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Abstract

We revisit in this paper the stochastic model for minimum graph-coloring introduced
in (C. Murat and V. Th. Paschos, On the probabilistic minimum coloring and minimum
k-coloring, Discrete Applied Mathematics 154, 2006), and study the underlying combinato-
rial optimization problem (called PROBABILISTIC COLORING) in bipartite and split graphs.
We show that the obvious 2-coloring of any connected bipartite graph achieves standard-
approximation ratio 2, that when vertex-probabilities are constant PROBABILISTIC COL-
ORING is polynomial and, finally, we propose a polynomial algorithm achieving standard-
approximation ratio 8/7. We also handle the case of split graphs. We show that PROBABILIS-
TIC COLORING is NP-hard, even under identical vertex-probabilities, that it is approximable
by a polynomial time standard-approximation schema but existence of a fully a polynomial
time standard-approximation schema is impossible, even for identical vertex-probabilities,
unless P = NP. We finally study differential-approximation of PROBABILISTIC COLORING
in both bipartite and split graphs.

1 Preliminaries

In minimum graph-coloring problem, the objective is to color the vertex-set V of a graph G(V, E)
with as few colors as possible so that no two adjacent vertices receive the same color. The
decision version of this problem, called graph k-colorability in [13] and defined as: “given a
graph G(V, E) and a positive integer k < |V, is G, k-colorable?” was shown to be NP-complete
in Karp’s seminal paper (|21]) and remains NP-complete even restricted to graphs of constant
(independent on n) chromatic number at least 3 ([13]|). Since adjacent vertices are forbidden
to be colored with the same color, a feasible coloring is a partition of V into vertex-sets such
that, for any such set, no two of its vertices are mutually adjacent. Such sets are usually
called independent sets. So, the optimal solution of minimum coloring is a minimum-cardinality
partition into independent sets. The chromatic number of a graph is the smallest number of
colors that can feasibly color its vertices.

In this paper, we use the following stochastic model for combinatorial optimization problems.
Consider a generic instance I of a combinatorial optimization problem II. Assume that IT is not

*Part of this research has been performed while the first author was in visit at the LAMSADE on a research
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to be necessarily solved on the whole I, but rather on a (unknown a priori) sub-instance I’ C I.
Suppose that any datum d; in the data-set describing I has a probability p;, indicating how d; is
likely to be present in the final sub-instance I’. Consider finally that once instance I’ is specified,
the solver has no opportunity to solve directly instance I’. In this case, there certainly exist many
ways to proceed. Here we deal with a simple and natural way where one computes an initial
solution S for II in the entire instance I and, once I’ becomes known, one removes from S those
elements of S that do not belong to I’ (providing that this deletion results in a feasible solution
for I') returning so a solution S’ fitting I’. The objective is to determine an initial solution S
for I such that, for any sub-instance I’ C I presented for optimization, the solution S’ obtained
as described just above, respects some pre-defined quality criterion (for example, optimal for I’,
or achieving, say, constant approximation ratio, or ...). In what follows we apply this model to
the minimum coloring problem.

Let us first note that, given a graph G(V,E) and a coloring C' for V, in any subgraph
G’ = G[V'] of G induced by some subset V' C V', the coloring C’ consisting of the restriction
of C to V' (i.e., of moving absent vertices out of the colors in C' and of taking into account the
non-empty surviving colors) is feasible for G’. In this paper we consider the following version of
minimum coloring, called PROBABILISTIC COLORING in what follows, dealing with the robustness
model drawn just above. We are given a graph G(V, E), an n-vector Pr = (p1,...,p,) of vertex-
probabilities, any of them representing how likely is that the corresponding vertex will be present
in the final instance I’ C I on which the coloring problem will be really solved. We are also given
a coloring C' = (S1,...,Sk) for V. The objective is to determine a coloring C* of G minimizing
the quantity (called functional) E(G,C,Pr) = > .y, Pr[V’']|C(V")|, where C'(V') denotes the
restriction of C' to V' and Pr[V'] = [[;cy pi HiEV\_V’(l — p;). Coloring C' will be sometimes
called a priori solution or a priori coloring; C* is then the optimal a priori solution.

Notice that, since there exist 2™ distinct sets V', any of them inducing a distinct sub-
graph G[V'] of G, both polynomial computation of F(G,C,Pr) and tight combinatorial charac-
terization of the optimal a priori solution are not always obvious or easy to perform.

Set k' = |C(V')], and consider the facts Fj: color S; has at least a vertex and Fj: there is no
vertex in color S;. Then, denoting by 1f, and 1,—:J_, respectively, their indicator functions, k' can

be written as k' = 2?21 1f, = 2?21(1 - 1,-:J_), and F(G,C,Pr) can be written as:

E@G,cPr) = Y Pr[V] (Y (1— 1E-)

VICV j=1
k k
= > Pr[V]Y 1= > PrV]> 1gaviy
VIcV Jj=1 9% J=1
k k k
= > Y PV > Pr[V]igavey = E-> J] @-p)
j=1V'CV j=1V'CV j=1wv;€S;

1- ] - 1)

1 v; €S

k
j:
It is easy to see that computation of E(G,C,Pr) needs at most O(n?) arithmetical operations.
Furthermore, (1) provides a closed characterization of the optimal a priori solution C* for PROB-
ABILISTIC COLORING: if the value of an independent set S; of G is 1 — ][, cg. (1 — pi) then the
optimal a priori coloring for G is the partition into independent sets for which the sum of their
values is the smallest over all such partitions. So, PROBABILISTIC COLORING can be equivalently



stated as a “deterministic combinatorial optimization problem” as follows: given a graph G(V, E),
and a vertex-probability vector Pr, determine a coloring C* = (S1,S2,...) minimizing quantity
(G, C"Pr) =3 g cor(L = Tl,es,(1 — pi)), where p; = Prlv;] denotes the probability of vertex
v; €EV.

Supposing that binary encoding of any component of Pr uses a polynomial number of bits,
one can immediately see that PROBABILISTIC COLORING € NPO, the class of optimization
problems the decision counterparts of which are in NP.

A priori optimization for combinatorial optimization problems is a quite active research area
that has started to be systematically studied by the end of 80’s. In [1, 4, 5, 6, 7, 16, 17,
18, 19|, restricted versions of routing and network-design probabilistic minimization problems
(in complete graphs) have been studied under the robustness model dealt here (called a priori
optimization). Recently, in [8], the analysis of the probabilistic minimum travelling salesman
problem, originally performed in [4, 16|, has been revisited and refined. Furthermore, in [24] the
minimum vertex covering problem is dealt on general and bipartite graphs. The same model is
also used in [22, 23] for the study of probabilistic maximization problems, namely, the longest
path and the maximum independent set, respectively. An early survey about a priori optimization
can be found in [2].

PROBABILISTIC COLORING has been originally studied in [25]|, where complexity and ap-
proximation issues have been considered for general graphs and several special configuration
graphs such as bipartite graphs, complements of bipartite graphs and others. Dealing with bi-
partite graphs, the results of [25] left, however, several open questions. For instance, “what is
the complexity of PROBABILISTIC COLORING in bipartite graphs or even when we further re-
strict inputs, say in paths, or trees, or cycles, or stars, ... 7", etc. In this paper, we try to give
some further answers. We first prove that if vertex probabilities are bounded below by a fixed
constant, PROBABILISTIC COLORING is polynomial in bipartite graphs. We next prove that,
under non-identical vertex-probabilities of any value, PROBABILISTIC COLORING is polynomial
for stars and for trees with bounded degree and a fixed number of distinct vertex-probabilities
and we deduce as a corollary that it is polynomial also for paths with a fixed number of distinct
vertex-probabilities. Then, we show that, assuming identical vertex-probabilities, the problem is
polynomial for paths, for even and odd cycles and for trees all leaves of which are either at even
or at odd levels. We finally focus on split graphs and show that, in such graphs, PROBABILISTIC
COLORING is NP-hard, even assuming identical vertex probabilities.

Let A be a polynomial time approximation algorithm for an NP-hard minimization graph-
problem II, let m(G,S) be the value of the solution S provided by A on an instance G of II,
and opt(G) be the value of the optimal solution for G (following our notation for PROBABILISTIC
COLORING, opt(G) = f(G,C*)). Finally, let w(G) be the value of a worst solution of G defined
as the value of an optimal solution for II, the combinatorial problem having the same constraints
as Il but instead of minimizing the objective function of II we wish to maximize it. Given an
NP-hard problem II, solving II can be very different with respect to solving II. For instance,
if IT is the minimum traveling salesman problem, IT is the maximum traveling salesman. So, a
worst solution for minimum traveling salesman in some graph G is as hard to compute as an
optimal one since it corresponds to an optimal solution of maximum traveling salesman in G. For
minimum coloring things with worst solution are easier since, following the informal definition
of the worst solution given just above, such a solution consists of coloring a each vertex of the
input graph by a proper color; hence determining a worst solution for minimum coloring is easy.

The standard-approximation ratio ps(G) of an approximation algorithm A on G is defined as
pa(G) = m(G, S)/opt(G). An approximation algorithm achieving standard ratio, at most, p on
any instance G of II will be called p-standard-approximation algorithm.

The differential-approximation ratio d,(G) of an approximation algorithm A on G is defined as



Ww(G) = (w(G) —m(G,S))/(w(G) —opt(G)). By symmetry, an approximation algorithm achiev-
ing differential ratio, at least, 6 on any instance G of II will be called J-differential-approximation
algorithm. For both ratios, the closer to 1, the better the approximability quality of an algorithm.

A polynomial time standard- (resp., differential-) approximation schema (PTAS, resp., DP-
TAS) is a sequence A, of polynomial time approximation algorithms which when they run with
inputs a graph G (instance of IT) and any fixed constant € > 0, they produce a solution S such
that pa (G) < 1+¢€ (resp., dp, (G) = 1—¢). A fully polynomial time standard- (resp., differential-)
approximation schema (FPTAS, resp., DFPTAS) is a PTAS (resp., DPTAS) where A, is polyno-
mial not only with the size of the instance but also with 1/e.

