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Abstract

In this paper we design an approximation algorithm for the planar three-dimensional assignment
problem with performance guarantee 0.669. The algorithm is based on a novel rounding technique
of the linear programming relaxation (the dependent contention resolution) that might be interesting
in its own right and applied to other optimization problems.

1 Introduction

In the three-dimensional (or three-index) assignment problem we are given three index sets V7, V2 and
V3 of size n each. We are also given a three dimensional array W = (w;j|(4, j, k) € Vi x Vo x V3).
The goal is to choose a set of triples of maximum weight satisfying certain feasibility criteria. The
two most popular variants are the axial three-dimensional assignment and the planar three-dimensional
assignment problems [21, 22]. In the axial three-dimensional assignment problem we must choose a
set of at most n triples such that each element of V3 U V5 U V3 is in at most one triple. In the planar
three-dimensional assignment problem we must choose a set of at most n? triples such that each element
of (V1 x Vo) U (Vo x V3) U (V1 x V3) is in at most one triple.

In this paper we study the planar three-dimensional assignment problem that can be naturally for-
mulated as the following integer programming problem:

max Z wijkxijk» (1)
1€V1,jEVR,kEVS
dwgpp <1, jeVakels, 2)
i€V
Yowgp <1, ieVikeVs, (3)
JEV2
g <1, ieW,jeV, “)
keVs
Tijk € {0,1}, 1eVy,jeVo ke Vs, ®))

We consider the linear programming relaxation where we replace constraints (5) with the constraints
Tijr > 0, 1eVy,jeVo,keVs. (6)

Problem Motivation and Applications: The maximum planar three-index assignment problem
is a well-known optimization problem [6, 7, 21, 22]. It models some natural real-life problems, e.g.
timetabling [17], practical rostering problem [14], sattelite launching [3].
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The planar three-dimensional assignment problem also naturally models the so-called partial Latin
Square Extension (LSE) Problem which has applications in conflict-free wavelength routing in wide-
area optical networks [4], statistical designs and error-correcting codes [8, 9]. In the LSE problem,
given a partial Latin Square, i.e. a square matrix such that some entries are colored by {1,...,n} such
that there are no color repetitions in each row and column, the goal is to complete the partial coloring
in a feasible way. Such a completion is not always possible, moreover the problem of deciding if such
a completion exists is NP-complete. The natural optimization variant is to color as many entries as
possible in a feasible way. To model LSE using (1)-(5) one needs to identify one set of indices (say V3)
with the set of colors and the other two sets of indices with the set of indices in the partial Latin Square.
We define w;;, = 1 if the entry (i,7) in Latin Square is not defined and wi;x = 0, otherwise.

Another popular variant of the problem is when constraints (2)-(4) are replaced with equalities.
While most applications are shared for both variants of the problem, they are not equivalent. The simple
example is when |V}| = |Va| = |V3] = 2, w111 = waze = 1 and all other weights in the objective
function are zero. For this simple example the problem with constraints (2)-(4) has an optimal solution
of value two but the problem with equalities has optimal value of one. In this paper we consider the
variant with constraints (2)-(4) only.

Previous Work: The maximum planar three-index assignment problem is known to be NP-hard [13]
and even APX-hard [16]. There are exact branch and bound algorithms and tabu search type heuristics
developed for the problem with equality constraints, see survey articles and books [6, 7, 21, 22]. The
structure of the problem polyhedron was studied in [1, 10, 20].

The first approximation algorithm was developed for the LSE problem in [19]. This algorithm had
a performance guarantee of 1/2. That was improved to 1 — e~! in [15]. Note that the algorithm in
[15] was general enough to handle arbitrary linear objective function and as a by-product their paper
implies an (1 — e~ !)-approximation algorithm for the maximum planar three-index assignment problem
(1)-(5). It was noted in [16] that the LSE problem can be actually represented as an instance of a
maximum axial three-index assignment problem (or 3-dimensional matching) and therefore applying
the best known algorithm for that problem [18] one can get a 2/3 — e-approximation algorithm for any
€ > 0. The same argument also holds for the more general problem (1)-(5) with w;j; € {0,1}. It
should be noted that for the set packing type of problems there is a large difference between problems
with general nonnegative weights and problems with {0, 1}-weights, e.g. the algorithm from [18] gives
a (2/3 — e)—approximation for the axial three-dimensional assignment problem while the best known
algorithm for the problem with general weights has performance guarantee 2 [2, 5]. Analogously, while
the reduction from [16] implies that the maximum planar three-index assignment problem (1)-(5) with
{0, 1}-weights has an algorithm with performance guarantee (2/3 — ¢), the best known algorithm for
the general problem has performance guarantee 1 — e~ ! [15].

Contention Resolution: Randomized rounding of linear programming relaxations is a standard way
to develop approximation algorithms. Quite often a natural randomized rounding leads to an infeasible
solution. For example, if we have n players competing for one item and choosing that item independently
with probability p; for ¢ = 1,...,n such that )" , p; = 1 then it might happen that this item will be
allocated to few players at the same time. There are few ways to resolve such conflicts [13, 12]. For
example it is possible to resolve conflicts at random in such a way that each player obtains items with
probability (1 — []:;(1 — p;))pi [12] which leads to numerous applications in the design and analysis
of randomized rounding type of algorithms.

In all applications of the contention resolution published so far the key element was that conflicts are
resolved independently for each violated constraint (item). While such an approach greatly simplifies the
analysis it might lead to a worse rounding scheme. In this paper we demonstrate that resolving conflicts
in a coordinated way leads to an algorithm with better performance guarantee than the independent
contention resolution. We believe that such an approach will appear to be useful for other randomized
rounding algorithms.



Our Results: Our main result is a randomized polynomial time approximation algorithm for the pla-
nar three-dimensional assignment problem with performance guarantee lower bounded by 0.669 which
is an improvement upon the best known performance guarantee of 1 — e~! [15]. Actually, our perfor-
mance guarantee even beats the performance guarantee of the local search algorithm for the unweighted
case of the problem. The main tool used in the design of the algorithm and the proof of its performance
guarantee is a dependent contention resolution scheme.

The rest of the paper is organized as follows. In the Section 2 we give the basic algorithm which
our improvement is based on. In the Section 3 we outline the intuition and the reasoning behind our
dependent contention resolution scheme, which improves the Basic algorithm. We give the formal
description of our modification in Section 4 and then prove several basic Lemmas about it. We give the
rest of the proof of the performance in Sections 5 and 6, and conclude with Section 7.

2 Basic Algorithm

Our algorithm starts by solving the linear programming relaxation (1)-(4),(6) of the planar three-dimensional
assignment problem. Let (y;51),% € Vi,j € Vo, k € V3 be an optimal solution of this relaxation. The
fractional solution (y;;),7 € V1,7 € Va, k € V3 naturally corresponds to |V} | fractional solutions of the
bipartite matching problem. More precisely, for each index ¢ € V; we consider the complete bipartite
graph Ky, y5|- Then the matrix Y; = (Yijk),J € Va,k € V3 defines a feasible fractional solution of
the bipartite matching problem in the complete bipartite graph K|y;| v, (the variable y; ;) corresponds
to the edge (j, k) € K|y, v5|) and therefore it can be represented as a convex combination of partial
permutation matrices or in other words the fractional matching corresponding to Y; can be represented
as a convex combination of integral matchings in Ky, v, Let M for ¢ = 1,...,m; be the set of
matchings and \;; be the set of coefficients in that convex combination. Obviously, m; < |Va x V3|,
> A = 1 and Zﬂ (k) EM:, it = Yiji- Let II(M;;) be a partial permutation matrix corresponding
to the matching M;;. Then Y; = ") A IL(My).

