L) satisfy-
ing Definition 4.5 (4.5). We want to show that ji(,, ;) = 0 for every j € [m] by induction on j. We
use induction on j € [m + 1] to show that i, ,,) = 0 for every i < j.

The base case for j = 1 is trivial. For the induction step, we consider j = j, + 1 > 2. We consider
the columns of P corresponding to the cycle Cj, € I'(L). Since Cj, is also over v, the only possible
non-zero entries in this column among the chosen rows are in the rows corresponding to the edges
{v,ui},...,{v,uy}. Thus,

m
O—Z,quPLro u, v} jo :Z/l‘quPLro Uu}Cjo]
uveE(H) i=1

By induction hypothesis, we know that y,, ,,) = 0 for every i < j;. Thus,

O—Zy‘uul PLTo[{vu}C]O]

i=jo
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Moreover, by the choice of Cj,, we also have that

Pr o [{v,uj}, Cj ] # 0, and Pr o [{v,u;},Cj ] =0Vie {jo+1,...,m}.

Consequently, we obtain that i, uj,) = 0. We have thus concluded the inductive statement that
Hiv.u;) = 0 for every i < jo + 1. !

As a consequence of the claim, we have that the matrix By has full row-rank if and only if the
matrix By obtained from the graph H” := H — §71* (v) has full row-rank. We note that the graph
H’ is also an L-good L-neighbor-wise independent directed acyclic graph with |E(H")| < |E(H)|.
Thus, by induction hypothesis, the matrix By has full row-rank. Hence, the matrix By also has
full row-rank. O

We now use Lemma 4.6 to show that the rank of the matrix Py ,, is at least half the number of
cyclic vertices in L provided that L is an improving sequence from some initial configuration.

LEMMA 4.7. Let L be an improving sequence from an initial configuration 1y € [k]V with respect
to some edge weights X € [—1, 11%. Then,

1
rank(Pr,4,) = EC(L).

Proor. We will use the following claim to construct an L-good L-neighbor-wise independent
directed acyclic graph.

Claim 4. For every vertex v € C(L) and for every cycle C € I'(L) that is over v, there exists an
edge {u, v} € E such that Pr ,, [{u,v},C] # 0.

Proor. For contradiction, suppose that for all edges {u,v} € E, we have Py [{u,v},C] = 0.
We note that for all e € E, if v is not an end-vertex of e, then My, , [e,t] = 0 for every t € T(C).
Moreover, for all e € E with v being an end-vertex of e, we have that

D Miglet] = Prgle.Cl = 0.
teT(C)
Hence, for every e € E, we have that

D My le,t] = 0.

teT(C)
This implies that },cr(c)(M] - Y) = 0 forall Y € [~1,1]F. However, since L is an improving

o X) >0 forall t € [¢(L)]. In

particular, ZteT(C)(M]i X » > 0, a contradiction. O

sequence from 7y with respect to X € [—-1, 11%, it follows that (M i

Now, we construct an L-good L-neighbor-wise independent graph H over the node set S(L) as
follows: For every v € C(L), pick an arbitrary u € V'\ {v} such that P; , [{u, v}, C] # 0 (which is
guaranteed to exist by the above claim) and add the arc vu to H. The resulting graph H is L-good by
construction. It is trivially L-neighbor-wise independent, since each node has out-degree at most
one. Moreover, |[E(H)| = ¢(L) and the directed cycles in H are node-disjoint.

Finally, we obtain an L-good L-neighbor-wise independent directed acyclic graph H' by remov-
ing one arc from each directed cycle in H. Since |E(H)| = ¢(L) and the directed cycles in H are
node-disjoint, it follows that |[E(H’)| > %c(L). The lemma now follows by applying Lemma 4.6

2
to H'. |
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Next, we will improve the rank lower bound from Lemma 4.7 in complete graphs for Max-3-
cuT. We need a few additional definitions. The following definition will also be useful for the
quasi-polynomial time analysis for MAX-k-cUT.

Definition 4.8. Let L be a sequence of moves. A block is a continuous subsequence of L. For a
block L of L, we will denote the set of time-steps of the moves of L” in L by T(L"). A maximal block
of L consisting only of cyclic vertices of L is called a cyclic block. Likewise, a maximal block of L
consisting only of acyclic vertices of L is called an acyclic block.

We note that a sequence L can be partitioned into alternating cyclic and acyclic blocks.

4.1.1 Improving Rank Lower Bounds for max-3-cut in the Complete Graph. We now focus on
the case when k = 3 and G is the complete graph. For k = 3, the cycles of interest are 2-cycles
and 3-cycles. We are able to sharpen the rank lower bound with a better understanding of how
the cycles interact with the cyclic blocks. We need the following definitions to characterize these
interactions.

Definition 4.9. A cycle C € T'(L) over avertex v € V is leaping if the time-steps in T(C) belong to
at least two distinct cyclic blocks of L. A leaping 3-cycle {(vs, prsqr), (0, prsqrr)s (O, Prry qir)} €
I'(L) is called tricky if

(1) the time-steps ¢, t’, 1" belong to distinct cyclic blocks of L and
(2) the set of acyclic vertices of L that appear between t and ¢’ is the same as those that appear
between t" and t”’ (i.e., A(L) N S(L[t,t']) = A(L) N S(L[t',t"'])).