Dealing with approximation issues, we show that the 2-coloring (U, D) of a (connected) bi-
partite graph B(U, D, E) achieves standard-approximation ratio 2, under any system of vertex-
probabilities. Furthermore, we propose a polynomial algorithm achieving standard-approxima-
tion ratio 8/7 under any system of vertex-probabilities. We also provide a polynomial time
standard-approximation schema, under any system of vertex probabilities, for split graphs. Fi-
nally, we show that, even under identical vertex-probabilities, PROBABILISTIC COLORING cannot
be solved by a fully polynomial time standard-approximation schema. On the other hand, deal-
ing with differential approximation, we show that the differential ratio of the 2-coloring in a
bipartite graph can be unbounded below, i.e., it can tend to 0, when we consider any system of
probabilities, but it is bounded below (tightly) by 1/2 when vertex-probabilities are identical. We
also prove that 8/7-standard-approximation algorithm for PROBABILISTIC COLORING achieves
tight differentia-approximation ratio 4/5, while under identical vertex-probabilities this algo-
rithm achieves tight differential-approximation ratio 9/10. We finally show that under identical
vertex-probabilities PROBABILISTIC COLORING admits a DPTAS in split graphs.

In what follows, in Section 2 some general properties of probabilistic colorings that will be
used later are given. In Section 3 complexity and (standard- and differential-) approximation
issues in general bipartite graphs are presented, while in Section 4 complexity results dealing with
particular classes of bipartite and almost bipartite graphs such as trees and cycles are shown.
Finally, in Section 5 PROBABILISTIC COLORING in split graphs is tackled.

2 Properties of probabilistic colorings

2.1 General graphs

We give in this section some general properties about probabilistic colorings, applying in any
graph, upon which we will be based later in order to achieve our results. In what follows,
given an a priori k-coloring C' = (S1,...,Sk) we will set for simplicity f(C) = E(G,C,Pr),
where E(G,C,Pr) is given by (1), and, for i =1,...,k, f(S;) =1— ijesi(l —pj).

Proposition 1. Let C = (S1,...,Sk) be a k-coloring and assume that colors are numbered so
that f(S;) < f(Six1), it = 1,...,k — 1. Consider a vertex x (of probability p;) colored with S,
and a vertex y (of probability p,) colored with S;, j > i, such that py > py. If swapping colors
of x and y leads to a new feasible coloring C', then f(C') < f(C).

Proof. Between colorings C' and C”’ the only colors changed are S; and S;. Then:

F(C) = F(C)=F(S) = F(Si)+ f(S)) = f(5)) (2)
Set, now
Si = (Si\{z})u{y}
St o= (S5 \{y}) Uiz} (3)
S = Si\{z} = S\ {v}
ST = Si\{y} = S\ {z}

4



Then, using notations of (3), we get:

FS)—F(S) = 1=(—=py) J[ Q=pr) =1+ —ps) J[ (1 =pn)

vpeS! onES!!
= (py — Da) vhl;[gé/ (1—pn) (4)
F(S5)—£(8;) = 1—(1—pa) st(l —pn) — 1+ (1—py) ]1”(1 — D)
= (ps —py) HS (1J = Ph) ] (5)
Using (4) and (5) in (2), we get:
F(C) = £(C) = by — 1) L (1—pn) — HS (1= pn) (6)

Recall that, by hypothesis, we have f(S;) < f(S;) and p, > py; consequently, by some easy
algebra, we achieve thesg/(l —pn) — thesﬁ’(l — pr) = 0 and, since p, — p, < 0, we conclude
that the right-hand-side of (6) is negative, implying that coloring C” is better than C. I

In the case of identical vertex-probabilities, Proposition 1 has a natural counterpart expressed
as follows.

Proposition 2. Let C = (S1,...,Sk) be a k-coloring and assume that colors are numbered so
that |S;| < |Siy1], i = 1,...,k — 1. If it is feasible to inflate a color S; by “emptying” another
color S; with i < j, then the new coloring C', so created, satisfies f(C') < f(O).

For the proof, simply remark that if |S;| < |S;|, then f(S;) < f(S5;) and apply the same proof
as for Proposition 1.

Since, in the proof of Proposition 2, only the cardinalities of the colors intervene, the following
corollary-property consequently holds.

Proposition 3. Let C = (Si,...,Sk) be a k-coloring and assume that colors are numbered so
that |S;| < |Sit1|, i =1,...,k—1. Consider two colors S; and Sj, i < j, and a vertez-set X C S
such that, |S;| +|X| > |S;|. Consider (possibly unfeasible) coloring C' = (Si,...,5;UX,...,S;\
X,...,Sk). Then, f(C") < f(C).

With very similar arguments and operations as for Proposition 1, the following property, also
holds.

Proposition 4. Let C = (S1,...,Sk) be a k-coloring and assume that colors are numbered so
that f(S;) < f(Si+1), it =1,...,k—1. Consider a vertex x colored with color S;. If it is feasible
to color x with another color S, j > i, (by keeping colors of the other vertices unchanged), then
the new feasible coloring C" satisfies f(C') < f(C).

Propositions 1, or 2, or 3, or 4, describe a process of achieving “locally optima” colorings by local
swaps of vertices aiming to “reinforce” the heavier (larger, in the case of identical probabilities)
colors. In the sequel, a coloring for which no swaps as the ones described in the statements of
these properties is possible, will be called locally optimal. Obviously, for a non locally optimal
coloring C, there exists a coloring C’, better than C, obtained as described in Propositions 1,
or 2, or 3, or 4. Hence, the following Proposition immediately holds.



Proposition 5. For any non locally optimal coloring, there exists a locally optimal one domi-
nating it.

Another obvious consequence of Propositions 1, 2, 3 and 4 is that, for any optimal coloring
C*=(57,...,5;) and for any i = 1,..., k, S} is maximal (for the inclusion) in G[V'\ U;<;S7].

The following proposition gives a measure of the difficulty of solving PROBABILISTIC COLOR-
ING.

Proposition 6. For any graph G(V, E) and for any coloring C = (S1,...,Sk), the following
properties are equivalent:

1. for any i€ {1,...,k}, S; is mazximal for the inclusion in G[V \ U;j<;S;];
2. there exists some probability vector Pr such that C is the only optimal coloring in (G,Pr).

Proof. Implication 2 = 1 is a straightforward consequence of Proposition 1. Assume that
there exists an optimal probabilistic coloring where S; is not maximal in G[V \ U;j<;S;]. We
can strictly decrease its value by coloring with color S; any vertex belonging to the nonempty
set V' \ (Uj<iS; UT(S;)) (where I'(S;) denotes the set of neighbors of the vertices in \5;), a
contradiction.

We now show that 1 = 2. For any i € Sy, set p; = 1/n3% and observe that, for any € € [0,1/2[:

k 2

€
log(l—¢€)=— E 6—2—6—62&%2—6—2(%_6)2—6—62
k>1

€

Furthermore, e™€ > 1 — e. Hence, for any k, the following inequalities hold:

1) —1Sk| (S5 + 5% 1Sk Skl

|55 2 2
D FB) < 2) 5 < X <

>k >k i>k

Assume that there exists a coloring C' = (5, .. S'k) such that f(C) < f(C). Suppose first that

S # S1. According to our hypothesis, |S7| is maximal. Then, there exists [ > 1 such that
S1NS; # 0. Hence:

F(C)=r(81)+7(5) = % > £(C)

that leads to a contradiction. Thus, Sy = S;. Fix ip the smallest index such that 5}0 # Siy-

According to our hypothesis, Sj, is maximal in G[V \ Uj<;S;] = G[V \ Uj<;,S;]; then, Ir > 4o
such that S;, NS, # (). Hence,

(€)= 37 (8) +1 (8) +7(3) 2 X7 8+ 2 S(©)

, — n3t
J<t0 <10

once again a contradiction that achieves the proof. Il

Proposition 7. In any graph of maximum degree A, the optimal solution of PROBABILISTIC
COLORING contains at most A + 1 colors.

Proof. If an optimal coloring C' uses A+ k colors, k > 0, then, by emptying the least-value color
(thing always possible as there are at least A + 1 colors) and due to Proposition 4, we achieve a
A + 1-coloring feasible for G with value better than the one of C. Il



2.2 General bipartite graphs

We consider in this section general bipartite graphs. We notice that, whenever B is connected
its obvious 2-coloring (U, D) is unique. On the other hand, if B is not connected, 2-colorings
in the several connected components can be polynomially merged in such a way that the best
2-coloring for the initial graph is produced. Indeed, supposing that a bipartite graph B has k
connected components B1(Uy, D1), ..., Bg(Ug, Di), one simply has to put together the heaviest
among the U;’s and D;’s, for ¢ = 1,...,k, in order to form the first color class, say U, leaving
the lightest the U;’s and D;’s to form the second color class, say D. By the local optimality
argument of Proposition 1, the so obtained coloring (U, D) is the best 2-coloring of B. In what
follows, when speaking about 2-coloring (U, D) of a bipartite graph B(U, D) we will refer exactly
to this coloring.

Consider a bipartite graph B(U, D, E') and, without loss of generality, assume |U| > |D|.
Also, denote by «(B) the cardinality of a maximum independent set of B. Then the following
property holds.

Proposition 8. If a(B) = |U|, then 2-coloring C = (U, D) is optimal.

Proof. Suppose a contrario that C' is not optimal, then the optimal coloring C’ uses exactly k > 3
colors and its largest cardinality color S| has cardinality 3. Consider the following exhaustive
two cases:

a(B) = 3: then, it is sufficient to aggregate all the vertices not belonging to S} into another
color, say S%; this would lead to a — possibly unfeasible — solution C” which improves
upon C” (due to Proposition 5) and whose value coincides with the value of C;

a(B) > 3: assume adding to color S} exactly a(B)— [ vertices from the other colors neglecting
possible unfeasibilities; the resulting solution C” dominates C’ (due to Proposition 5); but
then, the largest cardinality color S7 has in solution C” exactly a(B) vertices; hence, as
for case a(B) = (3, the 2-coloring C is feasible, and dominates both C” and C”. I

2.3 Trees

In this section, we restrict ourselves to trees and give a sufficient condition for optimality of the
natural 2-coloring in such graphs. We first prove an easy lemma that will help us to get our
result.

Lemma 1. For any connected graph G(V, E) with mazimum degree A, the size of a mazximal
independent set is at most ((A —1)n/A) + 1.

Proof. Fix a maximal independent set S and partition V into two sets S and S" = V \ S.
Consider a tree of G rooted at some vertex of S. Each vertex of S’ has at most A — 1 children.
Since S is an independent set, each of its vertices that is not the root is a child of a vertex of S’.
Hence, [S| < (A=1)|S|+1 = (A-1)(n—|S|)+1,ie, S| < (A=1n+1)/A < (A-1)n/A)+1
as claimed. I

We are ready now to prove the main property of this section.