Our next step is a straightforward randomized rounding. For each index ¢ € V; choose one index
t =1,...,m; (or corresponding partial permutation matrix or a matching) at random using probability
distribution defined by the coefficients (A;;) in the convex combination. This randomized rounding
defines a solution of the planar three-dimensional assignment problem such that constraints (3) and (4)
are satisfied. Unfortunately, the constraints (2) might be violated for some pairs j € Vo, k € V3. Let
(Tijr),% € V1,5 € Vo,k € V3 be an infeasible integral solution obtained by the above randomized
rounding.

We will call a set of elements Cj;, = {(4,7,k)[i € Vi} C Vi x V5 x V3 a column corresponding
to the indices j € Vi, k € V3. Note that each constraint of type (2) corresponds to one column in the
array V7 x V3 x V3. Our randomized rounding defines an infeasible solution ;. such that there might
be some columns Cj;, with few triples (i, j, k) € Cj such that g;;;, = 1. Our next step is to apply some
contention resolution scheme, i.e. for each column Cj;, such that there are ;; > 1 indices ¢ € V; with
Yijk = 1 we choose at most one index 7' € V1 and define 7,/ jk = Yirjk = 1 and all other variables in the
same column are defined to be zero, i.e. 3;;;, = 0 for ¢ # ¢'. In the future sections we will refer to the
infeasible integral solution 4 before the contention resolution and the feasible integral solution y after
the contention resolution.

There are few ways to define a contention resolution scheme. The simplest way is to choose an index
i € V1 with g;;, = 1 at random with probability 1/;;, for each column Cj;, independently. After that
all variables except chosen ones are defined to be zero and g;;; = 1 for the chosen triples. This scheme
was proposed and analyzed in [15]. It leads to an (1 — e~ !)-approximation algorithm for the unweighted
variant of our problem, i.e. w;j; € {0,1}. A more sophisticated schemes were suggested in [13,
12] for different applications. Unfortunately, doing contention resolution independently at random for
each column does not seem to lead to much better performance guarantees even for more sophisticated




schemes. In the next section we will describe a dependent contention resolution scheme that resolves
conflicts for different columns in a coordinated way. Now, assuming that we have a contention resolution
scheme with certain properties we finish the description of the basic algorithm.

Lemma 1 [f the contention resolution scheme has the property that Pr(§;j;, = 1) > (1 — e~ 1)y, than
the expected value of the solution obtained by the above algorithm is at least 1 — e~ times the optimal
value of the linear programming relaxation (1)-(4),(6).

Proof. The proof is by the linearity of the expectation and the fact that ¢ is a feasible solution of the
planar three-dimensional assignment problem. O

We say that a triple (i, j, k) conflicts with a triple (p, g, r) if at least two out of three equalities i = p,
j = k, k = r are satisfied, i.e. variables corresponding to those triples cannot both have value one due
to constraints (2)-(4). The proof of the next lemma describes a way to boost the performance guarantee
of an algorithm if a contention resolution scheme has additional properties.

Lemma 2 Let Ui, be an event corresponding to the triple (i,4,k) € Vi x Vo x V3 such that in the
solution §j obtained after contention resolution we have Jy j1jy = 0 for all triples (¢', j', k') that conflict
with the triple (i,7,k). If for our rounding algorithm combined with contention resolution scheme

. L ; . el
Pr(Uijr) > Q then there exists an approximation algorithm with performance guarantee 11_6Q .

Proof. First we describe our algorithm and then we prove its performance guarantee. Our algorithm
proceeds in phases. In the beginning of each phase we already have a partial solution ¢ (initially, 4 = 0).
Let U C Vi x Vo x V3 be the subset of triples (i, j, k) such that we have ¢/ ;,» = 0 for all triples
(¢',7', k") conflicting with (7, 7, k), i.e. the event U, j;, happened on the previous phase of the algorithm.

Since for each triple (i,j,k) € U there are no conflicts with the existing solution we basically
run our rounding algorithm again restricted to the set U. More specifically, we restrict our fractional
solution to triples from U, we also restrict the matchings M;; to the edges corresponding to triples from
U. The new phase of the algorithm defines a preliminary assignment of variables corresponding to U
by choosing one matching at random for each ¢ € V] and after applying the contention resolution on the
elements of U belonging to the same column we obtain a feasible assignment. Again after this phase
there are some elements from the set U that were not included in the assignment moreover for some
of them there are no conflicts with the existing assignments. We run our rounding again for this set of
elements and we repeat until no such elements left.

On each phase the probability that the triple (i,j,k) € U is chosen > (1 — e 1)y;;, by Lemma
1. Moreover, by the conditions of this Lemma the probability that an element belongs to the set U
after s iterations is at least (Q°. Therefore, the probability that g;;, = 1 in the final solution is at least

(1—e )32, Quijr = (1 — e Myijn/(1 - Q). U

3 Intuition Behind Dependent Contention Resolution

On the limitations of the independent contention resolution. As we showed in Lemma 2, the quality
of our solution depends on () where Pr(U;j;) > Q. Let U; be event that for any i’ we have g/, = 0,
i.e. no triple conflicting with (i, j, k) is present in the same column C}j,. Likewise, let U; and U, be
events that g, = 0 for any j" and g;;,» = 0 for any &’ in other words there is no conflict with (4, j, k)
in "lengthwise” row and “depthwise” row correspondingly. Clearly, U;;,, = U; A U; A Uy. It is easy
to design contention resolution for which Pr(U;) = Pr(U;) = Pr(Uy) = e~ 1, e.g. if we apply Feige
and Vondrak [12] contention resolution independently for each column. If all variables y are small then
there is no positive correlation between the three events, thus @ ~ e 3 < 0.05. Actually, the worst
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case happens when some variables y are large and in this case the value of @) is even smaller, thus it
is not possible to obtain a significant improvement over (1 — e~!) approximation guarantee using the
independent contention resolution scheme.

Our goal with dependent contention resolution is to increase () by establishing a strong positive
correlation between U; and Uy, so if there is no conflict in “lengthwise” row with (i, j, k) (i.e. U;
occurs) then there is likely no conflict in “depthwise” row (i.e. Uy occurs). This would have the effect
of increasing Pr(Uj;y,), up to e~ 2 if a perfect correlation could be established (and negative correlations
avoided). Of course, it is unrealistic to expect the perfect correlation between events U; and Uy,. We use
the following technique to establish the positive correlation:

The key technique of dependent contention resolution. For each i € Vi, choose a number u; at
random from U0, 1] (uniform distribution). Then, in contention resolution stage, for each column have
triples (1, 7, k) with smaller u; be more likely to “win”, i.e. have ;;;, = 1, and with larger u; more likely
to lose. This has the effect of strongly correlating U; and Uy, since for small u; both events are unlikely
to happen, and for large wu; both are more likely to happen.

Making it work. It would be easiest to just have the element with the smallest u; in a column
win contention resolution. But while this works if all y's are vanishingly small, it might violate the
assumption of Lemma 1 when some y’s are large. So instead, we must adjust our tecnique to satisfy the
assumption of Lemma 1 (Pr(g;;, = 1) > (1 _671)%],]{). To do this we use the following technical trick,
instead of using w;’s direcly, we use s;(u;, ¥;;i)’s, and have the element with the smallest s; (u;, yi;k) in
a column win. We choose the (monotonically increasing in ;) function s;() in such a way as to have
contention resolution scheme satisfy assumption of Lemma 1 with equality.