The following two lemmas summarize the structure of cyclic blocks and leaping cycles.

LEMMA 4.10. LetL be a valid sequence from some initial configurationty € [3]” and lett; < t, < t
be the time-steps of three occurrences of a vertex v in L such that t1,ty, t5 belong to different cyclic
blocks. Then, there exists a cycle C € T(L) over v such that

(i) C is a leaping cycle and
(i) t € {t1,t1 +1,...,t;} foreveryt € T(C), wheret; is the last occurrence of v in the same cyclic
block as that of ts.

PrOOF. Let the time-steps t;,t; and t3 be in cyclic blocks By, By, and Bs, respectively. Let ¢/, t,
and t3’ denote the last occurrence of v in By, By, and Bs, respectively. Without loss of generality,
suppose that the vertex v moves from part 1 to part 2 at time-step ¢{ (i.e., py = 1 and gy = 2). We
consider the following three cases:

e Case 1. There exists a time-step ¢ such that #; <t < t] and L(t) = (v, 2, 1). Then, the cycle
C e I'(L) given by {(v, 1,2), (v, 2,1)} with T(C) = {t],t} is the desired cycle.

e Case 2. There does not exist a time-step ¢ such that t; <t < t; and L(t) = (v, 2, 1), but there
exists a time-step ¢ such that #; < ¢ < t; and L(t) = (v, 3,1). Since L is a valid sequence from
an initial configuration 7o, there exists a time-step ¢’ such that t; <’ < tand L(t’) = (v, 2, 3).
Hence, the cycle C € T'(L) given by {(v, 1,2), (v, 2,3), (v,3,1)} with T(C) = {t],t’,t} is the
desired cycle.

e Case 3. There does not exist a time-step ¢ such that ] < t < t; and L(t) = (v,2,1), and
there does not exist a time-step ¢ such that t; <t < t] and L(t) = (v,3,1). Let ¢ be the first
occurrence of v in Bs. Since L is a valid sequence for an initial configuration 7y, we have that
{L(t;), L(t)} = {(v,2,3), (v, 3,2)}. Hence, the cycle C € I'(L) given by {(v, 2, 3), (v, 3, 2)} with
T(C) = {t,,t} is the desired cycle. O
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LEmMMA 4.11. Let G = (V,E) be the complete graph and let L be a valid sequence from some initial
configuration 7y € [3]V. Suppose C € T'(L) is a non-tricky leaping cycle over a vertex v. Then there
exists a vertex u € A(L) N S(L[tpey(C), tena(C)]) such that the arc vu is an L-good-arc.

Proor. We consider the following three cases:

e Case 1. Suppose that C is a 2-cycle and T(C) = {t1,t,}. Without loss of generality, sup-
pose that C = {(v,1,2),(v,2,1)}. Since C is a leaping cycle, there exists a vertex u €
A(L) N S(L{tpeg(C), tena(C)]). Let p,q € [3] denote the parts of u at time-steps #; and t;,
respectively. Since u € A(L), we have that p # g. Therefore, {p,q} € {{1,2},{1,3},{2,3}}.
Hence, P;_,[{u,v},C] € {£1, +2} and it is non-zero.

e Case 2. Suppose that C is a 3-cycle and the time-steps in T(C) = {ti,t,t3} belong to
exactly two distinct cyclic blocks of L. Without loss of generality, suppose that C =
{(v,1,2),(v,2,3),(v,3,1)} and that t;,t, belong to the same cyclic block, which is differ-
ent from that of t3. We note that there exists u € A(L) N S(L[t2, t3]). Let p, q € [3] denote the
parts of u at time-steps t, and t3, respectively. Since u € A(L), we have that p # g. Therefore,
{p.q} € {{1,2},{1,3},{2, 3}}. Hence, Pr,,[{u,v},C] € {£1, £2} and it is non-zero.

e Case 3. Suppose that C is a 3-cycle and the time-steps in T(C) = {t,t, 3} belong to
exactly three distinct cyclic blocks of L. Without loss of generality, suppose that C =
{(v,1,2),(v,2,3), (v,3,1)}. Since C is non-tricky, there exists u € A(L) such that u is in
exactly one of S(L[#,t;]) and S(L[t;, t3]). Without loss of generality, suppose that u €
S(L[t2, t3]) \ S(L[#, t2]). Let p,q € [3] denote the position of u at time-steps t, and t3, re-
spectively. Since u € A(L), we have that p # g. Therefore, {p,q} € {{1,2},{1,3},{2,3}}.
Hence, Pr -, [{u,v},C] € {+1, £2} and it is non-zero. |

We now show that for every cyclic vertex v in a sequence L, we have a large number of L-good
arcs whose tail is v that also form an L-neighbor-wise independent set. This fact will be useful
in constructing a large L-good L-neighbor-wise independent directed acyclic graph, which will in
turn improve the rank using Lemma 4.6. We emphasize that our proof of this fact will crucially
use the fact that the graph G is complete. For a sequence L of moves, we will denote the number
of cyclic blocks in which v occurs as by (v).