Proposition 9. Consider a tree T(V,E) of mazimum degree A. If, for any v; € V, p; >
Alogn/n, then 2-coloring is optimal.

Proof. Fix an optimal coloring C* = (57, 55,...,5}), k > 2, ordered by decreasing value of S;s,
t =1,...,k. By what has been discussed previously, S] is a maximal independent set and, by
Lemma 1, |S7] < ((A —1)n/A) + 1. Based upon Propositions 1 and 4, the value f(C*) of C* is



greater than the value of a (possibly unfeasible) coloring (S}, 5%, S5) where S| would contain S
plus (((A —1)n/A)+ 1) — |S7| additional vertices, S} would contain the rest of the vertices of G
but one of minimum probability, and S% would contain only a minimum-probability vertex. In
other words based upon the hypotheses of the proposition and the local optimality arguments
developed in Section 2.1:

(A=1)n

(5> 1- (1— Alog”) ’

n

+1 n_9
Al A Al
1o <1_ ogn> , Alogn 7)

n n

Let us first consider the case where 4 < n < 7. Then, by local optimality arguments, the
best 3-coloring is worse than a (probably infeasible) 3-coloring where the two lightest colors are
singletons. In other words,

(e =1-

n—2
(1_Alogn> +2Alogn

n n

An exhaustive study of all the possible pairs (n, A) for this case shows that f(C*) > 2

For 8 < n < 11 also, an exhaustive study of (7) leads to the same result.

Assume now n > 11. For any € € [0,1], log(l —¢) < —e. Applying this inequality with
e = Alogn/n, we get from (7):

(A=1)n

(1_Alzgn> a Tl _ exp{(erl)lOg( Alogn)}

Alogn a2 B n Alogn nn
(-5 - oG (- < 5 “

By convexity, e*¢ < ee? + (1 —¢€), Ve € [0,1]. Hence:

2A
- 2 _
n < A(e” —1)logn n 1
n n?

Expressions (7), (8), (9) and (10) derive:

2 _
f(S*)>2+Alogn<1_(e 1)_ 2 >>2

- (10)

n n Alogn

while the natural 2-coloring of T" has value less than 2 and the proof of the property is completed. il
Corollary 1. IfVv; € V, p; = 2logn/n, then 2-coloring is optimal on paths.

The bound given in Corollary 1 is the best possible for paths as the following proposition shows.
Before introducing it recall that, by Proposition 7, an optimal coloring on paths uses either 2
or 3 colors. Remark, furthermore, that if the optimal coloring on a path uses three colors,
then determining the heaviest one thoroughly determines the whole coloring. Indeed, removal
of the heaviest color from the path, produces a set of connected sub-paths. Then, proceeding as
described in the beginning of Section 2.2 optimally completes the coloring.

Proposition 10. If we only assume that, for any v; € V p; > Xlogn/n, with A < 2 then there
exist paths where the optimal coloring uses three colors and the least-value color is arbitrarily
large.



Proof. Fix m = n'~*?2/(2\logn). Consider a path of length n — m, where odd vertices have
probability 1, while even vertices have probability & = Alogn/n. Now select at random m
vertices of probability 1 and, for each of them, insert just behind it a new vertex with presence-
probability a. The size of the so-obtained path is n.

Obviously, the natural 2-coloring of this path has value 2, while the 3-coloring C' induced by
setting ST = {i : p; = 1} (see the remark just before the statement of the proposition) has value
f(C)=3—(1—a)™™/2 _(1—a)™. Since log (1 — a) = —a+o(a) = —Alogn/n+o(logn/n),
we get:

n—

(1-a)"3" = elosl-0)5™ _ 2§ +ollogn) _ L+o(1) (11)

€ A
2
1 1
cro(h) ey
2n?2 2n?2

Combination of (11) and (12) leads, after some easy algebra, to f(C) < 2 and completes the
proof. 1

n
_2A
(1— )™ = e “Em+o(=9E52) = (ko) — g

Remark 1. Similar, though more complicated constructions show that if we only assume that,
Vv, € V, pi = Alogn/n, with A < A, then there exist trees of maximum degree A where the
optimal coloring uses three colors and the least-value color is arbitrarily large. |l

Proposition 11. On general bipartite graphs, even on trees, it is impossible to find any lower
bound €, — 0, such that, if Vv; € V, p; > €,, then 2-coloring is optimal.

Proof. Suppose, a contrario, there exists such an ¢, and consider the following tree:
o V= (A B) = {ai}icn U{bi}icn;
o B ={{aibi}icn} U {{bi; al}icn};
e Vi <n, p(a;) = p(b;) =€, and p(a,) = p(b,) = 1.

Clearly, f(A, B) =2 while f({ai,bi}i>2,{a1},{b1}) =1+ 2¢,. 11

3 PROBABILISTIC COLORING in general bipartite graphs

We first prove a complexity result claiming that PROBABILISTIC COLORING is polynomial in
bipartite graphs when vertex-probabilities are bounded below by any fixed constant.

Proposition 12. If vertex-probabilities are bounded below by a fized constant, then PROBABILIS-
TIC COLORING is polynomial in bipartite graphs.

Proof. Consider a bipartite graph B(U, D) of order n, and denote by C' = (U, D), the natural
2-coloring of B. Denote by C" = (51, Sa,...,Sk) any k-coloring (a fortiori an optimal one). As
previously, we denote by f(C) and f(C”) the values of C' and C’, respectively. The proof of the
proposition is essentially based upon the following claims.

Claim 1. The size k of C' verifies k < f = -2

Pmin

Proof of Claim 1. For any color S;, f(S;) = pmin; hence, f(C') > kpmin. Since f(C) < 2, the
result follows. 0

Claim 2. At most two colors of C’ can have a size greater than o = In(3)/—In(1 — pyin)-



Proof of Claim 2. A color S; of size greater than « satisfies f(S;) > 1—(1—pmin)* = 1-1/3 =2/3.
Since f(C) < 2, the result follows. O
Henceforth, one can solve the problem with the following algorithm:

e consider all the possibilities of putting at most « vertices in each (eventually empty)
color S;, for 1 = 3,..., 0 and, for each of these possibilities, color optimally the remaining
(uncolored) vertices;

e return the best solution computed in the previous step.

This algorithm is optimal thanks to Claims 1 and 2. There exist at most O(n®) choices for
each color S;, i > 3, hence O(no‘(ﬂ_2)) choices for colors S3,...,53. Since o and 3 are fixed
constants, and since one can optimally 2-color a bipartite graph in polynomial time, the result
of the proposition follows. i

3.1 Standard approximation of PROBABILISTIC COLORING in bipartite graphs

We now settle the general case for stochastic bipartite graphs where there exist vertex-probabi-
lities arbitrarily small (i.e., depending on n).

Proposition 13. In any bipartite graph B(U,D,E), its 2-coloring C = (U, D) achieves standard-

approximation ratio bounded by 2. This bound is tight even on paths.

Proof. Consider a bipartite graph B(U, D, E). A trivial lower bound on the optimal solution
cost (due to Proposition 1) is given by the unfeasible 1-coloring U U D with all the vertices having
the same color. Hence, denoting by C*, an optimal coloring of B, we have:

fUUD) < f(C) (13)

Assume that f(U) < f(D). Then, since D CUUD, f(D) < f(UU D). Therefore, using (13)
()= fU)+ f(D) <2f(D) < 2f(UU D) < 2f(C%), qed.

1—¢ ¢
1 2
3 4
€ 1—c¢

Figure 1: Ratio 2 is tight for the 2-coloring of a bipartite graph.

For tightness, consider the 4-vertex path of Figure 1. The 2-coloring has value 2 — 2¢ + 2¢2,
while the 3-coloring {1,4},{2},{3} has value 1 + 2¢ — €2. For € — 0, the latter is the optimal
solution and the standard-approximation ratio of the two coloring tends to 2. i

We now improve the previous result, thanks to the following algorithm, denoted by 3-COLOR
in what follows:

1. compute and store the 2-coloring Cy = (U, D);

10



2. compute a maximum weight independent set S of B, where the weight of a vertex of
probability p is —log(l — p) (and the weight of an independent set is the sum of the
weights of its vertices);

3. output the best coloring (break ties at random) among Cy and C; = (S,U \ S,D \ 5) (in
the case where Cy and C are equally good randomly output one of them).

Obviously, 3-COLOR is polynomial, since computation of a maximum weight independent set can
be performed in polynomial time in bipartite graphs (|10]).

Proposition 14. Algorithm 3-COLOR achieves a standard-approrimation ratio bounded above
by 8/7 in bipartite graphs.

Proof. Note first that the independent set found in step 2 maximizes the quantity:

1
[T (1—pi)

v; €S

> —log (1 —pi) =log

v, €S

and hence, it maximizes f(.9).
Consider an optimal solution C* = (57, 55,...5}), and assume w.l.o.g that f(S}) > f(S5) >

co 2 f(Sp). Set vy = /1= fUUD) = /ll,,eppi> @ = /1= f(S) = /I],,espi and B =
\/Hyigspz’ =7/a.

Since S is a maximum weight independent set, f(S) > max{f(U), f(D)} > 1 — ~, hence
a < f.