Other technical tricks. We noticed that in the worst case for our analysis the events U; and U; A Uy,
are positively correlated. It motivated us to introduce parameter a to partly counteract the effect of
such positive correlation. Part of the reason behind us introducing a, is to obtain an algorithm with
performance guarantee > 2/3. While with a = 0 we would still have an improvement over the best
known bound for the weighted case (1 — e™!), @ = .34 results in a (weighted case) approximation
guarantee better than the previously best known bound for the usually easier unweighted case (2/3),
which we felt was worth the extra effort.

4 Dependent Contention Resolution Scheme

Let a = 0.34 be a fixed parameter. For each i € V; we choose a number, u; € [0, 1] uniformly at
random. Let Uj;, C C}, be the set of triples in column C)j, that participate in the randomized rounding
on the current phase of our algorithm (recall that this is a set of triples that do not have conflicts with
the triples chosen on the previous phases). For each column C};, we define a dummy element (0, 7, k).
We define ygpj;, = 1 — Z(i,j,k)erk Yijr and yojr = 0. We add this dummy element to the set Uj; to
guarantee that Z(i? kel Yidk = 1. If the dummy element (0, j, k) wins the contention resolution then
we define ;5 = 0 for all (4, j, k) € Uj. For each triple (i, j, k) € Ujj, with y;; > 0 and g5, = 1, i.e.
for each triple chosen on the current phase of the algorithm we define

- 111(1 - uzywk)

Sijk = Sijk(ui) = 2 .
Yijk — QY1

Note that s;;;(u;) is monotonically increasing for u; € [0, 1].
For each triple (4, j, k), let R;j; be an exponentially distributed random variable with intensity ;1. —
ayfjk, ie. Pr(Ryr > r) = e~ Wik =) For g dummy element (0, j, k) € Uj, we define sgj;, =

Ry For each y;;, > 0, y;;x = 0 and 7 > 1 we define



Let bjr = a Z(i,j,k)GUjk yfjk (including the dummy element (0, 7, k)). For each triple (i, j, k) € V; x

Vo x Vs, let ( ) )
(1-bjr)(1—e"")
—In(1—-———~

1—(1yijk
1 —bj

Contention resolution. Let (', j, k) be a triple such that s;j;, = min;ey,, sijx. The triple (i', j, k)
is our candidate to win the contention resolution for column Cj. If 555, < 2y and gy, = 1 then
we define g, ;; = 1 that is we declare the triple (i, 7, k) to be the winner of the contention resolution
scheme. Of course in this case we must define y;;;, = 0 for all other elements ¢ € Uj. Finally if there
is no such triple (7', j, k) then we define g;;;, = 0 for all triples (i, j, k) € Ujp.

Zijk =

i —ay? . :
Let u;jp(s) = (1 —e (Weg ayijk)s)/yl-jk be the inverse function of s;;,(u). We now prove some
properties of our contention resolution scheme.

Lemma 3 The random variable s;;;. has an exponential distribution with intensity y;x — ayfj o L€

_ o au?
P(Sijk > S) —e S(yuk ayl'jk)

Proof. This statement is true for the dummy triple (0, j, k) by the definition. Fix any nondummy triple
(i,4,k) € Ujp, let s’ = LW We consider two cases. If s > s’ then Pr(s;jp, > s') = Pr(R;j; >

yijk_ayi]'k
s —§') - (1 — yijx) since in the case when 7;;;, = 1 we are guaranteed that s;;; < s’. Therefore,
Pr(sijp > s') = e”Wrm i) 0= (1) =

o~ Wisk—ay)s | (Wisk—ayi;,)s’ ( (yijk_ay?jk)s,

1 —yije) =€
where the last equality follows from the definition of s’.
If s < ' then using the definition of the inverse function u;;x(s) we obtain

Pr(siji > s) = yiji - Pr(u; > ugr(s)) + (1 — yijn) =
_ . 2
Yigk(1 = wije(s)) + (1= yig) = 1= yijruin(s) = e~ Vor= Wi,
O

To estimate the probability that a triple is chosen during one phase of our algorithm we will need the
following property of the exponential distributions:

Lemma 4 We are given a collection of independent exponential random variables X1, . . . , X,, with rate
parameters (or intensities) \1, . .., Ay, i.e. Pr(X; > s) = e~ NS, Let Z > 0 be a real number then for
any indexi =1,...,n:

At

PriXy = min Xi| min X;<Z)=< 5

Proof. Using the fact that the random variable min;—; ., X; is an exponential random variable with
the intensity > - ; A;, we estimate Pr(X; = minj—1__, X;|min;—;__, X; € [Y,Y + §]) in the limit
when 6 — 0. We have
lim Pr(Xy = min X;| min X; € [Y,Y +4]) =
6—0 i=1,....,n i=1,....,n
lim P?”(Xi/ = mini:L_”,n X; /\mini:L._,,n X, € [Y, Y + (5]) _
5—0 Pr(ming—,_, X; € [Y,Y +4))
Pr(Xy € [Y,Y + 0] N(X; > Y fori #£4'))

li =
520 Pr(minj—,_, X; € [Y,Y +4])

I /\,-le*’\i’yd -e Liger MY Ayt
1im - = .
5=0 S0 NS e iz MY SN
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Note that the second and third equalities only hold in the limit when 6 — 0. Since E(B|A) =
Zle E(B|A;)Pr(A;) where A and B are arbitrary events and Ay, ..., Ay is an arbitrary partition
of A the Lemma follows by deconditioning. O

To prove the main property of our contention resolution scheme we will need the following technical
Lemma.

Lemma 5 The inequality z;ji, < s;j1(1) holds for any triple (i, j, k) € Uji,j € Va, k € V3.

Proof. Basically, the statement of the Lemma claims the following inequality

(1=bjr)(1—e™1)
—In (1 - f_aﬁ) - —In(1 — yijk)

1—bj Yijk — ay?jk

)

where bj, = a E(s,j’k)erk ygjk.
Let A = lljaeyf_ 1k and X = 1 — bj;,. First we show that that the left hand side of (7) is monotonically
ij
decreasing function of b,. Indeed,

“n(1-A-X)\ 2 +h(1-4-X)
_ >0
X X2 -

Combined with the fact that bj;, > ayfj ;. it is enough to prove the inequality

(11— (1-ay?,;)(1—e")
_ln(]_ _ yk) l—ayijk
F(yijh) = ————5— — T > 0.
Yijk — Y51 aYiik

The function F'(y;;1) is monotonically increasing on the interval (0, 1] and is minimized in the limit
when y;;; — 0 and lim,_o F'(y) = 0, this fact can be checked numerically in Mathematica. We leave
the analytical proof of this fact to the next version of the paper. O

Lemma 6 The probability that a triple (i, j, k) is chosen during one phase of our algorithm is exactly
(1= e Nyijn-

Proof. By the construction of our algorithm the triple (7', j, k) is chosen if g;/ ik =1, 8k = minier w Sijk
and s;jp < zyji. By the Lemma 5, 2y, < siji(1). Therefore, if s;1j;, < 2y j1, then gy 5, = 1 since for
all triples (4, j, k) with g;;, = 0 we defined s, = R;ji + sij1(1).