LEMMA 4.12. Let G be the complete graph, let L be a valid sequence from some initial configuration
10 € [3]V, and letv € C(L). Then, there exists a collection of k > [% I_%(bL(v)—l)J'l verticesuy, . . . , Uy
such that

(i) uy,...,ux € A(L),
(i) vu; is an L-good-arc for everyi € [k], and
(iii) the set {vuy,...,vu} is an L-neighbor-wise independent set.

Proor. Let the cyclic blocks that contain v be By, ..., By, (). Let R := I_%(bL(v) —1)].For0 <
r < R, let B, := {Bs,11, B3y+2, B3r+3, B3, +4}. We note that the last block in B, and the first block
in B,4; coincide for every 0 < r < R. Let A, be the set of three acyclic blocks in L that appear
between Bs, 41 and Bs, 42, between Bs,., and Bs,+3 and between Bs,.3 and Bs,4. For simplicity, we
let S(A,) := Uaea,S(A) denote the set of vertices occurring in the blocks in A,, and let T(A,) :=
Uaea,T(A) denote the set of time-steps of the moves of blocks in A, as they appear in L. By
definition, we have that T(A,) N T(A, ) = 0 for every distinct r, 7’ € [R].

Let us consider an r € [R]. By Lemma 4.10, there exist leaping cycles C, and C;. in I'(L) over v
such that T(C,) € T(Bsy41) U T(Bsyy2) U T(Bsr43) and T(C;) C T(Bsri2) U T(Bsr13) U T(Bsria).

Claim 5. The cycles C, and C;. cannot both be tricky cycles.
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PRroOF. For the sake of contradiction suppose that both C, and C, are tricky cycles. Let
T(C;) = {t1,t2,t3} and T(C;) = {t],t;,t;} for some t; < t; < t3 and t; < t, < t;. By the
choice of C, and C;, we must have t; € T(Bs,y;) and t; € T(Bs,4j41) for i € {1,2,3}. There-
fore, A(L) N S(L[t,t3]) = A(L) N S(L[t],t;]), and since C, and C; are tricky, it follows that
A(L) N S(L[ty,t2]) = A(L) N S(L[ty, t3]) and A(L) N S(L[t],t,]) = A(L) N S(L[t;,;]). Hence,
A(L) N S(L[t1, ta]) = A(L) N S(L[t2, t3]) = A(L) N S(L[t;,;]). Since neither of these sets are empty,
there must exist a u € A(L) that appears at least 3 times in the sequence. However, this contradicts
the fact that for all u € A(L), we have #; (u) < 2. O

Let ér := C, if C, is non-tricky, and C’r := CJ otherwise. It follows from Claim 5 that C’r is a
non-tricky cycle. Therefore, by Lemma 4.11, there exists a vertex u, € A(L) that appears between
two cyclic blocks in B, such that vu, is an L-good-arc.

We have shown that for each r € [R], there exists a vertex u, € S(A,) that appears between two
cyclic blocks in B, such that vu, is an L-good-arc. Let U := {uy, ..., ug}. We note that the vertices
ui, ..., ug may not be distinct and consequently, we may not be able to obtain a large number of
L-good-arcs while constructing the needed L-good L-neighbor-wise independent directed acyclic
graph. Even if they are distinct, we need an ordering of them that satisfies the L-neighbor-wise
independent property. The following claim handles these two issues.

Claim 6. There exists a subset of k > R/2 distinct elements in U along with an ordering

Ur,, - . . Ur, of these elements such that u,, € S(A,,) for every i,j € [k] withi < j.
Proor. We will construct a sequence wy, . . ., wg such that
(i) k = R/2,

(if) w; € U for every i € [k],

(iii) w; # wjforevery 1 <i < j <k,

(iv) for every 1 < i < j < k, we have that w; ¢ S(A;), where t is any index in [R] such that
Wi = Ug.

We show that such a sequence translates into the sequence u,,, ..., u,, required in the claim.
Conditions (i), (ii), and (iii) imply that the elements wy, ..., wy are indeed a subset of k > R/2
distinct elements of U. Let us denote the sequence wg, ..., w; by u,,, ..., u,,, where r; is the least
index of wi_;41 in uy, ..., ug. Substituting w; = u,,_,,, and w; = U i1 forall1 <i<j<kin
condition (iv) results in u,,_,,, ¢ S(A,_,,,) for every 1 < i < j < k. Thus, re-indexing produces
ur, ¢ S(Ay,) for every i, j € [k] with i < j as desired.

To construct a sequence wy, . . ., Wy satisfying the conditions (i)—(iv), we consider the procedure
in Figure 2. The input satisfies the required conditions as u, € S(A,) for every r € [R] by construc-
tion of uy, . .., ug, and u, appears in at most two of the A;’s, since #; (u,) < 2and T(A,)NT(A,) =0
for every distinct r, 7" € [R].

We first show that the procedure always terminates. We note that before the execution of
step 2(d), we have r € I because of step 2(b). Moreover, from wi = u, € S(A,) it follows that
r will be removed from I after the execution of step 2(d). Hence, the size of I decreases by at least
one after each iteration of the while loop.