Based upon Proposition 2, the worst case for Cy is reached when it is “highly” non locally
optimal, i.e., when f(U) = f(D). In other words:

f(Co) = fU)+ f(D)<2(1—7) (14)
By exactly the same reasoning:
F(C) = [(S)+ FU\S)+ f(D\S) <1—0a”+2(1-p) (15)

Remark also that f(S7) < f(S1) = 1—a?. If this inequality is strict, then, applying Proposition 2,
one, by (virtually) emptying some colors S¥, j > 1, can obtain a (probably infeasible) coloring C’
such that f(C’) < f(C*) and the heaviest color of C’ has value 1 — a?; in other words:

fCH=f(C)z1-a?+1-p2 (16)
Using (14), (15) and (16), we get (omitting, for simplicity, to index p by 3-COLOR):
_ [ [(C) f(C) [ 2(0-0f) 3-0a’-28
p(B) - mln{f(c*)’ f(C*)} < mln{Q —a? _ﬁ2’ 2 _ a2 _52} (17)

Recall that 0 < a < 8 < 1. We now show that function fi(z) = 2(1 —ax)/(2 — 22 — a?)
is decreasing with x in [, 1], while function fo(z) = (3 — o? — 22)/(2 — 22 — a?) is increasing

with z in the same interval. Indeed, by elementary algebra, one immediately gets:

—2a(r — «) (w — (%)) 18)
(2 — 22 —a?)?
—2(z —1) (3: — (2 — a2))

o) = = iy (19)

fl@) =

11



In (18), (2 — a®)/a > 1; so, fi(x) is nonnegative for x € [a, 1] and, consequently, f; is non-
decreasing with x in this interval. On the other hand, in (19), since x < land a <1, 2 —1 <0
and x — (2 — a?) < 0. So, fi(z) is negative for = € [a, 1] and, consequently, f» is decreasing
with z in this interval.
In all, quantity min{ f1(3), f2(5)} achieves its maximum value for (3 verifying f1(3) = f2(5),
or when 2(1—af) = 3—a?—23, i.e., when 3 = (1+«)/2. In this case (17) becomes (for a < 1):
2(1-(H%)a)  8-4a—4a® 8

B) < = < =
P(B) 2_(1+Ta)2_a2 7T—2a—5a% "7

and the proposition is proved. il

Notice that this bound is tight, even in paths. For instance, consider the case where the
graph is a path on 7 vertices, vi,...,v7, and the vertex-probabilities are p; = py = 1 — ¢,
p2 = p3 = € and ps = pg = p7 = 1/2, for some € > 0 arbitrarily small. Then, f(Cy) > 2 — 2.
On the other hand, S = {v1,v4,v7} is a maximum weight independent set. Hence, 3-COLOR
can output the 3-coloring (S, {v2,v5}, {v3,v6}) of value greater than 1 — 2 +2 x 1/2 = 2 — £2,
while the solution given by S} = {v1,v4,v6}, S5 = {v2,vs5,v7} and S5 = {v3} has value at most
1+(1-(1—-¢)/4) +e<7/4+5¢/4.

It seems also natural to wonder whether the ratio achieved by 3-COLOR is improvable or not
when dealing with the identical probability case. Unfortunately, there exist arbitrarily large
instances in which, if 3-COLOR is allowed to arbitrarily choose some maximum independent set,
then it achieves standard-approximation ratio asymptotically equal to 8/7. For instance, fix an
n € N and consider the following bipartite graph B(U, D, E) consisting of:

e an independent set S; on 2n? vertices; n? of them, denoted by vllj, .. ,1)17}2 belong to U and
the n? remaining ones, denoted by v}j, ... ,’0%2 belong to D;

e n paths Pi,..., P, of size 4 (i.e. on 3 edges); set, for i = 1,...,n, P, = (r},r2,r3,rd),
1

where 7,73 € U and r?,r} € D; S; and the n paths P, are completely disjoint;

171 171

e two vertices u € U and v € D; u is linked to all the vertices of D and v to all the vertices
of U;

e forany v, c UUD, p;=p=1n2/n.

The graph so-constructed is balanced (i.e., |U| = |D|) and has size 2n? +4n + 2. Figure 2 shows
such a graph for n = 2.

Figure 2: An 8/7 instance for 3-COLOR with n = 2.
Apply algorithm 3-COLOR to the so-constructed graph B. Coloring Cy = (U, D) has value:

f(Co) =2 (1— (1 —p+est) (20)

12



On the other hand, one can see that several maximum independent sets of B exist, each consisting
of the 2n? vertices of S; plus two vertices per any of the n paths P;, i = 1,...,n. Assume that the
maximum independent set computed in step 2 of algorithm 3-COLOR is S = S1 Uj=1,..n {’I“il, ’I“;l .

In this case, |S| = 2n% + 2n, and |U \ S| = |D \ S| = n + 1; hence, the value of the coloring
Cy=(S,U\ S,D\ S) examined in step 3 has value:

FC)=1-(01-p)* 4 2(1-(1-p"H) (2)
Finally, consider the coloring C' = (31, 92, 93) of B where:
o 81 =51 Uiz1,.n {p},pf};
o Sp={v}Uic1,n (P2, 0}};
o 53 ={ul.

Obviously:
£(€) =1 (L=pp™ 2 41— (1= 4 22)

One can easily see that, for n — oo and for p = In2/n, (20), (21) and (22) give respectively:
f(Co) =2, f(C1) — 2 and f(C*) < f(C) — T/4.

Notice that the tightness of the bound 8/7 can be shown (under identical probabilities and
under the same hypothesis on the way it works) for algorithm 3-COLOR also on trees by means
of the following instance T presented in Figure 3, for n = 2. There, the root-vertex ag of T

has n? + 1 children ay,...,a,z2,by. Vertices {ay,...,a,2} have no children, while vertex by has
n?+1 children by, ..., b,2,co. Again, vertices by, ...,b,2 have no children, while vertex cy has 2n
children ¢y, ..., co,. Finally, vertex co, has no children while any vertex ¢;, withi =1,...,2n—1,

has a single child-vertex d;. Assume that all the vertices have probability In2/n.

ao

di d2 d3

Figure 3: Lower bound 8/7 is attained for 3-COLOR even in trees (n = 4).
The tree T so-constructed gives, as in the previous example, a balanced bipartite graph (i.e.,

|U| = |D|) and has size 2n% + 4n + 2. Apply algorithm 3-COLOR to T and set Cjy = (U, D).
Assume that the maximum independent set computed in step 2 of algorithm 3-COLOR is S" =
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{ag, ... ap2,b1,...,bp2,Cni1y. -y Copnydi, ... dy}. Then the coloring C' = (S, U\ S, D\ 5’) is
also examined in step 3. Besides, coloring C’ = (571,53, 5"3) with

SAfll = {al,...,an2,b1,...,bn2,61,...,62n}
Slg = {a(), Co,dl, e ,dgn_l}
S's = {bo}

is the best one. Some easy algebra derives then ratio 8/7 for 3-COLOR when running on the
considered tree.
Algorithm 3-COLOR is a simplified version of the following algorithm, called MASTER-SLAVE!:

1. compute and store the natural 2-coloring (U, D);
2. set B1(Uy,Dy) = B(U, D);

3. set1=1;

4. repeat the following steps until possible:

(a) compute some maximum independent set S; of By;
(b) set (Uit1, Dit1) = (Ui \ Si, Di \ Si);

(¢) compute and store coloring (S1,...,S;, Uitr1, Dit1);

5. compute and store coloring (S1,Se,...), where S;’s are the independent sets computed
during the executions of step 4a;

6. output C, the best among the colorings computed in steps 1, 4¢ and 5.

This algorithm, obviously provides solutions that are at least as good as the ones provided
by 3-COLOR. Therefore its standard-approximation ratio for PROBABILISTIC COLORING is at
most 8/7. We show that it cannot do better (always as it is, i.e., allowing it to arbitrarily choose
the consecutive independent set .S; in step 4a), even in the case of identical probabilities. Indeed,
consider the counter-example after the proof of Proposition 14. After computation of S the
surviving graph consists of the vertex-set Uizlw,,n{r?, ’I“?} U {u,v}. In this graph, the maximum
independent set is of size n + 1 (say the vertices of the surviving subset of U). In other words,
colorings C; computed, for ¢ > 2 by MASTER-SLAVE are the same as coloring C; computed by
3-COLOR.

Notice, however, that the counter-example on trees, presented just above, does not work if
algorithm MASTER-SLAVE is applied instead of 3-COLOR.

Algorithm 3-COLOR colors any bipartite graph with three colors. We show in the sequel that
it is “optimal” in the sense that no polynomial time algorithm that 3-colors the vertices of a
bipartite graph can guarantee a better standard-approximation ratio.

Proposition 15. The problem of finding the best 3-coloring is NP-hard in bipartite graphs, even
under identical probabilities. Moreover, it is not (8/7 — €)-approximable, for any e > 0, unless
P= NP.

IThis kind of algorithms approximately solving a “master” problem (COLORING in this case) by running a
subroutine for a maximization “slave” problem (MAX INDEPENDENT SET here) appears for first time in [20];
appellation “master-slave” for these algorithms is due to [26].

14



Proof. The reduction is from the precoloring extension problem on bipartite graphs that is
shown to be NP-complete in [9] and is defined as follows: given a bipartite graph B(U, D, E)
and three vertices vy, vy and v3 in U, we wish to determine if there exists a 3-coloring (S, S2, S3)
of B such that v; € S;, 7 =1,2,3.

Consider a bipartite graph B(U, D, E) instance the precoloring extension problem. Set Uy =
U\ {v1,v2,v3} and let ¢ > 0. We construct the following bipartite graph B'(U’, D', E’) as
instance of our problem:

e start with the bipartite graph B;

e replace vertex v; by a set Sllj of k1 copies of v; and vertex vy by a set SZQJ of ko copies of vs;
for commodity define S3, = {v3};

e a vertex in S%'] is linked in B’ to a vertex w if and only if v; is linked to w in B;
e add to D’ a set S}j of k1 vertices, a set 512) of ky vertices, and a singleton S%;
e add all the edges between SiU and S{), for j # i;

o fix p=1/n? and set ky = [In(e)/In(1 — p)], and ko = [In(1/2)/In(1 — p)].

Note that the whole transformation of B into B’ is polynomial as k; = 6(n?) and ko = 0(n?).

We show that if the answer to the precoloring extension problem is yes, then opt(B’) <
7/4 + O(e) while, if this answer is no, then opt(B’) > 2 — O(g).

First, let us consider that the answer to the precoloring extension problem is yes, i.e., we have
a 3-coloring (S7, S2, S3) of B with v; € S;. Then consider the 3-coloring of B’ where one considers
the same colors for vertices in Uy and D, and colors vertices in SiU and Sf) with color ¢. This is
obviously a proper 3-coloring for B’. Moreover, by local optimality arguments of Proposition 2,
the worst case is achieved when all the vertices in U; and D are in the third color (since the sizes
of the two first ones are much bigger). Hence: opt(B’) < 3— (1 —p)%1 —(1—p)?¥2 — (1—p)"~! <
7/4+0(1/n?), as (1 —p)** >0, (1 —p)?*2 > 1/4 — O(1/n?), and (1 —p)"~! > 1 — O(1/n?).

Now, suppose that the answer to the precoloring extension problem is no. We show that
opt(B’) is at least (nearly) equal to 2. Remark first that, for any i, all the vertices in S}, have
the same neighborhood (this is also true for S%,). Hence, there exists an optimal solution in which
all these vertices will receive the same color (it easily follows from local optimality arguments).
We reason with respect to this optimal solution of B’. Now, consider the following cases:

o if Sllj and Sll) are not in the same color, then the value of the coloring is at least 2 — 2¢;
indeed, the value of S} is already 1 — (1 — p)*¥* > 1 — ¢ (the same holds for S});

o if Sllj and S}) are in the same color S, then S?] and S]% are not in S7; if they are not in the
same color, then the value of the coloring is at least 1 — &2 +1/2 4+ 1/2 = 2 — £2; indeed,
the value of Sy is at least 1 — (1 —p)*1 > 1 — €2, and the value of S (and S3) is at least
1—(1—p)k>1/2;

o if 5(1] and Sb are in the same color S1, and if SIQJ and S]% are in the same color Sy, then 5(3]
and S3, are in S3; but this is impossible since this gives a 3-coloring of the initial graph
and we have assumed that such coloring does not exist.