By the Lemma 3 each random variable s;;;, has exponential distribution. Therefore, the minimum of
random variables min;ey;, sijk is distributed as an exponential distribution with the intensity equal to
the sum of the intensities of variables participating in the minimum (Zier . (Yijk — ayl-zj e) =1 —"0bjr),
ie.

=z (1=bjk) — (L= br)(A—e)

Pr(sijr < zijr) =1 — Pr(spj > zyjp) =1—e T~ , )
ayi jk
where the last equality holds by the definition of z;j;. Using Lemma 4 we obtain
. . Yirjk — ayy jk
Pr(syj, = min Sijkl| min s < zpjk) = T1oby 9)
Combining (8) and (9) we obtain the statement of the Lemma. O



Corollary 1 The probability that a triple (i, j, k) is chosen during one phase of our algorithm condi-
tioned on the fact that it was chosen during the randomized rounding of that phase, i.e. y;jr, = 1, is
exactly 1 — e~ 1.

Proof. Follows immediately from the Lemma 6, using the facts that Pr(A|B) = Pr(A A B)/Pr(B)
and that any element chosen during one phase must have been chosen during the randomized rounding
of that phase. O

Lemma 7 Each column Cjj, contains no elements after conflict resolution with probability is at least
—1
e .

Proof. Our algorithm either chooses exactly one triple or none. The Lemma follows immediately from

the Lemma 6 and the fact that ) eu,y, Yijk = 1 (including the dummy element). O

In the rest of the paper we will show that for our contention resolution scheme ) ~ 0.0555 and
therefore the performance guarantee of our algorithm is at least (1 — e~1)/0.9445 ~ 0.6692 by Lemma
2. We also would like to notice that the key technique in achieving this performance guarantee is the de-
pendent contention resolution. It is possible to show that the independent contention resolution scheme
leads to an approximation algorithm with performance guarantee < 2/3 and therefore does not improve
the best known algorithm for the unweighted case.

5 Estimating ()

What we need to show is a lower bound on the value () used in the proof of the Lemma 2. We consider
one phase of our algorithm. Recall that U; j, is an event corresponding to the triple (i, j, k) € Vi xVax V3
during that phase such that in the solution 3 obtained after the contention resolution we have g/, = 0
for all triples (¢, j/, k’) conflicting with triple (i, j, k). Let N;;j, be an event that g;;/,» = 0 for any triple
(i,7', k") with either 5/ = j or K’ = k (but not both), i.e. there are no conflicting triples with the triple
(4,7, k) that share the same first index ¢ (but the event 7;;;, = 0 is not included in NN;;;,). Finally, let Bjj,
be an event that §;/;;, = 0 for any triple (¢, j, k), i.e. the column C'jj, is empty after the current iteration.
Obviously, U;jr = Bj A N;ji.. We would like to show that it is enough to estimate the probabilities of
the events Bj;, and IV, separately to derive a lower bound on the value of Q.

Recall, that after randomized rounding step our algorithm generates a collection of partial per-
mutation matrices that in turn generate an infeasible solution (%, (4,7, k) € Vi x Vo x V3). Let
Yk = (Uijeli € V1) be a {0, 1}-vector corresponding to column Cj. Let Dj; be the event that we
chose Y, for column Cy, after randomized rounding and €2 be the set of all possible events D .

Lemma 8 The events Bjj, and Nyji are independent conditioned on the event D jy.

Proof. Indeed, assume we fixed vector D,;. We claim that events B, and N are defined by non-
intersecting sets of independent random variables. Indeed, let Y;.l = {(,j,k) € Cji|¥irjr = 1} and
Yﬁc = {(7,j, k) € Cji|ysjr = 0}. Then the event B;; depends only on random variables R, ;;, for
(i, 4,k) € Yﬁ and uy for (7,4, k) € lek All these random variables are independent.

Consider now event N;;j. If g;;; = 1 then Pr(N;;;) = 1 since the fact that we choose a partial
permutation matrix (or a matching) implies that there are no conflicting triples sharing the same first
index ¢ with the triple (i, j, k) and there is nothing to prove. Assume that g;;, = 0. Then there could
be at most one triple (i,’, k) for all k € V3 such that g, = 1 and at most one triple (z, j, k') for
all j € V5 such that y;;,» = 1 since we choose a partial permutation for each index 7. The event of
Njjr happens when both such triples are not chosen in the end of the iteration due to the contention



resolution, i.e. y;;;x = y;ji» = 0. These events depend either on random variables R, for the triples
(p,q,7) € ngk U Yj(}c, or variables u, for the triples (p,q,r) € Yj%k U lek, All these variables are
independent of each other.

The key observation is to notice that if a triple (p, j, k) € YﬁC then the triples (p, j', k) ¢ le, . and
(p,j, k') & lek/ since for each p € V; the elements (p, ¢,) with g, = 1 form a partial permutation
matrix. Therefore, the sets of variables w, for p € V) that events Bj; and N;;; depend on are non-
intersecting for these two events. Therefore, both events depend on different sets of independent random
variables u, for p € V1 and therefore these events are independent. O

Corollary 2

Pr(Bji, A Nijk|Dj) = Pr(Bjg|Djx) Pr(Nijxk| Dj),
Pr(Bji N Niji N Dji)Pr(Dj) = Pr(Bji A Dji)Pr(Niji A Dj).
Let Dy;;, € €1p be an event that the vector Y, consists of zeros only.
Lemma 9 Pr(Dj|Bji) < Pr(Dj) for any Dji, € Qp \ Dyjk.
The proof of this Lemma can be found in Appendix.

Lemma 10 Pr(Nijk’DOjk) > PT(Nijk‘Djk)fOI" any D]’k S QD \DOjk;

Proof. The proof this lemma is very similar with the proof of the item 3 in the Lemma 9. Let I be the
set of indices such that ys;; = 1 when the event D, happens, i.e. I corresponds to the set of chosen
triples during the event D ;. We again use the conditioning on the choice of random variables. We fix all
random variables v and R. We also fix the choice of random matchings during the randomized rounding
for the indices p € V7 \ I and we call the set of those fixed matchings M. The only random choice left
is the choice of random matchings by randomized rounding for the indices p € 1.

Recall, that NV, is the event in the end of the current phase there is no triples (4, 5/, k") chosen that
conflict with the triple (4, j, k). We claim that Pr(N;j|Dojx AuARAM) > Pr(N;jp|Djr AuARAM)
forany Djj, € Qp\ Doji. First notice that under this conditioning Pr(Nyji|Dj AuARAM) € {0,1}
since any matching we can choose randomly for index p € I must have 1 in the column C}j;, and therefore
Upj'k = Upjkr = 0 for all indices j* # j and k' # k. Therefore, the choice of such a matching cannot
influence the contention resolution for the triples (4, j', k') conflicting with the triple (i, j, k) (i.e. either
i =jork' =k).

Assume now that Pr(N;;i|Dji A u AN R AN M) = 1 and consider Pr(N;;i|Dojr A u AN RN M).
Again the only random choice left is to choose matchings for p € I C Vj such that these matchings have
zeros in the column C}j;, and ones in the columns C}j;, and C'j of the triples that can potentially conflict
with (7,7, k). It can can only increase the probability of the event N;j; since having additional ones
(instead of zeros) in the columns Cj, and Cji can only decrease the probability of the triples (4, j'k)
and (4, j, k") winning the contention resolution. O

Finally, combining the previous Lemmas we derive the main Lemma in this Section.