Next, we prove conditions (i)-(iv). Suppose the procedure terminates with the sequence
Wiy e ooy Wk

(i) Since each u, appears in at most two S(A;)’s, each execution of step 2(d) decreases the size
of I by at most two. Therefore, the while loop iterates at least R/2 times. Hence, k > R/2.
(ii) By step 2(c), we have that w; € U for every i € [k].
(iii) From step 2(b) to 2(d) it follows that w; # w; for 1 <i < j < k.
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Procedure

Input: Sets Ay, ..., Apg and elements uy, . . ., ug with u, € S(A;) for every r € [R], such that u, appears in at most two
of the S(A;)’s (i.e. at most one other than A,).

(1) Initialize k « 0,1 « [R].
(2) While (I # 0):
(@) k — k+1.
(b) r « an arbitrary element in I.
(c) wg «— uy.
(d) I —TI\{ie[R]:wreS(A)}
(3) Return (wy,..., W).

Fig. 2. Procedure for Claim 6.

(iv) Let i € [k]. Consider the ith iteration of the while loop. After step 2(d) refines the set I, we
have that w; ¢ S(A,) for all indices r € I that are chosen in iterations after the ith iteration.
Thus, if ¢ is the index of w; in uy, . .., ug for some j € [k] where j > i, then w; € S(A;). O

Consider the subset of k > [% I_%(bL(v) — 1)1 distinct elements U" = {u,,...,u,} € U from
Claim 6. Conditions (4.12) and (4.12) desired in the lemma trivially hold, since U" € U € A(L)
and vu is an L-good arc for all u € U. We recall that the cycles C,,...,C,, are disjoint and
Pro[{v,ur,}, Cr,] # 0 for all i € [k]. Then, since u,, ¢ S(A;,) forevery j € {i+1,...,k}, it follows
that P, [{v,uy,},Cr,] = 0 forall j € {i +1,..., k}. Hence, Condition (4.12) holds. O

We now have all the tools necessary to show our improved rank lower bound.

LEMMA 4.13. Let G = (V, E) be the complete graph and let L be a valid sequence from some initial

configuration ty € [3]V. Then rank(Py ,,) > % Ywecw)(bL(v) = 3).

Proor. For each v € C(L), let R(v) := [% L%(bL (v) = 1)]1. We construct an L-good L-neighbor-
wise independent directed acyclic graph H over the vertex set S(L) as follows: for each v € C(L),
add the arcs vu,,, ..., Vug(y), Where u,, ..., Ug() is the collection of vertices guaranteed to exist
by Lemma 4.12. Then it follows that H is L-good and L-neighbor-wise independent. Moreover, we
note that all arcs in E(H) have heads in A(L) and tails in C(L). Hence, H does not contain any
directed cycles. Therefore, H is an L-good L-neighbor-wise independent directed acyclic graph.
For a lower bound on the number of arcs in H, we have

E(H)] = ) R(v)
veC(L)
111
" 212 s 0)
1/1 2
= 2 3 (5@ -n-3)]
o 1 (bL(v) - 3)
- veC(L) 3
= 2 N (bu(0) - 3). o
veC(L)
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Finally, we combine the results of Lemmas 4.7 and 4.13 to get one final rank bound. We define
a block B in L to be 2-critical if £(B) > 3s(B) and ¢(B’) < 3s(B’) for every block B’ that is strictly
contained in B.

COROLLARY 4.14. Let G = (V, E) be the complete graph and let B be an improving sequence from
some initial configuration To € [3]V with respect to some edge weights X € [—1,1]E. If B is a 2-critical
block, then rank(Pp,,) > 32 s(B).

ProorF. Suppose that B has no acyclic vertices, then
1 1
rank(Pg ;) > EC(B) = ES(B)’

and we are done. So, we may assume that B has at least one acyclic block. Let By, . .., By denote
the cyclic blocks of B and for a vertex v, let 1,¢p, denote the indicator function for whether the
vertex v appears in B;. Then,

k

ZbB(U Z ZlvEB Z Z lyes, —ZS(B)

veC(B) veC(B) i= i=1 veC(B)

Since each B; is a proper sub-block of B, we have that ¢(B;) < 3s(B;); hence,

D bp(o) = ZS(B)> -Zf(B)

veC(B)

By Lemma 4.13, we have that

rank(Pg ) = — Z (bp(v) —3) (8)
veC(B)
- % ( > ba(o) - 3c(B)) )
veC(B)
11
>3 ;K(Bi) — 3¢(B) (10)
S é (w _ 36(3)) (11)
> 1 (s(B) - ga(B) - 3c(B)) (12)
= %a(B) - lc(B) (13)

where Equation (11) follows from the fact that acyclic vertices of B appear at most twice in B,
inequality Equation (12) follows from the fact that B is a 2-critical block, and Equation (13) follows
from s(B) = a(B) + ¢(B). Thus, by the above inequality and Lemma 4.7, we have

rank(Pg,;,) > max {%C(B), %a(B) - %c(B)} )
Let A := a(B)/s(B). Then, a(B) = As(B) and ¢(B) = (1 — A)s(B). Thus,
rank(Pg,.,) > max {%(1 _ ), 1—18)L - %(1 - A)} s(B) > 3%5(3).

]
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4.2 Run-time of FLIP for mAx-3-cuT in the Complete Graph
In this subsection, we will show that an improving sequence will improve the value of H(zr) by

some non-negligible amount with constant probability. Theorem 1.2 will follow from this result.
First, we recall a lemma of Reference [7] below that closely resembles Lemma 3.12.