Discussion of the two cases above, implies that, for n sufficiently large, we have a lower bound

of 8/7—0(¢e). 1
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3.2 Differential approximation

In what follows, we denote by d,, the differential-approximation ratio of an algorithm A. When
it becomes clear by the context, index A will be omitted.

Worst solution for minimum graph-coloring consists of giving to each vertex of the input
graph an unused color ([11, 12, 14, 15|). For PROBABILISTIC COLORING, the value w(G) of such
solution is equal to >, v pi.

Let us first notice that on the contrary to the standard ratio, the differential ratio of the
natural 2-coloring for bipartite graphs is unbounded below. Indeed, consider the following path
on vertex-set {v1, v, ..., Vo) With py =py =1 and p; = 1/n?, i =2,3,5,...,n+ 2. Then,

5 (2+1)-2 0
C+3) - (2-(-H) +3%) "

Furthermore, one can easily show that neither § is a refinement of p, nor p is a refinement of §. In
other words, it is possible to find sequences of paths where 2-coloring is not optimal and verifies:

1. 6 > 1land p — 1;
2.0 —0and p—1;

3.0 — 1 and p — 2 (the standard-approximation ratio achieved by the 2-coloring even in
paths);

4. § > 0and p — 2.
Indeed, consider the following paths:
e foritem 1: V={v;:i=1,...,n}, p; =1, for i = lmod3, p; = logn/n, otherwise;
e for item 2: V = {v1,v2,v3,v4}, p1 = ps = 1/n, pa = p3 = 1/n?;
o foritem 3: V. ={v; :i=1,...,n}, p; = 1, for i = lmod3, p; = 1/n?, otherwise;
o foritem 4: V ={v;:i=1,...,n}, p1 =ps = 1, p; = 1/(n — 2)?, otherwise.

We now prove a positive result for 2-coloring that only works under the assumption that vertices
have identical presence-probabilities.

Proposition 16. In bipartite graphs, under identical vertex-probabilities, the differential ratio
of 2-coloring is bounded below by 1/2, and this bound is tight even in trees.

Proof. Denote by S* a maximum-cardinality independent set in a bipartite graph B(U, D). By

Propositions 1 and 4, the worst case for 2-coloring (U, D) is when |U| = |D|, while the best

3-coloring C* is never better than the (possibly unfeasible) coloring (S*,U \ S*, D\ S*), where
|U\ S*| = |D\ S*| = 1. Thus, the following inequalities hold:

1, D) <2 (1-(1-p)f) (23)

F(C)z1+2p-(1-p"? (24)

Combining (23) and (24) we get:

np—2(1—(1—p)%>
126> 5
np—(1+2p—(1-p)"?)
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In order to prove that § is bounded below by 1/2, it suffices to show that ¢ is non-negative,
where ¢ is defined as follows:

o) = 2(mp-2(1-(1-p?)) = (- (1+2—(1-p)"?))
= (n+2p-3-(1-p)"*+4(1-p)

w3

Function ¢ belongs to C?[0,1] and its derivatives are:
Pdp) = n+2—20(1—p) 2 +(n—-2)(1—-p)" 3
#'0) = nn=2)1=p)i? = (-2n-3)(1-p)"t >0

that involves ¢'(p) > ¢’(0) = 0 and, finally, ¢(p) = ¢(0) = 0, which is the expected result.
In order to show tightness, consider the following bipartite graph B(D, U, E) (that is, in fact,
a tree) with:

o U={u;:i<n/2} and D ={d; : i < n/2};
o F={(a1,b;):1<n/2} U{(a;,b1) i< n/2};
e p=1/(nlogn).
The optimal coloring C* of B is C* = ({a;,b; : i,j > 2},a1,b1). So:

D) = 2(1 <1 ! )_ = L . ( ! >
: — — _ = - 0
nlogn logn 4log2n loan

1 \"? 2 1 1 1
cy = 1—(1- = -
F(e) < nlogn) +n10gn logn 2log2n+0<log2n)

np_f(U’D)

= -

1
np—f(C*) 2

The proof of the proposition is now complete. I

Let us now revisit algorithm 3-COLOR already studied in Section 3.1 under the standard-
approximation paradigm. In what follows, we analyze its differential-approximation ratio and
show the following result.

Proposition 17. The differential ratio of 3-COLOR in bipartite graphs is bounded below by 4/5
and this bound is tight.

In order to prove Proposition 17, let us at first introduce some further notations. For a bipartite
graph B(U,D, E), we set V=UUD. For any H C V we set:

o(H) = Z bi

Let S be the maximum weight independent set computed at step 2 of 3-COLOR in B(U, D, E).
Using notations above, the differential-approximation ratios of the two candidate solutions Cjy
and C7 compared at step 3 of the algorithm are, respectively,

o(V)—=2+7(U)+n(D)
o(V)=2+7(S)+n(V\S)
o(V)=34+n(S)+x(U\S)+n(D\S)
o(V)=2+7n(S)+n(V\S)

do

01
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Denote by C the solution that algorithm 3-COLOR returns at step 3 and recall that C =
argmin{|Co|, |C1|}. In other words, the differential ratio of the solution returned at this step
is 0 = max{dp,01}. Finally, set H = {SND,SNU,D\ S, U\ S}. Recall also that, by local
optimality arguments, the value of an optimal coloring C* is never better than the value of the
(generally unfeasible) coloring S,V \ S. Then:

f(C) = min{f(U,D), f(S,U\S,D\S)}
= min{2 —7(U) —n(D),3 —7(S)—7n(U\S) —n(D\S)}
FC%) = f(S,VAS)=2-n(5) —x(V\S)

Lemma 2. Algorithm 3-COLOR reaches its worst ratio when, for any H € H, all but one vertices
of H have probability 0.

Proof. Notice first that, since for every A, B C V, 7(AU B) = w(A)n(B), once values of 7(H)
are fixed for some H € H, then f(U, D), f(S,U\S,D\S) and f(S,V'\S) are also fixed, regardless
how probabilities are dispatched inside these sets.

When a, b are fixed constants such that 0 < a < b < z, then function (x —b)/(z —a) =1 —
(b—a)(x—a) increases with x. Thus, once, for some H € H, w(H) is fixed, the differential ratio ¢
reaches its worst value when o (V') is minimum. i.e., since elements from H are disjoint for every
H € 'H, ¢ reaches its worst value when o(H) is minimum and this happens when (1 —p;)
is maximized. It is easy to verify that quantity ), (1 —p;) is maximized when |H|—1 vertices
of H have probability 0 and only one has probability equal to 1 — w(H). This concludes the
proof of the lemma. Il
Proof. (Proposition 17) Using Lemma 2, we identify, for simplicity, any H € H with its only
vertex of probability 1 — 7w(H) > 0. Consider the following variables:

m(SND)—-m(SNU)

r = > (27)
, w(SﬂD);W(SOU) 8)
AT B CAE) 29)
. m(D\S) ; (U \ S) (30)

Using (27), (28), (29) and (30), ratios dyp and d; in (25) and (26), respectively, can be rewritten
as:
22y =2t+(y+a)(t+2)+ @y —x)(t—=2)
2 =2y —2t+ (y? — 2?) + (12 — 22)
B 2 -2y —2t 4 2yt + 222 (31)
o 2-2 -2t + (% —a?) + (12— 22)
1—2y+y*—a?
5 = yry —v (32)
2 -2y — 2t 4 (y? —a?) + (12 — 22)
Notice that the sign of z and z is indifferent to 41, while dg is minimal when these two variables
have opposed sign. So, let us suppose, w.l.o.g, that x is nonnegative while z is nonpositive. Our
goal is now to minimize max{do, d1 }, under the following constraints:

d =

y,t €]0,1]

0<z<yandz < (l-—y) (33)
t—1<z<0and —t<z

0<t—y (34)
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The last constraint is a direct consequence of the definition of S to be a maximum-weight
independent set; the rest of the above constraints result from definition of x ,y, z and t.

We first focus on case where the 3-coloring C; computed by 3-COLOR is better than the
2-coloring Cj, in other words, §; > dy. Then:

So<& & 2(1—y) > (1—y®) +2°+ 222

22 (z + 22)?
= 4(1—t)2<(1—y)2—2x(x+2z)+ﬁ
2
2
& (1-—y?—22—40 —t)> +42%2 > (224 2)? (1_(1—3/)2) (35)

For convenience, let us introduce a new function ®;(x,y,z,t) = d1 — (4/5), that is negative if
and only if d; is smaller than 4/5. From (32), this function is defined by:

o = 5(1—2y+y®—a?) —4(2-2y—2t+ (v —2%) + (> = 2?))
= 41 —-t)?+422+ (1 —y)* —2? (36)
Combining (33), (35) and (36) we get:
2
> 2(1- % >
®y > (22 4 2) (1 i y)2> >0 (37)

Let us now assume that |Cy| < |C1]. We show that function &g = Jp — (4/5) is also nonnegative,
where, by (31):

Dy = 5(2—2y—2t+2yt+22z) —4(2-2y —2t+ (y* —2?) + (£ - 2?))
= 2— 2y — 2t —4y? — 4t> + 10yt + 10xz + 4z? + 42>

Function ®q is C* and, by (34), 0®q/0t = —2 — 8t + 10y < 0. Hence, @ is decreasing with ¢ as
long as t > y. Following assumption that dy > d1, we get:

H<d & 2t(1—y) < (1—y?) +a?+ 222

( 2) + 22+ 222
= Py(z,y,2,t) = Po | z,vy, 2,
( ) 2(1 —vy)
( y2) + 22 4 222
= q)()(x7y7 Z7t) 2 (I)l x,Y, %z, 2(1 ) 2 0 (38)

Putting (37) and (38) together, we conclude that 6 = max{do,d;} > 4/5.
In order to show tightness, consider the following graph:

o U= {ug,ur,uz}, D= {do,dy1,ds}, E = {(u1,dz), (u2,d1)} U ({uo} x D)U ({do} x U);
® Dy, =Pd, = 1/2, pu, = pa, = 1/4, Puy = Pd, = €, for a positive e arbitrarily small.
Then, S = {uj,d;} and:

fO) = mmze_%x_u_@>g—(;Y+2@_zu—q)y:§+0@

3
4

1 2
()
-340(0 4
)

3
5<2—:
524+ 0()

N

2
e %)%&e—L+OO
+0(
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The proof of Proposition 17 is now complete. 1
We conclude this section by showing that the differential-approximation ratio of 3-COLOR is
even better if one assumes identical vertex-probabilities, as shows the proposition below.