Lemma 11 Pr(N;ji|Bji) > Pr(Nijk)

Proof. Obviously, Pr(N;ji) = ZDjke ap Pr(Nijk|Dji) Pr(Dji). By Corollary 2, we have

Pr(Nzk N B; k) PT'(Nijk /\Bijk /\Djk)
PT(NA k|Bk) — J J — _
17 1] P’I"(Bwk) DijG:QD PT‘(BJ]C)
PT‘(Bjk A Djk)PT(Nijk A Djk)
= Pr(N;ig|Dig)Pr(D;|Bik)- (10)
gk D ik D



Therefore, PT(Nijk‘Bjk) - P’I”(Nijk) = ZDjkG Qp PT(Nijk‘Djk) (PT‘(Djk|Bjk) — P’I”(D]k))) . We
now prove that
> Pr(Nijk|Dji) (Pr(Djk|Bji) — Pr(Dj))) > 0.
DjkE Qp
By using Lemmas 9 and 10 and the fact that ZDMG ap Pr(Djk|Bjx) = ZDjke ap Pr(Djr) = 1, we
derive

> Pr(Nyx|Djw) (Pr(Djg|Bjx) — Pr(D))) =
Djx€ 2p

Pr(Niji|Doji) (Pr(Doji|Bjr) — Pr(Dojk)))  +
> Pr(Nyx|Dj) (Pr(Dj|Bjx) — Pr(Dj))) >
Djre Qp\Dojk
Pr(Nyji|Doji) (Pr(Doji|Bjr) — Pr(Dojk)))  +
> Pr(NyxlDojr) (Pr(Dj|Bji) — Pr(Djy))) =
Djre Qp\Dojk

Pr(Nik|Doje) > (Pr(Djx|Bjx) — Pr(Dji))) = 0.
D]'kEQD

O

The Lemmas 7 and 11 imply that Q = Pr(B;) Pr(N;jk|Bjr) > Pr(Bj)Pr(Nijk) > e 1 Pr(Nyji).
The next section is devoted to estoimating the quantity Pr(N;jz).

6 Estimating Pr(N;;;.)

In this section, we give a lower bound on the probability of the event N;j;. More precisely, the goal
of this section is to show that Pr(N;;;) > LB = 0.1508. Recall, that the event INV;;;, is the event
that all triples with the same index ¢ that conflict with the triple (4, j, k) were not chosen on the current
phase of our rounding algorithm. We lower bound the expression for Pr(N;;j;) from below by using a
complicated function of four variables which then is minimized by using Mathematica. We also wrote
our own independent optimizer to check the validity of the obtained answer. Our optimizer found the
same minimum solution. This bound leads us to the estimate on the value of > e~1-0.1508 ~ 0.0555.
The proof of this fact is highly technical and is given in the Appendix due to lack of space.

7 Conclusion

The most interesting open question left unresolved in this paper is to find a rounding algorithm for the
linear programming relaxation of the planar three-index assignment problem that matches its integrality

gap.
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A Proof of Lemma 9

Proof. Instead of the statement in the Lemma we will show that Pr(B;;|D;,) < Pr(Bj;) holds for
any Djr € Qp \ Dgji. Then the statement of the Lemma follows from the equality Pr(A|B) =
Pr(B|A)-Pr(A)/Pr(B). We fix anevent Dj;, € Qp \ Dyjy. Let I be the corresponding set of indices
such that ,;, = 1 for s € I. Let (i, j, k) be a triple such that i’ € T and z;j, = minger Zsji.

We now define a collection of various events and show relationships between them. Let £, be the
event that s;/;, > 2;/;. Let F)j;, be the event that s;/;, < 2y, and the winner of the contention resolution
for the column C}jy, is some triple (w, j, k) forw € V; \ I. Let G (s) be the event that g/, = 1. Note
that Djr = AserGir(s) Asevinr Gjk(s). Finally, let Hjj, be the event that in the final solution the
element g j , = 0, i.e. the triple (¢’, j, k) is not a winner of the contention resolution scheme.

Then we claim the following relations between the above defined events:

1. Pr(Bjr|Dji) < Pr(Ej;|Dji) + Pr(Fji|Dj), this fact follows directly from the observations
that B, N Fjp, = ¢ and Bj, C Ej U Fi;

2. Pr(Ejk|Djr) = Pr(Ej;|Gji(i')), this equality is a direct consequence of the fact that £y, is
completely independent on the triples of the column C};, other than the triple (¢, j, k) and there-
fore

Pr(Ejk|Dji) = Pr(Ejk| Nser Gjr(8) Nsevint Gik(s))) =
Pr (E]k A (/\SGIij(s) /\SEV1\I G]k(8)>>
Pr (/\selij(S) Nsevini Gik(s)

Pr(Ej, N Gig(i')))
Pr(Gjr(i'))

= Pr(EplG();

3. Pr(Fjg|Djr) < Pr(Fj;|G,i (7)), this inequality is a consequence of the following observations.
For each i € Vi, fix random variables w; and R;;j, then Pr(Fjz|D;x A u A R) € {0,1} while
Pr(Fj|Gjk(i") ANuA R) € [0, 1] since once we fix random variables v and R and vector D, our
contention resolution scheme becomes deterministic. Moreover, we claim that if Pr(Fj|Dji A
u A R) =1 then Pr(Fj;|G;r(i") Au A R) = 1. To show this consider a specific choice of u and
R when Pr(Fj;|Dji Au A R) = 1. We would like to show that for any vector D, such that
irjr = 1 we have that Pr(F;z|Dj, Au A R) = 1, i.e. it does not matter which matchings were
chosen on the first rounding step as long as we condition on the event G (i').

By the definition of F}j,, we know that s, (u;) < 25, and at the same time Ry, ;1 + syjk(1) <
sirjk(uir) for some w € Vi \ I (w is the winner of the contention resolution for column Cik).

That is there is an index w € V; \ I with smallest value of s,,;;. In the vector Djk some Zeros
in the set V; \ I can become ones and their parameter s will go down (by the definition of s).
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This can change the winner of the contention resolution but since the winner will still be from
the set V; \ I, the event Fj;, will occur. Also some ones in the set / can become zeros and their
s-value will increase and therefore, if they were not winners before they cannot win the contention
resolution after that change. In any case for a new vector some element of the set V; \ I is the
winner of the contention resolution, i.e. the triple with smallest s-value will be from the set V; \ I
which is exactly the definition of the event F}j, . Therefore, Pr(Fji|Djx Au A R) = 1.

The inequality Pr(Fjz|Djx) < Pr(Fj;|G,i(i")) now follows by rewriting the inequality using

the conditioning on v and R.

4. Pr(E;;|G(?)) + P(Fj|Gji(')) < Pr(H;i|G,i(i")), since Ej N Fj;, = () and under both
events the triple (¢', 7, k) is not a winner of the contention resolution scheme;

5. Combining items 1-4 we obtain Pr(Bj;|D;r) < Pr(E;;|G i (") +P(Fjr|Gir(i")) < Pr(H;i|Gi(i))

e l<P (Bjk), where the last equality and inequality follow from Corollary 1 and Lemma 7.

B Estimating V.