LEmMMA 4.15. [7]Let¢p > 0 and Xy, . .., X, be independent random variables with density functions
fiseoosfm : R = [0,8], and let X := (x1,...,xm)7. Let ay,...,ar € Z" be linearly independent
vectors. Then for every e > 0,

Pr (¢ai, X) € (0.€] Vi € [k]| < (pe)k.

We note that the event of interest in Lemma 3.12, namely, all inner products being non-negative
and having sum at most € implies the event of interest in Lemma 4.15, namely, all inner products
being in the interval (0, €]. Consequently, the upper bound that we get for the latter event is weaker
than the upper bound of Lemma 3.12. We will use Lemma 4.15 and the rank lower bound to bound
the probability of the existence of a bad starting configuration for critical blocks.

LEMMA 4.16. Let G = (V,E) be the complete graph and let B be a 2-critical block. Then the prob-
ability that there exists a starting configuration 7y € [3]V such that B is e-slowly improving from 1,
with respect to X is at most

355 (3€) 5P,

Proor. Let I ,, denote the event that there exist edge weights Y such that B is an improving
sequence from 7y with respect to Y. Suppose that B is e-slowly improving from some 7, with
respect to X. Since B is improving from 7, with respect to X, it follows that (M]g’ X0 € (0, €] for
all t € [£(B)]. Since every column of Pg ;, is the sum of at most three columns of Mp ,,, we have
that <P§: 1 X) € (0,3€] for all C € T(B). Hence, the required probability is at most the probability
that there exists a starting configuration 7 € [3]" such that 75 ,, holds and (P](i X ) € (0, 3€¢] for
all C € T'(B). Then, by union bound, the required probability is at most the sum over all v € S(B)
and 7p(v) € [3] of the probability that for all u € V' \ S(B) there exists 7o(u) € [3] such that I ,
holds and (PETO,X) € (0,3¢] for all C € T'(B).

For 7y : S(B) — [3] and 7. : V'\ S(B) — [3], let us define 7(5,, ) : V — [3] as

mp(u) ifu € S(B) and
T(th,n'c)(u) = .
me.(u) ifueV\S(B).
We will now bound the following probability for a fixed choice of 7y : S(B) — [3] and then take a

union bound over the choices of the initial configuration for the vertices in S(B):

Pr|3me: V\S(B) = [3]: Tpr,,,, and (P, r<,rf,,rch> € (0,3¢] VY C € T(B)|.

Let us define an initial configuration
np(u) ifu € S(B) and
oo(u) = .
1 ifu e V\ S(B).
By Proposition 2, we have that Pg , = P, g ) for all 7, : V'\ S(B) — [3]. Hence,

pr [3 e VAS(B) = [3]: s

wpore 0 (P X) € (0.36] Y C € F(B)]

=P [3 7o VAS(B) = [8]: T, ., and (P§ . X) € (0.36] ¥ C e r(B)].
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Now, we bound the RHS probability. If there exists 7. : V' \ S(B) — [3] such that the sequence B
is improving from (., ) with respect to some edge weights Y, then by Corollary 4.14, the rank
of Pp, g ) is at least s(B)/32. Moreover, we know that Pg ,, = Pp, g ) and hence the rank of

Pg, o, is at least s(B)/32. Therefore, using Lemma 4.15, the RHS probability is at most
(3ge) i (Psn) < (39¢) 5P,
Hence, the probability required in the lemma is at most
30 (3ge) =P,
as the number of possible initial configurations for the vertices that move in Bis at most 33®). 0

LEMMA 4.17. Let G be the complete graph and let e = $~'n=*" for a constant n > 0. Then, the
probability (over the choices of X) that there exists a sequence L of moves of length 3n and an initial
configuration 7y € [3]V such that L is e-slowly improving from 7y with respect to X is o(1).

ProoF. Let Rx denote the event that there exists a sequence L of moves of length 3n and an
initial configuration 7y € [3]" such that L is e-slowly improving from 7, with respect to X. We
note that every sequence L of length 3n contains a 2-critical block B whose length is 3s(B)—the
proof of this fact is similar to the proof of Lemma 3.14. Therefore, if the event Rx happens, then
there exists a 2-critical block B with £(B) = 3s(B) and an initial configuration 7y € [3]V such that
B is e-slowly improving from 7y with respect to X. Hence, the probability that Rx occurs (over the
choices of X) is at most

Pr [300 : Bis e-slowly improving from 7, with respect to X
B: B is critical, X
£(B)<3n
< Z 33(3)(3¢6)éS(B) (by Lemma 4.16)

B: B is critical,
£(B)<3n

n
< > 1 3 (3ge) 7
s=1

< Zn: (Cn3¢éeé)s
s=1

for some universal constant C > 0. The second inequality above is because a 2-critical block could
have length at most 3s. Therefore, for € = ¢~'n~%*") the sum tends to 0 as n — co. i

The proof of Theorem 1.2(i) follows from Lemma 4.17 similar to the proof of Theorem 1.1(i)
that follows from Lemma 3.16. In this case, we consider the event that an implementation of FLIP
produces a sequence of moves from some initial configuration that has length greater than ¢n®*7
for any constant n > 0. This event implies that there exists a sequence of length 3n that is e-
slowly improving from some initial configuration, where € = ¢~'n~***")_ Finally, we note that the
probability of such an event is 0o(1) by Lemma 4.17.