Proposition 18. Under identical vertex-probabilities, the differential ratio of 3-COLOR in bipar-
tite graphs is bounded below by 0.9 and this ratio s tight.

Since enumeration of any possible coloring for graphs of bounded-size can be performed in poly-
nomial time, we can assume, without loss of generality, that n is arbitrarily large. In order to
prove the proposition, let us introduce the following variables:

n 2

(1—z)n
a = (1-p) >
B = (1-p=

It is easy to see that (z,p) — (a, ) is bijective and infinitely differentiable on [1/2,1[x]0,1[—
{(a,b) : 0 <b<a<1}.

Algorithm 3-COLOR produces coloring (S, U\ S, D\ S). By Propositions 1 and 4, this coloring
attains its worst possible value when |U \ S| = |D \ S| = n(1 — z)/2; hence:

(1—z)n

fS,UNS,D\S)<3—-(1—p)™ =2(1—p) > (39)

As previously, let us denote by § the differential ratio of 3-COLOR. Combining (23), (39) and using
the inequality f(C*) > 2— (1 —p)™* — (1 —p)™1=?) (obtained by local optimality arguments and
the fact that |S*| = nx), we get:

(1—z)n

> 6 > np—3+(1—p)*+2(1—p) = _ 1
np—2+(1—p)m+ (1 -pnt==  &(z,p)
n(l—(aﬂ)%) -3+ 3 +2a
>
n(l—(aﬁﬁ) —2+a2+ 3
mp—2(1-(1-p)?) 1
1 >0 = = =
np =2+ (1 —p)me + (1 — p)n(i=2) E(z,p)
n (1 - (aﬁ)%) — 24+ 20«
> 5 (40)
n(l— (aﬁ)ﬁ) —2+a?+ 2
Lemma 3. Ratio 0 reaches its worst value on line 8 = 2a — 1.
Proof. The following hold for functions = and &:
0Z(z,p) _ nlog(l—p) ((1L—p)™ —(1-p)"=") (41)
Oz np—2—2(1—p)s
ox

n(l—x) 2
(np =3+ (1 -pm+2(1 —p)T>
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where:

v(z,p) = ((1 —-p)"r—(1- p)"(lfx)) (np -3+ (1 -p™+2(1— p)@>
—(A=p = =p)"F7) (- 2+ (1= p)™ + (1= p)"0 )
= AB-CD

Since (1—z)/2 < 1—x < z, and p < 1, it is easy to see that the derivative in (41) is nonnegative,
while (42) has the same sign as —v. Notice that C < A < 0 < B < D, that means v > 0. Thus,
when p is fixed, min{®, =} is maximized for some z satisfying:

n (1—z)n
O(z,p) =Z(z,p) & 2(1-p)2+1-2(1-p) 2 —(1-p)*™

s 2084+1-20—-32=0 & B=2a-1

that completes the proof of the lemma. il

To get the ratio claimed, we bound by below the value of the worst solution f(C,,) =n(1 —
(aB)?/™).

First, if (a3)%/™ <1 —20/n, then f(C,,) = 20. Since the 2-coloring has value at most 2, we
obtain a ratio greater than (20 — 2)/20 = 9/10.

Otherwise, a8 > (1—20/n)"™2. For a sufficiently large n, we get a8 > e~ for some constant
M > 10. Hence, 0 > log(af) > —M.

Using the fact that, for any = < 0, €* < 1+ + 22/2, we get: (a3)?/" <1+ 2log(aB)/n +
2log?(af)/n?. Then, f(Cy) = —2log(af) — 2log?(aB)/n.

By Lemma 3, the worst case is obtained for § = 2a — 1. Let u =1 — . Then 8 =1 — 2u.
Since log(1 —t) < —t —t2/2, for any t < 0, we derive log(a3) = log(a) + log(8) < —3u — 5u?/2.

Finally, note that z — 22 /n is increasing with z, for < n/2. For n large enough, — log(a3) <
M < n/2. So:

2
52y 2(3u+ %)
f(Cw)EQ(Su—i—T)—#:6u+5u2—u2><0(n_1) (43)
Then, using (43) in (40) leads to:
(o = p)?
by > 1-—
f(Cw) _2+062+ﬂ2
1 v
6u+5u? —u?2x O (n71) =24 (1 —2u+u?)+ (1 —4u + 4u?)
1
z 11— =77
10-0(n71)

In order to show tightness, consider the following bipartite graph G (U, D) illustrated in Figure 4
for n = 2:

e an independent set S on 2n vertices, n of them belonging to U and the n remaining ones
belonging to D;

e n paths of size 4, {(r},72,r?,r#) 1 i < n}, such that, for any of them, r} and r} belong

to U, while TZ-Q and ’I“;l belong to D;

e one vertex u € U linked to each vertex of D and, symmetrically, one vertex d € D adjacent
to each vertex of U;

21



Figure 4: The 9/10-tightness example.

e p=1/nlogn

An optimal coloring is C* = (SU {r},73 : i < n},{r?,r} i < n}u{d},{u}), while 3-COLOR

171 171

may produce, at worst, coloring C = (S U {ri,r} i <n},{r?:i <n}u{d},{r},i <n}uU{u}).

171

1 3n+1 6 9 1
UD) = 2[1-(1- = T o
f(U,D) < ( nlogn> ) logn log2n+0<10g2n>
1 4n 1 n+2
fe) = 1-(1- S el
nlogn nlogn

6 9 L+ 1
= — 0
logn  log?n log?n
1 4n 1 2n+1 1
f(@cry = 1-(1- +1—-(1- +
nlogn nlogn nlogn

6 10 L < 1 >
= — 0
logn  log?n log?n
(6n +2)p — f(U,D)
0 = — 9/10
G270

Hence:

This completes the proof of Proposition 18.

4 Particular families of bipartite and “almost” bipartite graphs: trees and
cycles

Let us first note that for “trivial” families of bipartite graphs, as graphs isomorphic to a perfect
matching, or to an independent set (i.e., collection of isolated vertices), PROBABILISTIC COLOR-
ING is polynomial, under any system of vertex-probabilities. In fact, for the former case, the
optimal solution is given by a 2-coloring where for each pair of matched vertices, the one with
largest probability is assigned to the first color, while the other one is assigned to the second
color. For the latter case, trivially, the 1-coloring is optimal.
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Also, under any vertex-probability system 2-coloring is optimal for stars. Indeed, the center
of the star constitutes a color per se in any feasible coloring. Then, Proposition 4 applied on
star’s leaves suffices to conclude the proof.

4.1 Trees

Recall that the counter-example of Figure 1 shows that the natural 2-coloring is not always
optimal in paths under distinct vertex-probabilities. In what follows, we study PROBABILISTIC
COLORING on trees. As previously, we assume, that |U| > |D|.

Proposition 19. PROBABILISTIC COLORING can be optimally solved in trees with complexity
bounded above by (n + 1)A(’7‘;A+k+1)+1 where A denotes the maximum degree of the tree and k the
number of distinct vertex-probabilities.

Proof. Consider a tree T'(N, E) of order n. Let pq,...,px be the k distinct vertex-probabilities
in T, n; be the number of vertices of T with probability p; and set M = Hle{O, ...,n;}. Recall
finally that, from Proposition 7, any optimal solution of PROBABILISTIC COLORING in 7" uses at
most A + 1 colors.

Consider a vertex v € N with § children and denote them by vy, ...,v5. Let c € {1,..., A+1}
and Q = {q1,...,qa+1} € MAT! where, for any j € {1,...,A+1}, ¢ = (¢15---,45,) € M. We
search if there exists a coloring of T'[v], i.e., of the sub-tree of T  rooted at v verifying both of the
following properties:

e v is colored with color ¢;
e g;, vertices with probability p; are colored with color j.

For this, let us define predicate P,(c, @) with value true if such a coloring exists. In other words,
we consider any possible configuration (in terms of number of vertices of any probability in any
of the possible colors) for all the feasible colorings for T'[v].

One can determine value of P, if one can determine values of P,,, i = 1,...,d. Indeed, it
suffices that one looks-up the several alternatives, distributing the ¢;; vertices (of probability p;
colored with color j) over the ¢ children of v (g;; may be ¢;; — 1 if p(v) = p; and ¢ = j). More
formally,

P =\ V (Pvl (c1, Q) A... AP, (C5,Q5)) (44)
(c1ye--rC5) (Ql,m,Qé)

where in the clauses of (44):
o for j=1,...,0, ¢; # c (in order that one legally colors v with color ¢),
o fors=1,...,8, Q° € MA*! and

e for any pair (7,5):

iqs_ _ { q; —1 if p(v) =piandc=j
Ji Q. otherwise
s=1 J

Observe now that |M| < (n+ 1)* and, consequently, [MAF| < (n + 1)FA+D | For any vertex v,
there exist at most n|M A“\ values of P, to be computed and for any of these computations, at
most (n|M271])? conjunctions, or disjunctions, have to be evaluated. Hence, the total complexity
of this algorithm is bounded above by n(n|MAH )L < (n 4+ 1)ARAEEDHL Ty conclude it
suffices to output the coloring corresponding to the best of the values of predicate P,(c,Q),
where r is the root of T'. 11
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Corollary 2. PROBABILISTIC COLORING s polynomial in trees with bounded degree and with
bounded number of distinct vertex-probabilities. Consequently, PROBABILISTIC COLORING is poly-
nomial in bounded-degree trees with identical vertex-probabilities.

Since paths are trees of maximum degree 2, we get also the following result.

Proposition 20. PROBABILISTIC COLORING is polynomial in paths with bounded number of
distinct vertex-probabilities. Consequently, it is polynomial for paths under identical vertex-
probabilities.

Let us note that for the second statement of Proposition 20, one can show something stronger,
namely that 2-coloring is optimal for paths under identical vertex-probabilities. Indeed, this case
can be seen as an application of Proposition 8. The maximum independent set in a path coincides
with U as any vertex of D is adjacent (and hence cannot have the same color) to a distinct vertex
of U. This suffices to prove the proposition.