In this section, we give a lower bound on the probability of the event V;;j,. More precisely, the goal
of this section is to show that PT(Nijk) > LB = 0.1508. Recall, that the event N;j; is the event
that all triples with the same index 4 that conflict with the triple (4, 7, k) were not chosen on the current
phase of our rounding algorithm. Let [](M;) be the partial permutation matrix (matching) chosen on
the randomized rounding step of the current phase for the index i € Vi. If (4,5, k) € M;, i.e. i =1
then there are no conflicting triples (i, 7', k") such that either j/ = j or k¥’ = k. Therefore, in this case
Pr(N;jx|M;) =1 > LB. Another easy case is when matching A/; contains only one conflicting triple
either (i, 7, k") or (4,4, k) (it can happen since our matching is not necessarily perfect). In this case by
Corollary 1, Pr(Nyjx|M;) = e~ > LB.

We now assume that the matching M; contains exactly two triples (4, j1, k) and (4, j, k2) conflicting
with (i, j, k). The event N, occurs if both triples (7, j1, k) and (4, j, k2) lose the contention resolution.
We fix the random variable u; corresponding to the matching M;. We will estimate the probability
Pr(N;jk|M; A u;) from below depending on different values of ;. Recall, that if 25, < ;5,5 and
Zijks < Sijk, then both triples (i, j1,k) and (4, j, k2) lose the contention resolution. We define w; =
u(zij, k) and wy = u(z;jk,) to be the critical values for random variable u; (we define u(s) to be the
inverse of s(u)). Let t, = min(wy, ws) and ty,e,; = max(wi,ws). First we show lower bounds in
easy cases.

Lemma 12

1. ifu; > Umaq then Pr(Nyjp|M; A\ u;) = 1;
s (l—bor —uss 2
2. if i € [Umin = W1, Umas = wa] then Pr(Nij|M; Aug) = 1 — ¢ *ih2 (17 Paka ~Vidka 000,

) —5ii 6 (1=bi k=Y 2.
3. if i € [tmin = W2, Umaz = w1] then Pr(Nije| My Aug) =1 — ¢ Sk =0k =ik tav,)

Proof. If u; > uq, then both triples (i, j1, k) and (3, j, k2) cannot win the contention resolution since
in this case s;;, 1 > 2;j,k and sk, > z;jk,. Therefore, the event IV, conditioned on the choices of M;
and u; always occurs.
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In the case when u; € [Umin = W1, Umaz = w2, the triple (7, ji, k) cannot win the contention
resolution by the same argument. The triple (4, j, k2) wins the contention resolution if for any triple
(i',7,k2) € Ujg,, i.e. any triple that participates in the rounding on the current stage including the

. g —au3
Sijhg (Yit jky =W 1

dummy triple (0, j, ko) we have s/, > Sijk,. This events happens with probability e - )

by the Lemma 3. Since the random variables u; are chosen independently for different indices i’ we
obtain that the probability of not winning the contention resolution for the triple (i, j, k2) is exactly

1— H e—Siij(yi/ij —ay?/jkz) —1- e—sijkg(l—bij _yijk2+ayi2jk2).
(#,5,k2) €U \{(4,5,k2) }
The last case is proved analogously to the case 2. O

The next lemma corresponds to the most difficult case when u; < u,;,. In this case the events in
the columns C, ;. and C}, are dependent and we need to use a more sophisticated argument.

Lemma 13 If u; < Umn then
P(Niji|M; Aug) > (1 — 6_5“1’“(1_b“k_yij1k+ay?hk)> 8
(1 _ ¢ Sidka (1=bjng *yijszF“yz‘ija)) X

V bie/a =20 (e fa = y2,)
(1= ijik) (1 = Yijka)

1—

To prove Lemma 13, we will need the following technical facts.

Lemma 14 Given two sequences of real numbers 0 < a1 < --- < apand by > --- > b, > 0 such that
a1rbr < aghy < --- < ayb, then

Sri(abi? _ i af
Sicpaibi T 30 a

Proof. Obviously if b; = bforall: = 1, ..., n then the inequality holds with equality. Assume now that

by =---=1b, =bforsome k > 1and by > byy1. Wedefined) =--- =0, =b—candb, =b; +¢
fori = k+1,...,n. Where ¢ and ¢’ are the roots of the following system of linear equations
k n
Yw=e Y
=1 i=k+1

b—e=1bpy1+¢.

Therefore,
k n
b—b b—b
6/:¢'Zaiand6:%' Z Qa;.
Die1 i P 2 ic1 i i=k+1
Moreover, the new collection satisfies the conditions of the lemma, ie. b} > --- > b/, > 0 and
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arby < agbly < -+ < aybl,. We now show that > (a;0})% > S0 (a;b;)%. Indeed,

n

Z(aib;)Q Z +€2Za + £ Z aj —252@1) + 2¢’ Z ab- >
i=1 i=1 j=k+1 Jj=k+1
n
Z —252@1) + 2¢' Z 2b- >
i=1 j=k+1
n n
Z(aibi)2 - 2€ak+1bk+1 Z a; + 25'ak+1bk+1 Z a; = Z(aib¢)2.
i=1 j=1 j=k+1 i=1
Repeating this process, we get the final collection b} = --- = b}, = b > 0 such that Y (a;b})?

S 1 (aib;)? and Y0, a;ib; = >, a;b;. The Lemma follows from the observation in the beginning
of the proof that
no 92

S (@b))? _ V2= %
a7 YT a .

O
Lemma 15 For any A and B such that 0 < A < B the following inequality holds
A
(1—e) > Z(1-e?)
Proof. The inequality follows from the monotonicity of the function (1 — e™*)/x for > 0. O

B.1 Correlation Property

Let fijx = Yijk — ayfjk. For any index ¢/ € Vi \ {i}, let Jy be the event that s;/j,;, < si;,; and let
K/ be the event that s;5, < sijk,. Notice that any set of J and K events with distinct indices are
independent, e.g. {Ji,Ja,...,J,} or {K1, J2, K3, Jy, ..} since they depend on different independent
random variables, but events .J; and K; might be correlated. Since would like to estimate Pr(N; ;x| M; A

u;), we will use the notation J/, K/ and N/, . for the events K, J; and Nyjy, conditioned on M; and w;.

By the Lemma 3, we have PT(JZ,) =1- 78”1’€fi’j1k and PT‘(KZ/) =1—¢ ik fitjny . Using these two
fact we derive

Pr(Vagidy) =1— H P(Jy)=1— H e Sinkfie — 1 _ H e~ Siink(1=bj k= fij k)
il i i i il i
Analogously we derive
Pr(VigiKy) =1— H e~ Siike (1=bjky—fijhy)
i

Moreover, the same formulas hold for the events involving K, and J/,, because of independence from
level 7.