Remark 7. The run-time analysis using the above techniques can be improved by replacing the
notion of 2-critical blocks with f-critical blocks and optimizing the value of f similar to the ideas
in Section 3. This gives a run-time bound of O(¢n”*-81*7) with high probability. We avoid writing
a proof of this improved bound in the interest of simplicity. We now prove Theorem 1.2(ii). We
restate it below for the reader’s convenience.
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LEmMMA 4.18. Let G = (V, E) be the complete graph on n vertices, and suppose that the edge weights
(Xe)eer are independent random variables chosen according to a probability density function f, :
[-1,1] — [0, ¢] for some ¢ > 0. Then, the expected number of steps in every implementation of the
FLIP method for max-3-cur is O(¢n®?).

Proor. Let L denote the sequence of moves executed by the algorithm and let T := [£(L)/3n].If
T > 1, then there exists a starting configuration 7y and a 2-critical block B in L with ¢(B) = 3s(B)
such that B is (n/T)-slowly improving from 7, with respect to X.

For non-negative integers s and ¢, let R(s, t) denote the event that there exists a 2-critical block
Bin L of length 3s(B) and a starting partition 7y such that B is (n/t)-slowly improving from 7, with
respect to edge weights X. Let { := [4%2¢n°"] and t; := i{ for i > 2. We recall that £(L) < 3", since
the algorithm never cycles back to the same configuration twice. Therefore,

3'1

Ex(T) < ZI;(r(T > 1)
t=1

"o tiy—1

gz§+3z > Pr(T > 1)

i=2 t=t;
3" ti—1

s2§+z Z Pr(T > 1;)

i=2 t=t;

We will show that the second term in the RHS above is O({n).
By Lemma 4.16 and the fact that the number of 2-critical blocks B with £(B) = 3s is at most n>*,

we have that
S 1\S
3¢n ) ” 1\%
o s ()" s o (') < )"
X t; i i
The last inequality above is by the choice of {. Hence,

gl;gu«s, =) (1)

s=1

[n/32] 31 1 §'+s" /32
DISNE

s’=0 s”=0 !

o 31 1 s'+s” /32
<22 (5)

=0 s"=0 !
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Therefore,
3" tivi—1 n 3" tiv—1 3n
32 32{ o
ZZ Z ;r;(rw(s,ti)) < Z; Z = ;—H = 3200 (log (3")) = O(¢n).

We have thus shown that Ex(T) = O({n) and hence, the expected number of flips performed
by the algorithm is O({n?) = O(¢n®). ]

4.3 Run-time of FLIP for MAX-k-cuT in Arbitrary Graphs

In this subsection, we turn our attention to FLIP for MAX-k-cUT in arbitrary graphs and prove
Theorem 1.3. We will again use Lemma 4.15. We note that it is not immediately clear that a result
similar to Lemma 4.13 holds for arbitrary graphs. The proof technique for Lemma 4.13 fails for
arbitrary graphs, since the acyclic vertices between two cyclic blocks for a vertex v may not be in
the neighborhood of v. Instead, we show that each sequence of sufficiently large length must have
a block that has a large fraction of cyclic vertices.

Definition 4.19. The surplus of a sequence L is
2(L) = £(1) = )" #1(0) = c(L),
veA(L)
and the maximum surplus over all blocks of length ¢ in L is

my (t) := max{z(B) : B is a block of L with £(B) = t}.

The following lemma can be seen as a generalization of Lemma 5.1 from Angel, Bubeck, Peres,
and Wei [1].

LEMMA 4.20. Suppose that @ > 1 and L is a sequence of length an. Then there exists a block B in L
such that
¢(B) - a—k+1

((B) ~ (2k — 1)alog(an)’

Proor. We will use the following claim.

Claim 7. If a block B is the concatenation of blocks B; and B,, then
z(B) < z(By) + z(B3) + (2k — 1)c(B).

Proor. We recall Remark 6, which states that an acyclic vertex appears at most k — 1 times in a
sequence. Hence, in the worst case, a cyclic vertex v € C(B) in B is an acyclic vertex in By and B
and appears k — 1 times in each block. O

Let  := max{c(B)/¢(B) : Bis ablock in L}. Therefore, for every block B in L, we have c¢(B) <
6C(B). Then,
mr(t) < 2mp(t/2) + (2k — 1)6t

for all t > 0. Since m(1) = 0, we can bound the sequence above by

mp(an) < (2k —1)danlog(an). (14)
Since
Z #5(v) + ¢(B) < (k — 1)s(B)
veA(B)
for all blocks B in L and s(L) < n, it follows that
my(an) > an— (k—1)s(L) > (¢ —k + 1)n. (15)
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Therefore, combining Equations (14) and (15), we get that

a—-k+1
5 Z —’
(2k — 1)a log(an)
which concludes the proof. ]
Definition 4.21. A block B is a-cyclic if
a-k+1

B)> —r——
<(B) (2k — 1)a log(an)

LEMMA 4.22. Let G = (V,E) be a graph and let B be an a-cyclic block. Then the probability that
there exists a starting configuration 7y € [k]V such that B is e-slowly improving from 7y with respect
to X is at most

((B).