Consider now two particular classes of trees, denoted by 7 and 7o, where all leaves lie
exclusively either at even or at odd levels, respectively (root is considered at level 0). Obviously
trees in both classes can be polynomially checked. We are going to prove that, under identical
vertex-probabilities, PROBABILISTIC COLORING is polynomial for both 7z and 7p. To do this, we
first prove the following lemma where, for a tree T, we denote by Ng (resp., Np) the even-level
(resp., odd-level) vertices of T.

Lemma 4. Consider T € To (resp., in Tg). Then No (resp., Ng) is a mazimum independent
set of T.

Proof. We prove the lemma for T' € 7p; case T' € Tg is completely similar. Set n, = |No|,

ne = |Ng| and notice that n, > 0 (otherwise, T' consists of a single isolated vertex). We will
show ab absurdo that there exists a maximum independent set S* of T such that S* = N (resp.,
S* = Ng).

Suppose a contrario that any independent set S* satisfies |S*| > n,. Then the following two
cases can OCCur.

S* C Ng. This implies [S*| < n.. Since any vertex in Np has at least a child, n. < n,,
hence |S*| < n,, absurd since N, is also an independent set and S* is supposed to be the
maximum one.

S* C No U Ng. In other words, S* contains vertices from both Np and Ng. Then, for any
vertex e € NN S* that is parent of a leaf, e has at least a children with no other neighbors
in §*. We can then switch between S* and its children, obtaining so an independent
set at least as large as S*. We can iterate this argument with the vertices of this new
independent set (denoted also by S* for convenience) lying two levels above e (i.e., the great-
grandparents of the leaves). Let g be such a vertex and assume that g € S*. Obviously,
all its children are odd-level vertices and none of them is in S* (a contrario, S* would
not be an independent set). Furthermore, none of these children can have a child ¢ € S*
because e is an even-level vertex previously switched off from S*, in order to be replaced
by its children. Thus, we can again switch between g and its children, getting so a new
independent set S* larger than the previous one. We again iterate up to the root, always
obtaining a new “maximum independent set” larger than the older one. Moreover, at the
end, the independent set obtained will verify S* = No. 11

Proposition 21. Under identical vertex-probabilities, PROBABILISTIC COLORING is polynomial
i To and Tg.

Proof. By Lemma 4, trees in 7p and 7g fit Proposition 8. So, for these trees, 2-coloring is
optimal. il
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4.2 Cycles

In what follows in this section, we deal with cycles C), of size n with identical vertex-probabilities.
We will prove that in such cycles, PROBABILISTIC COLORING is polynomial.

Proposition 22. PROBABILISTIC COLORING s polynomial in cycles with identical vertex-
probabilities.

Proof. Remark that in even cycles, Proposition 8 applies immediately; therefore, the natural
2-coloring is optimal.

Consider an odd cycle Coy41, denote by 1,2,...,2k + 1 its vertices and fix an optimal so-
lution C* for it. By Proposition 7, |C*| < 3. Since Cyi41 is not bipartite, we can immediately
conclude that |C*| = 3. Set C* = (57, 55,55) and denote by S* a maximum independent set
of Copqq; assume S* ={2i:i=1,...,k}, i.e, |S*| = k. By Proposition 4,

FEC)2f(S)+fi=1-0=p)"+ [ (45)

where f is the value of the best coloring in the rest of Cyk1, i.e., in the sub-graph of Coryg
induced by V(Cax+1)\ S*. This graph, of order k+ 1 consists of edge (v, vk11) and k— 1 isolated
vertices. Following once more Proposition 4, in a graph of order k + 1 that is not a simple set
of isolated vertices, the ideal coloring would be an independent set of size k£ and a singleton of
total value 1 — (1 — p)* 4 p. So, using (45), we get: f(C*) =2 —2(1 — p)¥ + p. But the coloring
C = (8*{2 —1:i=1,...,k},{2k + 1}) attains this value; therefore it is optimal for Caj1,
qed. 1

5 Split graphs
5.1 The complexity of PROBABILISTIC COLORING

We deal now with split graphs. This class of graphs is quite close to bipartite ones, since any split
graph of order n is composed by a clique K, , on n; vertices, an independent set S of size ng =
n—nq and some edges linking vertices of V (K, ) to vertices of S. These graphs are, in some sense,
on the midway between bipartite graphs and complements of bipartite graphs. In what follows, we
first show that PROBABILISTIC COLORING is NP-hard in split graphs even under identical vertex-
probabilities. For this, we prove that the decision counterpart of PROBABILISTIC COLORING in
split graphs is NP-complete. This counterpart, denoted by PROBABILISTIC COLORING(K) is
defined as follows: “given a split graph G(V, E) a system of identical vertex-probabilities for G
and a constant K < |V, does there exist a coloring the functional of which is at most K7”.

Proposition 23. PROBABILISTIC COLORING(K) is NP-complete in split graphs, even assuming
identical vertex-probabilities.

Proof. Inclusion of PROBABILISTIC COLORING(K) in NP is immediate. In order to prove
completeness, we will reduce 3-EXACT COVER ([13]) to our problem. Given a family & =
{51,852,...,Sn} of subsets of a ground set I' = {y1,72,...,7} (we assume that Ug,csS5; =T")
such that |S;] = 3,7 =1,...,m, we are asked if there exists a sub-family &' C S, |S’| = n/3,
such that &’ is a partition on I'. Obviously, we assume that n is a multiple of 3.

Consider an instance (S,T") of 3-EXACT COVER and set ¢ = n/3. The split graph G(V, E)
for PROBABILISTIC COLORING will be constructed as follows:

e family S is replaced by a clique K, (i.e., we take a vertex per set of S); denote by s1, ..., 8m
its vertices;

e ground set I' is replaced by an independent set X = {v1,...,v,};
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° (si,vj) e Eiff Yi ¢ Si;
e p>1—(1/q);
e K=mp+q(l—p)—q(l-p*

Figure 5 illustrates the split graph obtained, by application of the three first items of the con-
struction above, on the following 3-EXACT COVER-instance:

L' = {71,773 7,7, %}

S = {51,59,853,54,55}

S1 = {1m72,73}

Sy = {1,72,7} (46)
S3 = {713,74,75}

Ss = {v4,75,7%}

S5 = {73,776}

U1 %] U3 Vg Us Ve

Figure 5: The split graph obtained from 3-EXACT COVER-instance described in (46).

Suppose that a partition &' C S, |S'| = ¢ = n/3 is given for (S,T,¢q). Order S in
such a way that the ¢ first sets are in §’. For any S; € &', set S; = {7iy,Vis,Vis}- Then,
subset {s;,vi,,vi,,vis} of V is an independent set of G. Construct for G the coloring C =
({8is Uiy s Vig, Vig Fie1,.qs {8q+1 s - - » {Sm}). Tt is easy to see that f(C) = q(1—(1—p)*)+(m—q)p =
mp+q(1—p) —q(1-p)* = K.

Conversely, suppose that a coloring C' is given for G with value f(C) < K. There exist, in
fact, two types of feasible coloring in G:

1. C is as described just above, i.e., C = ({s;, Vi, Viy, Vig }i=1,....qs {Sq+1}s - - - s {Sm});

2. up to reordering of colors, C' is of the form:

¢ = (Sl’ ce 7SQ4’ SQ4+1a SRR SCI4+f13’ SQ4+613+1’ R SQ4+QS+Q2’
/
{UQ4+%+612+1} PR {UWL} ) X ) (47)
where:
e the g4 first sets are of the form: {s;,vi,,viy,vis}, 1 =1,...,qu,

e the g3 next sets are of the form: {s;,v;,,vi,}, i=q+1,...,q94+ g3,

e the ¢ next sets are of the form: {s;,v;;},i=q1+qs+1,...,q4 + g3+ qo,
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e the m — (g4 + g3 + ¢q2) singletons are the remaining vertices of K,,, which form a color
per such vertex and

e X' is the subset of X not contained in the colors above;

we remark that coloring ¢’ = ({s1},...,{sm},X) is a particular case of (47) with ¢; =
92 =q3=0.

If C is of Type 1, then for any color {s;,vi,,vi,,vis}, © = 1,...,q, we take set S; in &’. By
construction of G, set S; covers elements 7;,, vi, and ;, of the ground set I'. The ¢ sets so
selected form a partition on I' of cardinality q.

Let us now assume that C' is of Type 2 (see (47)). Note first that, for coloring C’ mentioned
at the end of Item 2 above, and for p > 1 — (1/q):

F(C)=mp+(1—(1=p)")>mp+q(l—p)—q(l—p)*=K (48)

Remark first that color X’ (see Item 2) can never satisfy |X’| > 4; a contrario, using the local
optimality argument of Proposition 2, since X' is the largest color, coloring C’ would have value
smaller than the one of C; hence the latter value would be greater than K (see (48)). Therefore,
we can assume |X'| < 3. In this case, one can, by keeping the g4 colors of size 4 unchanged,
progressively transform the rest of the colors by successive applications of Proposition 2 in order
to create new (possibly unfeasible) 4-colors. This can be done by moving vertices from the smaller
colors to the larger ones and is always possible since n — 3q4 is a multiple of 3. Therefore, at
the end of this processus, one can obtain exactly ¢ (possibly unfeasible) 4-colors, the remaining
vertices being colored with one color by vertex. Denoting by C” the “coloring” so obtained, we
have obviously, f(C") = K < f(C).

Therefore, by the discussion above, the only coloring having value at most K is the one of
Type 1, qed. I

Split graphs are particular cases of larger graph-family, the chordal graphs (graphs for which
any cycle of length at least 4 has a chord (|3])).

Corollary 3. PROBABILISTIC COLORING is NP-hard in chordal graphs even under identical
vertex-probabilities.

5.2 Standard-approximation results

For the rest of this section we deal with standard approximation of PROBABILISTIC COLORING in
split graphs. Let G(K, S, E) be such a graph, where K is the vertex set of the clique (|K| =m)
and S is the independent set (|S| = n). Fix an optimal PROBABILISTIC COLORING-solution
C* = (57,85,...,5;) in G(K, S, E).

Fact 1. m < k < m+ 1. Indeed, since vertex-set K forms a clique, any solution in G will use
at least m colors. On the other hand, if C* uses more than m colors, this is due to the fact that
there exist elements of S that cannot be included in any of the m colors associated with the
vertices of K. If at least two such colors are used, then, since both of them are proper subsets
of S (recall that S is an independent set), the local optimality argument of Proposition 1, would
conclude the existence of a solution better than C*, a contradiction. Il

Consider now the natural coloring, denoted by C', consisting of taking an unused color for
any vertex of K and a color for the whole set S (in other words C uses m + 1 colors for G).