Let J)., = Vgzi, Z/J and K/, = V gz i K, (’1. As we noted before the events involving different indices
i e Vi \ {i} are 1ndependent In particular, the events .J/, and J/,, are mutually independent. Similarly,
the following pairs of events are mutually independent (Jl/l,, K, (K., J)), (K[, K.).
Notice that N, = (Jj; vV J},) A (K, V K,) that basically means that N/;; occurs in this case
only when both triples (4, j1, k) and (i, j, k2) lose the contention resolution to one of the triples in their
respective columns. By the standard distributive law of set union and intersection we get

(Jo VI N (K v KL) = (Tl NKL )V (g ANKD) NV (Kl ATV (T A KD).
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We need an analog of above equality such that the right hand side contains the union of disjoint events,
in this case we could write the probability of the left hand side as the sum of probabilities of the events
in the right hand side. The analog of the standard distributive law using the disjoint unions only is

(JENINNKLNEKD) = (T AK OV (Tl AK Ly AKON (Tl AK Ly ATV (Tl AK Ly AT AKL). (1)
Therefore, using the observation that the events on right hand side of (11) are disjoint and the indepen-
dence we obtain for u; such that s;;, 1 (u;) < 2ij,k and sk, (W) < Zijk,

Pr(J})) - Pr(J}, A K’ ) + Pr(J, AK}) - Pr(Jl, AKL). (12)

Consider now some index ¢ € V; \ {i} and two corresponding variables v, and y;/,,. In the

decomposition of the matrix Y;s into partial permutation matrices there are matchings that contain both

edges corresponding to the triples (', j1, k) and (', j, k2) and there are matchings that contain only
single such edge. Then for some Ay < min{yy jk,, i,k } We have

Z Aie = Ay,

M| (j,k2) €My, (51,k) €M

Z Ait = Y jko — AVR
M| (4,k2) € M, (51,k) €M
Z Xit = Yk — Dy,
Mt |(5,k2) EMit,(51,k) € My
> it = 1=k — Yirji, + Dar.

Mit|(5,k2) €Mt (51,k) € My
That is A, is the total weight of matchings that contains ones corresponding to both triples (', j1, k)
and (7', 7, ko).

We claim that Pr(N/;;) is minimized when Ay = max{0, Y j,x + Yjr;,, — 1}, i.e. for each ¢’ the
amount of matchings that contain both edges (ji, k) and (j, k2) is as small as possible. We prove it
iteratively. Consider one index i’ and the equation (12). Out of all terms in the equation (12) only the
term Pr(J;, A K,) depends on A;. Moreover, we can compute Pr(J/, A K/,) by the formula

Pr(Jy NKy) = Di Pr(Jy A K |Gy = 1A Girry, = 1) +

Wity — Da) Pr( Ty A K |Girjure = 1A Gk, = 0) +

Wijik — D) Pr(Ji A Kilgijie = 0 A Girje, = 1) +

(1= yijik = Yijro + Do) Pr(Jip A KiplGirjure = O A Girjy = 0) =
we simplify the formula by using the independence that follows from the fact that events are defined by

non-crossing sets of independent random variables are independent

Ai Pr(Jy N Kilgijie = LA Girjry, = 1)
(Wirjks — Bir) Pr(JplGirjix = 1A Girjiy, = O)Pr(Kp|Girjix = 1 A Girjr, = 0)
Wirjak — Dir) Pr(Jy|Ginjik = O A Girjry = V) Pr(K|Gijk = 0 A Girjr, = 1)
(1= Yirjsk = Yirjhy + Dir) Pr(Ti|Girjsk = O A Girjy = 0)Pr(KL [Girjre = O A Girjr, = 0) =
)
)
)

+ + +

A/P’I”(JI /\K ]yulk = 1/\y”k2 =1
(Yirjky — Dit)Pr(Ji|Girjine = 1) Pr(Kp |G jr, =
(Yirj e — Dir) Pr( (J) |Girj ke = 0)Pr(K} |Girjky = 1
(1 = Yirjik = Yirjhy + Dir) Pr(Jp|Girjire = 0)Pr(K |G jr, = 0).  (13)

_'_
+
+
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We can now define some of these probabilities exactly Pr(J,|yijx = 1) = uijik(Sijik) = a,
PT(KZ{/wi’ij = 1) = Uity = band P?"(J{,/\K;,’:Ui/jlk = 1/\gi/jk2 = 1) = min{ui’ﬁk(siﬁk’)v Ui’ jkgy (Sijkz)} 2
Wi k(Sijik) Uit jky (Sijky) = ab. Moreover, Pr(K[|yyjk, = 1) = b > Pr(K} |y, = 0) = b and
Pr(J|gij e =1) = a > Pr(J.|yij, = 0) = o’ since we defined s, to be always smaller in the case
when 7, = 1 then in the case when g;;, = 0 (a, b, a’, b’ are just shorter notations). All these imply that
Ay is multiplied by the term ab — ab’ — a’b + a'b' = (b — V')(a — ') in (13) which is nonnegative and
therefore Pr(.J, AK},) is minimized when A, is as small as possible which is max{0, y;';, s+ jk, — 1}
We repeat this argument iteratively for all ' € V3 \ {i} and derive that Pr(/N;j; ) is minimized when
Ay = max{0, yi i,k + yirju, — 1} forall i’ € Vi \ {i}.

More formally, the event N/ ;1 depends only on the value of LP variables and random variables
restricted to two column C, , and C,. We can also restrict matchings defined for each i’ € V; to just
these two columns. After that we can just try to change the random process in such a way that Pr(N] ; %)
decreases. In the previous paragraph, we noticed that if we replace our original random process with the
process where matchings corresponding to the same index i’ € V3 have smallest possible overlap then
Pr(N};;,) decreases. After changing this process [V1 \ {i}| times (once for each index i' € V1 \ {i})
we get a different random process with probability of the event N/ ik in this process lower bounding the
original probability.

Another such trick that we will need in the next section is to assume that each triples (7', j1, k) and
(7', 4, k2) have independent variables u;j,k and u; i, instead of having a single random variable u;. It
follows from (13) that when we define two independent random variables instead of one we will only
change Pr(J), AK}|yij,x = 1A\Yijk, = 1) in the expression (13) from min{u; j, & (Sij k)s Uit ks (Sijks ) }
t0 Uy j, k (Sijik ) - Wit jky (Sijky ) and therefore the probability of the event N i, decreases in the new random
process. From now on we consider an above defined random process when we are bounding Pr (N ; i)
corresponding to that process.

Let J' = ViyyJy, K' = Vy4 Ky and let L), be the event that ¢’ is the index with lowest s/ 1,
i.e. syjk = ming Sqj,x conditioned on M; and u;. The next subsection is devoted to proving that
P(K}\Ly) > P(Ky).

B.2 Proving P(K/,|L,) > P(K.,)).

Recall, that Gj;(4') is the event that gy, = 1, i.e. the triple (¢/, j, k) was chosen on the randomized
rounding phase (before the contention resolution). Using the conditioning argument that we used in the
proofs of Lemmas 9 and 10 we claim

Pr(Gje(i") L) < Pr(Gjk(i")) (14)

and equivalently Pr(L;|G;,,(i")) < Pr(Ly) for all indices 3" # i,1’.

Indeed, if we condition on all random variables and events except the choice of the random matching
for " and call this event £ we obtain that Pr(Ly |G, (i) A &) € {0,1} since the event G, 1 (i")
basically fixes the last remaining random choice for column Cj . If Pr(Ly|Gj,,(i") A Er) = 1 then
Pr(Ly|E») = 1 because if under all fixed random choices the triple (i, j1, k) won the contention
resolution in the column C', , it will win this process even if 3;#;;, = 0 (since the value s;,;, can only
increase in this case).