1 L(B) (k¢e)mf(3)~

ProoF. For a starting configuration 7, € [k]", let 75 ,, denote the event that there exist edge
weights Y such that B is an improving sequence from 7, with respect to Y. Suppose that B is e-
slowly improving from some 7, € [k]" with respect to X. Since B is improving from 7, with respect
to X, it follows that (Mg, TO,X) € (0, €] for all t € [€(B)]. Since every column of Pg , is the sum of
at most k columns of Mp ,,, we have that (Pg, TO,X) € (0, ke] for all C € T'(B). Hence, the required
probability is at most the probability that there exists a starting configuration 7y € [k]" such that
Ip, 7, holds and (Pg »X) € (0,ke] ¥ C € I'(B). Then, by union bound, the required probability is
at most the sum over all v € S(B) and 7y(v) € [k] of the probability that for all u € V' \ S(B) there
exists 7o(u) € [k] such that Ip -, holds and <PJ§,T0’X> € (0,ke] VY C € I'(B).

For ¢ : S(B) — [k] and ¢ : V'\ S(B) — [k], let us define 7(;,, ) : V — [k] as

(1) = np(u) ifu € S(B) and
Uop,me)\U) = mw) ifueV\S().

Now, consider a fixed choice of 7y and 7.. We would like to bound the following probability:
Pr(3m:V\SB) - [k]: Ipx,, . and (P§ ,X) € (0,ke] ¥V C € T(B)|.
X  Forp e s g, me)

Let us define an initial configuration

() = mp(u) ifu € S(B) and
0= ifueV\S(B).

By Proposition 2, we have that Pg , = P, T ) for every 7. : V' \ S(B) — [k]. Hence,

pr [3 T VAS®) = K]+ T, and (5, X) e (0ke]VC e r(B)]

= Pr [3 7o VAS(B) = [k Tir,,,, and (P§,. X) € (0.ke] ¥ C e F(B)].

Now, we bound the RHS probability. If there exists 7. : V' \ S(B) — [k] such that the sequence
B is improving from 7z, r,) With respect to some edge weights Y, then by Lemma 4.7, the rank of
Pp, T ) is at least c(B)/2. Moreover, we know that Pg , = Pp, T me) hence the rank of Pg 4, is at
least ¢(B)/2. Since B is an a-cyclic block, we have that ¢(B) > (¢ — k + 1)¢(B)/((2k — 1)a log (an))
and hence the rank of Pp , is at least (¢« — k + 1)¢(B)/(2(2k — 1) log (an)). Therefore, using
Lemma 4.15, the RHS probability is at most

(k¢6)rank(PB,ag) < (k¢6)%Wklggl(m[(B),
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Hence, the probability required in the lemma is at most
k5B (kpe) T togam (B,

as the number of possible initial configurations for the vertices that move in B is at most k*(®). The
lemma now follows, since s(B) < £(B) and k > 1. O

The next lemma follows from Lemmas 4.22 and 4.20 similar to the proof of Lemma 4.17.

LEMMA 4.23. Let G be a graph and let € = ¢~ n~(@Gk=Dkloglkm)+m) for g constant n > 0. Then, the
probability (over the choices of X ) that there exists a sequence L of moves of length kn and an initial
configuration 7y € [k] such that L is e-slowly improving from 1y with respect to X is o(1).

Proor. Let Rx denote the event that there exists a sequence L of moves of length kn and an
initial configuration 7, € [k]V such that L is e-slowly improving from 7, with respect to X. It
follows from Lemma 4.20 that every sequence L of length kn contains a k-cyclic block. Therefore,
if the event Rx happens, then there exists a k-cyclic block B of length at most kn and an initial
configuration 7 € [k]" such that B is e-slowly improving from 7, with respect to X. Hence, the
probability that Rx occurs (over the choices of X) is at most

Z Pr [EIGO € [k]V : Bis e-slowly improving from 7, with respect to X
B: Bis k-cyclic, X
{(B)<kn

< D KO (kpe) e ‘P (by Lemma 4.22)

B: Bis k-cyclic,
£(B)<kn

kn
< 3" 'k (kpe) TP

=1

kn . . ¢
< (k2n¢ 2ek-DkTog(km) ¢ 22Kk log(kn) ) ,
(=1

where the second inequality follows from the fact that there are at most n’ blocks of length .
Therefore, for constant k and € = ¢~ 1n~(2@k=Dklog(kn)+n) the sum tends to 0 as n — oo. O

The proof of Theorem 1.3(i) follows from Lemma 4.23 similar to the proof of Theorem 1.1(i)
that follows from Lemma 3.16. In this case, we consider the event that an implementation of
FLIP produces a sequence of moves from some initial configuration that has length greater
than ¢n?(k-Dklog(km)+3+1 for any constant n > 0. This event implies that there exists a se-
quence of length kn that is e-slowly improving from some initial configuration, where ¢ =
¢~ n~(2@k=Dklog(kn)+n) Finally, we note that the probability of such an event is o(1) by Lemma 4.23.
We now prove Theorem 1.3(ii). We restate it below for the reader’s convenience.