Proposition 24. Coloring C is a 2-standard approzimation for split graphs under any system
of vertex-probabilities.
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Proof. Denote by C* = (S7,S55,...,5}), an optimal solution in G and assume that colors
are ranged in decreasing-value order, i.e., f(Sf) > f(S; ), ¢ = 1,...,k — 1. From Fact 1,
m< k<m+1 If k=m+1and ST is the color that is a subset of S, then local optimality
arguments of Proposition 4 conclude that C is optimal. Hence, assume that S is a color including
a vertex of K and vertices of S. For reasons of facility assume also that, upon a reordering of
vertices, vertex v; € K is included in color S7; also denote by p;, the probability of vertex v; € K
and by ¢; the probability of a vertex v; € S. Then,

> pit (1—1_[(1—%)) (49)
=1 =1

ipﬁr(l—l—mﬁl—qz) (50)
=2 =1

where (50) holds thanks to local optimality arguments leading to Proposition 4, when we charge
color ST with all vertices of S. Observe also that:

1-Tla-a) < 1-a-p)][0-a) (51)
1=1 =1
1= -p)[JC~a)>m (52)
i=1

Combining (49) and (50), and using also (51) and (52), we get:

oy e (efieew) g e See(eomflo-n)

—

< — - < - .
F167) Zpﬁ(l—(l—m)ﬂ(l—qi)) Zpﬁ(l—(l—pl)ﬂ(l—%))
=2 =1 =2 =1
14 _ b1 . (52 1+ p1m < 2
sz+<1—(1—p1)ﬂ(1—q¢)> P+ 2 pi
=2 =1 =2

and the proof of the proposition is complete. il

We now show the main positive standard-approximation result of this section, namely that
PROBABILISTIC COLORING in split graphs can be solved by a polynomial time standard-appro-
ximation schema, under any system of vertex-probabilities.

Proposition 25. PROBABILISTIC COLORING in split graphs is approximable by a polynomial
time standard-approrimation schema.

Proof. Consider a split graph G(K, S, E) and some optimal coloring C* = (57,55,...) of G,
with f(S7) = f(S5) > .... Assume, without loss of generality, that C* contains:

e some colors built from one vertex of K and some vertices of S
e some singletons of vertices of K;

e less than one color all of its vertices belong to S (by Proposition 1); we denote this color
by S;.

Then the following facts can be derived for the form of C*:
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1. for any i > r, S} is a singleton {k;,} C K;

2. for every i < r, the independent set (color) S} is maximal (for the inclusion) for the graph

Gi=G[V\ (SfU...US )] (where, fori =1, S, =0).

Indeed, for Fact 1, if there exists a color Sf = {kj,,sl,s?,...}, for i > r, then by the local

1929990
optimality arguments of Proposition 1 and given the ordering assumed for the colors S}, 55, .. .,

putting vertices s}, s?,... in S would improve the value of C*.

R

On the other hand, for Fact 2, if S} is not maximal for G;, there exists a color S7, j > 4, some
vertices of which can be legally introduced in S;. Given the ordering of the colors, introduction
of these vertices in S} would lead to improvement of the value of C*. Note now that, one can
conclude from Fact 2 that, if S} is not a singleton k; of K, but it also contains some vertices
of S\ (S;U...US ), then it contains all the vertices of S\ (ST U...U S} ;) that are not its
neighbors. This implies that if one could know exactly which vertex of K belongs to color S},
then one can exactly determine any color S}, for i < r.

Now, given a sequence X of k distinct vertices of K, we denote by C'x the set of the k colors
built following the rule of Fact 2. Consider also coloring C' consisting of taking an unused color
for any vertex of K and a color for the whole set S (i.e., the one studied in Proposition 24).
Revisit the proof of Proposition 24 and note that from (50), (51) and (52):

fF(C7) = F(C) = F(57) (53)

Consider the following algorithm SCHEMA (it is rather a family of algorithms parameterized by a
constant € > 0):

1. fix an € > 0;

2. set k= [1/e];

3. build and store coloring C' of Proposition 24 for G;

4. for any k' € {1,...,k — 1} and any sequence X C K of vertices, such that | X| = k'

(a) construct the k’-coloring C; derived by the vertices of X along the rules of Fact 2;

(b) consider the subgraph of G induced by the still uncolored vertices and built the col-
oring Cs of Proposition 24 for this graph;

(¢) build and store coloring C’ = (C1, Cs);

5. output the best coloring C among coloring C and the colorings C’ built in steps 3 and 4c,
respectively.

All executions of step 4 need at most O(m*) = O(m/'/¢l) while an execution of steps 4a and 4b
take at most O(nm). So, the overall complexity of SCHEMA is in O(nm!T(1/9)), polynomial if € is
fixed.

Note first that if r < k, then C is optimal. Indeed, any subsequence of K vertices of size
r — 1 has been processed during the iterations of step 4 and any of the colorings Cx obtained
has been completed by the still uncolored part of S (constituting a color) and by as many colors
as the yet uncolored vertices of K. By what has been discussed above, in Facts 1 and 2 and
just after them, one of the colorings so-built and completed is optimal and has been retained by
SCHEMA.
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If, on the other hand, » > k, then for the set X*, corresponding to C*, the coloring Cx«
obtained is C'x- = {57, 55,...,S;_,}. Furthermore, on the subgraph of G induced by the still
uncolored vertices, the coloring Cy obtained is such that (consider (53)):

F(C2) < f(Sks--550) + f(S5) (54)

where ¢ denotes the number of colors in C*. Using (54), we get:

r(€)<rey+ssn<re)(1eg) <sE)a

~

In other words, for any € > 0: f(C)/f(C*) < 1+ €. So, for a fixed € > 0, SCHEMA constitutes a
polynomial time standard-approximation schema for PROBABILISTIC COLORING in split graphs. il

We now show that the result of Proposition 25 is optimal since it is the best possible approx-
imability result even under identical vertex-probabilities.

Proposition 26. Unless P = NP, PROBABILISTIC COLORING, on split graphs, cannot be solved
by a fully polynomial time standard-approximation schema, even if identical vertex-probabilities
are assumed.

Proof. Revisit the proof of Proposition 23 and notice that it works for any p > 1— (1/q), where
g = n/3. Denote by |G|, the size of G in a suitable encoding. Notice finally that, given that
|X'| < 3, application of the local optimality principle of Proposition 2, in the case where the
initial instance of 3-EXACT COVER is a yes-instance (see [13]), the second best solution, for G
is coloring €' = ({s1},...,{sm}, X) with value f(C’) = mp+1— (1 — p)"; furthermore, C’ is
feasible in any split graph.

Assume that a fully polynomial time standard-approximation schema A, exists for PROB-
ABILISTIC COLORING in split graphs. Consider a graph G, resulting from the transformation
described in the proof of Proposition 23 from an instance (S,I') of 3-EXACT COVER, with
p>1—(3/n)say p=1— (1/w(n)), where w is some polynomial with positive coefficients.
Apply A, to G and take as final solution the best among the solution computed by this schema
and C'.

If (§,T) is a no-instance, then C’ is an optimal solution for G.

Suppose now that (S,T") is a yes-instance. In this case, the best coloring for G has value K
and C" achieves ratio:

fen mp+1—(1—p)" _ mp+1—(1—p)"
K mp +q(1 —p) —q(1 —p)* mp +q(1 —p) (1 — (1 —p)3)
mp+1—(1-p* _ | p(1 —p)*
mp +1— (1 —p)3) mp+1—(1—-p)?

Henceforth, execution of A on G with € < p(1 — p)?/(mp + 1 — (1 — p)?) will return the optimal
coloring of G with value K and, in this case, one can safely answer that (S,T) is a yes-instance for
3-EXACT COVER. Notice finally, that, since p = 1 — (1/w(n)), € = 1/mw3(n), i.e., 1/e ~ mw3(n).
So, A, becomes an optimal and polynomial algorithm correctly deciding 3-EXACT COVER. I

5.3 A differential-approximation result

Consider again natural coloring C' in split graphs, using m + 1 colors and consisting of taking
an unused color for any vertex of K and a color for the whole set S. We show that C' can be
used to build a polynomial time differential-approximation schema when vertex-probabilities are
identical.
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Proposition 27. PROBABILISTIC COLORING can be solved by a polynomial time differential-
approximation schema on split graphs, under identical vertex-probabilities.

Proof. Fix ¢ > 0 and consider a split graph on a clique K, and an independent set S of
cardinality n. Consider coloring C consisting of assigning an unused color for any vertex of K,
and a color for the whole set S. Then:

(m+n)p—(mp+1—(1-p)") L
“(mAn)p—((m—-Dp+1—-(1—p)") " n+1

If n < 1/e, then an optimal coloring can obviously be found in linear time (but exponential in
1/€). Otherwise, coloring C' achieves differential-approximation ratio 6 > 1 — ¢, q.e.d. Il

Let us conclude this section by showing that, on split graphs, under any distribution of
probabilities, the differential ratio of coloring C' of Proposition 27 may be unbounded below.

Consider a split graph G and assume that one of the vertices of K, and one of the vertices
of S (]S| = n) have probability 1, while any other vertex of the graph has probability p. Finally,
for the cross-edges, i.e., the edges between clique- and independent set-vertices, assume that only
one clique-vertex with probability p is linked with any vertex of S (i.e., there exist n cross-edges).
An optimal coloring C* for G consists of taking the vertex of K,, with probability 1 together
with all the vertices of S in the same color and color any of the other vertices of K,, with an
unused color. Then:

W@ = > pi = 2+(n+m-2)p
v, eV

f(C) = 2+(m—1)p

F(CY) < 14 m+m—2)p

24+ (n+m—-2)p—2—(m—1)p
24+ (n+m-=2)p— 14+ (n+m-—2)p)

>,
N

= (n—=1)p

It can be immediately seen that there exist values for p (for instance, p = 1/(n — 1)2) for which
0 — 0.

6 Final remark

There exists a list of interesting open problems dealing with the results of this paper. For
example, the complexity of PROBABILISTIC COLORING remains open, notably for natural graph-
families as: general bipartite graphs (under “small” probabilities), paths and cycles with distinct
vertex-probabilities, trees, etc. The time we have spent trying to handle these problem makes
us believing that they are indeed interesting open mathematical problems that deserve further
studies and research.
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