The second fact that we will need in this subsection is

Pr(Gj,k(i")|Gjny (i) < Pr(Gjn(i")). (15)
This fact follows directly from the discussion in the end of the previous subsection since
Pr(Gi(i")AG i, (i) = Air = max{0, yimj, k+yir ks —1} < YirjirYirjiy = Pr(Gu(i")) Pr(Gir, (i")).
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The third fact used in this subsection is
Pr(Gi, (i")| Lir) > Pr(Gir,(i")) (16)

for any index " # 7,4’. Notice the difference with (14), here we have events corresponding to column
Ck, while the conditioning is done on the events defined for column le % Intuitively, if in the column
Cj,x we know that a winner of the contention resolution is the triple (4 (7', j1, k) it could only increase the
probability of the the triple (i”, j, k2) to be chosen on the randomized rounding stage. Formally,

Pr(Gjr, (i")|Lir) =
Pr(Gi, (I")|Gn (") Pr(Gun (") [ Lir) + Pr(G, (1) Gun (") Pr(Giun (") | Lir) =
Pr(Gin, (")Gy (")) Pr(Gyu (i") | Lir ) + Pr(Gg, (i" )!G k(@) (1 = Pr(Gjx(i")| L)) =

we continue by adding and subtracting the same quantity

Pr(Gir, (") Gk (i) [Pr(Gj,x(i")|Li) + Pr(G;
Pr(Gj, (i" !Gﬁk (")) [1 = Pr(Gjun (@) Ly) + Pr(Gjp(i")) - (]1k( ]
Pr(Gk, (I")|Gy (i) Pr(Gj, i (i") + Pr(Gn, (i) |G (7 )) (Gjk(i"))
(Pr(Gir, (") Gk (i) = Pr(Gin, (i")|Gju (") (Pr (G, (i") [ Lir) = Pr(Gu(i")))
)

k(i) = Pr(Gje(i"))] +
k(i )
Gj,

_|_

( sz( +
(Pr(Gk, (")|Gyx(i") = Pr(Gn, (i")|G (")) (Pr(Gyy (i) Lir) — Pr(Gj,x(i"))) = Pr(G i, (i")),

where the last inequality is the implication of inequalities (14), (15) and the fact that Pr(A|B) < Pr(A)
implies Pr(A|B) < Pr(A|B).

Flnally we are proving Pr(K],|L,,) > Pr(K},). We will prove this inequality for each index
i" # i, separately, i.e. we will prove that Pr(K,|L.,) > Pr(K,). The main inequality will imme-
diately follow since K, = V;n; # K}, and events K, are disjoint. Observe that Pr (K, |G jx,(i")) >
Pr(K}, |G ko (1)) because if we condition on all events and random variables except the choice of the
matching for " and the triple (i, j, ko) wins the contention resolution when g;» i, = 0, it must win
when Yitt kg = 1.

Let o = Pr(Gji,(i")|L},)) — Pr(Gji,(i")). The inequality (16) implies that o > 0. Note also that
—a = Pr(Gj,(i")|Lj;) — Pr(G i, (i"))-

The events K, and L/, are independent when conditioned on G, (") since both events are defined
by the disjoint set of random variables. Here we used the fact that we have two independent random
variables u;;,; and w;» i, in the modified random process defined at the end of the previous subsec-
tion. Therefore, Pr(K!, A L.,|Gjk,(1")) = Pr(K., |Gk, (i"))Pr(L}|Gjk,(i")) which in turn implies
Pr(K[,|Gjr, (i") N L)) = Pr(K],|Gjk,(i")). Finally,

Pr(Kju|Liy) = Pr(Kin|Gjr, (") Pr(Gjr, (") | Liy) + Pr(EG| G, (") Pr(Gii, (") L) =
Pr(Kju| Gk, (i) (Pr(Gk, (")) + @) + Pr(EGu |G, (i) (Pr(Gj (')) a) =

Pr(Kijn| G, (i) Pr(Gk, (")) + Pr(Kiju| Gk, (i) Pr(G ik ( ))+
a(Pr(K|Gr, (i")) — Pr(Ku|Gx, (i"))) = Pr(Kiy).
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B.3 Estimating Pr(Nj;,) = Pr(K'AJ').

We rewrite Pr(K’ A J') as follows

Pr(K'AJ') = Pr(J))Y _Pr(Ly|J)Pr(K'|Ly) >
i’
Pr(J)Y _Pr(Ly|J)Pr(Kjy|Ly) >
%4
Pr(J")Y " Pr(Ly|J)Pr(K,).
i i

As we noticed in the previous subsections the independence of different K ; for 5 € Vi and the
property of the random variable s;;;, from Lemma 3 imply

Pr(K;)=(1- e_s”’ﬂ(1_bj’°2_fi’jkz_fij’€2) >
1= bjky — ity — fijis (1 _ e_sijlcg(l_bjkg_fijkg> =
(1 = bjk, — fijks)

1— ij fz 'jko — fz]kg Pr (K )
(1- bykz fljkz)

where the inequality follows from the Lemma 15 with A = s;;5, (1 — bjr, — firjk, — fijk,) and B =
fi/ j
Sijke (1 — bjk, — fijk,). By Lemma 4 we have Pr(L;|J') = ﬁ
Combining these two facts we derive

Pr(Njy) =Pr(K'AJ) >

?

firjik 1 —bjky — firjka — fijk
Pr(J')Pr(K’ i LT ik T Jjke T Jijka )
(J) P g(l— ik — fijik) (1 = bjky, — fijhs)

, o iz (L = by — fijia) = firjunfirjns]
PT(J )PT(K ) ( ( Jlk flJ1k>( Jk2 fiij)

Y

/ N4 >irti Jirjik S ks
PT(J )Pr(K ) <1 (1 - bjlk fl]1k>( ]kz fl]k‘g))

Applying the Cauchy-Schwartz inequality we continue

o Vi ) S )
PLIPED |1~ (1= bk = fijie) X = bjy — fijin) |
Vi £ i F)

- (Zi’;ﬁi fi’jlk)(zz";éi fi’jkz))

P(J)P(K')

v

We continue by applying the Lemma 14 twice with a;; = i/, by = (1 — ayirj ), ayby = firjx and
air = Yirjky» bir = (1 — ayirjr,) and ayby = firjk,. Note that if y1 < yo then y1 — ay} < yo — ay? for
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a < 0.5 and therefore the ordering of a;b; is consistent with the ordering of a;.

/ / \/(Zi’ﬁ yz%jlk) (> iz yz%ij)
PR | 1 iz Virjur) vz Viriks)) |

V Oik/a = 9% Bjes/a — 92,
(L = ¥ijik) (1 = Yijky)

PJYP(K) |1

The Lemma 13 follows.

B.4 Putting it all together

Recall wy = u(z;j, %) and wo = u(2;jk,). We proved that for four fixed parameters b;, &, bjk, , Yijik» Yijhs €
(0, 1] such that wy < wy we have an estimate

1 wo
Pr(Ni) > / du; + / (1fe*siﬂ“z“*bjkfyijkﬁ“y%@)) du; +

w2 w1

wy
/ (1 _ e—Sz‘jlk(1—bj1k—yij1k+ayfjlk)> (1 _ e_siij(1_bjk2_yr£jk2+ayl’2jlk))
0

\/(bjllc/a = Yiu) (Ojks /@ = Ui,

1 _
(1 = Yijie) (1 = Yijks, )

du; 17)

The above now is a well-behaving (derivatives do not get large) function of four variables, b, ., jk, , Yiji ks Yijks
for y € (0,1) and y? < b/a < 1, the minimum of which can be evaluated numerically with good ac-
curacy. Using Mathematica to minimize, we find that the minimum of (17) is achieved at y;;r, =
Yijik = 0, bjk2/a ~ 0.32, bjlk/a ~ 0.43, and has a value of 0.1508. Moreover, to verify the correctness
of the found solution we wrote our own solver to estimate (17) by discretizing the solution space and
enumerating over all possible solutions. Our solver found the same solution as Mathematica.
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