LEmMA 4.24. Let G = (V, E) be an arbitrary graph on n vertices, and suppose that the edge weights
(Xe)eck are independent random variables chosen according to a probability density function f, :
[-1,1] — [0, §] for some ¢ > 0. Then, for every constantn > 0, the expected number of steps in every
implementation of the FLIP method for MAX-k-cuUT is O(¢n?@k-Dklog(kn)+3+n)

PRrOOF. Let L denote the sequence of moves executed by the algorithm and let T := | £(L)/kn].
If T > 1, then by Lemma 4.20, there exists a starting configuration 7y and a k-cyclic block B in L
such that B is (n/T)-slowly improving from 7, with respect to X.
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For non-negative integers ¢’ and ¢, let R({’, t) denote the event that there exists a k-cyclic block
B in L of length ¢” and a starting partition 7y such that B is (n/t)-slowly improving from r, with
respect to edge weights X. Let

g = [k¢n(kn)2(2k—l)klog(kn)] ,

and t; := i{ for i > 2. We recall that £(L) < k", since the algorithm never cycles back to the same
configuration twice. Therefore,

o
x(T) < Z})’(r(T > 1)
t=1

k" ti-1
52§+Z Z Pr(T > 1)

i=2 I=t;

k™ tig—1
szg+z Z Pr(T > 1;)

i=2 t=t;

k™ tiyi—1 kn

<2§+ZZ ZPr ', 1))

i=2 1=t; =
We will show that the second term in the RHS above is O({nlogn).
By Lemma 4.22 and the fact that the number of k-cyclic blocks B with £(B) = ¢’ is at most nt,
we have that
[’

e U
, kD kTog(km)
BrCRC ) < () (522) T

The last equality above is by the choice of . Hence,

ZPr (R(C,1;)) < Z(I)Mlg(“[
1

f/
31 ” 1
= 1\ sk gt
DIONE
[/!_0 KIII_O

< Z 2(2k — 1)k log(kn) (1)(}"

=1

< 2(2k — 1)k log(kn) (Z % - 1)

£7=0
2(2k — 1)k log(kn)
B i—1 '

1
( 1 ) 2(2k—T)k log(kn)
i

o

Therefore,

k™ tiz1—1 kn k™ tiy—1
2(2k — 1)k log(k
ZPr(R(f t,))<z (2k ~ 1)k log(kn)
: i—1

i=2 t=t; =1 i=2 t=t;

"Z 2(2k — 1)k log(kn)

i—1
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= 20 (2k — 1)k log(kn)O (log (k™))
= O({nlogn).

We have thus shown that Ex(T) = O({nlogn) and hence, the expected number of flips per-
formed by the algorithm is O({n? log n) = O(¢n?k-Dklog(km)+3+1) for every constant 7 > 0. O

APPENDIX
A PROOF OF LEMMA 3.12

We restate and prove Lemma 3.12.

LEMMA 3.12. Let ¢ > 0 and Xy, . .., X,, be independent random variables with density functions
fiseoos fm R —>[0,0]. Let X := (x1,...,%Xm)T and a1, ..., ar € Z" be linearly independent vectors.
Then for every e > 0,

(¢e)*
kL

k

r (@i, X) > 0 Vi€ [K] and ) (@1, X) < e] <
i=1

Proor. Our proof closely resembles that of Lemma A.1 in Reference [7]. Let e; denote the ith

coordinate vector. We can extend {ay, ..., o} to a basis for R™ by adding coordinate vectors.

Without loss of generality suppose that the derived basis is {a1, . . ., @k, €11, - - - » €m}. Let

We note that A is a full-rank m x m matrix. Let Y := (Y3, ..., Y,,)T := BX and A := B~!. We note
that Y is a random vector whose coordinates are possibly dependent. Let f,g : R™ — R, denote
the joint density function of X and Y, respectively.

Claim 8. Let yy,...,ym € R. Then g(yy, ..., ym) < ¢* 17,y filyi).

ProoF. Let y := (yi, . . ., Ym). Then, we have g(y) = | det(A)~!|f (A7 (y)). Since A is integral, we
have that | det(A)| € Z, and hence | det(A)™!| < 1. Therefore,
9(y) < f(A7' (W)
= fAT®), - AL W)
= AT @) - fn(A5 (1)
(since X1, . .., X}, are independent)
< ¢ frer (AL @) - (A )
= ¢ fir1 a1 (v)) - - fin (B ()
= ¢ fer1Ukr) - - fon(Ym). 0
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Let V := {(y1,---»ym) € R™ : yp,...,yx > O,Zileyi < eland U = {(y1,...,yx) € RF :
Yiyeoos Y > O,Zi?:1 y; < €}. We have that
k k
T : T 3 : )
I}’(raiX>OVl€[k],Z;aiXSe] I;r[yl>0\/1€[k],Z;Y136]
1= 1=

Vg(yla .. ,ym)dyl .. dym

Lo (T ) a.aum

i=k+1

=¢k(fUdy1...dyk)

m
X f [ fw)dyes - dym
Yk+1s -

o Ym€R gy

Yi€

IA

_ ¢ké
Tk
The last step above is because U is a k-dimensional simplex of side length e. ]
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