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Summary

The thesis deals with weighted generalizations of the classical graph vertex/edge-
coloring problems motivated by scheduling arising in computer and communication
systems.

The most general problems we attack are called bounded max-vertex/edge-
coloring problems and take as input a vertex/edge weighted graph and a bound
b. In these problems each color class is of cardinality at most b and of weight equal
to that of the heaviest vertex/edge in this class. The objective is to find a proper
coloring of the input graph minimizing the sum of all color classes’ weights. For unit
weights these problems reduce to the known bounded coloring problems, while in the
absence of the cardinality bound we get the (unbounded) max-coloring problems.

The max-coloring problems have been well motivated and studied in the litera-
ture. Max-vertex-coloring problems arise in the management of dedicated memories,
organized as buffer pools, which is the case for wireless protocol stacks like GPRS or
3G. Max-edge-coloring problems arise in switch based communication systems, like
SS/TDMA, where messages are to be transmitted through direct connections estab-
lished by an underlying network. Moreover, max-coloring problems correspond to
scheduling jobs with conflicts in multiprocessor or batch scheduling environments.
However, in all practical applications there exist physical constraints on the number
of entities (corresponding to vertices/edges of a graph) assigned the same resource
(color), which motivate the study of the bounded max-coloring problems.

In the first part of the thesis we present new complexity and approximation
results for several variants of the max-edge-coloring problem with respect to the
class of the underlying graph. In particular, we present polynomial algorithms for
special graph classes (bounded degree trees, stars of chains) and approximation
results for NP-complete variants. For bipartite graphs we present a series of four
approximation algorithms; the last of them achieves an 1.74 approximation ratio and
improves substantially the known ratio of 2. For trees we give a 3/2-approximation
algorithm, two parameterized approximation algorithms and finally a PTAS. We
also prove that the problem is NP-complete for complete bi-valued graphs and we
present an asymptotic 4/3-approximation algorithm for general bi-valued graphs.

In the second part of the thesis we give the first known results for the bounded
max-coloring problems. For the bounded max-edge-coloring problem, we prove ap-
proximation factors of at most 3 for general and bipartite graphs and 2 for trees.
Furthermore, we show that this bounded problem is NP-complete for trees. This is
the first complexity result for any max-coloring problem on trees. For the bounded

iii



iv Summary

max-vertex-coloring problem we present a generic scheme which becomes a 17/11-
approximation algorithm for bipartite graphs, a PTAS for bipartite graphs when b
is fixed and also a PTAS for trees even if b is part of the problem’s instance.



ITepirndm

H epeuvnuiny| epyaoio mou napouctdleton o1n Olateidr) EMXEVIPOVETUL TNV AVTIUET®-
TUGT| OVOIXTOV EQWTNUATWY TOU apopoUY TNV TOAUTAOXOTNTO X0l TNV TEOCEYYIGUOTNTA
YEVIXELUEVODY TPOBATUdT®Y Ypwuatiopol (coloring) twv x6pPwv/oxudy evéc ypdgou,
To. onola TEOXVTTOUY ©¢ TEOBAAUATI YPOVOTPOYPUUUITIONOY OE CUCTAUATA UTOAO-
YIOTOV XUl ETLXOVOVIOY.

Ta yevixdtepa and ta TpoAfpata oy YeAETWVTAL ovopdlovTal Teohiuata gpay-
pévov péyrotov ypouatiopol kéuPwv/axucy (bounded max-vertex/edge-coloring).
Ye autd to npoBhuata dedopévou evie Yedpou ue Bdpn otous xduPouc/axpés xon evos
axepaiou b, avalntolue €va ypwuatiopd twv xOuBwv/axudy tou Ypdpou 6nou xde
Yeouo yenowwonoteitar to mohl b @opéc xon To Bdpog Tou obtu pe To [Bdpog Tou
peyahitepou x6ufou/axpfic nou nepéyet. Ltodyoc eivar 1) elpeon EVOC YpUATIONOD O
ornolog ehaytotonowel 1o dlpooua TV Bup®dv OAOY TOV YPOUATGY. XTHV Tep(NTRom
omou ta Pdpn etvor GAa (B, To TEOPAUATE AUTA EVAL YVWOTA ¢ TEOPAAUITA Ppaypué-
vou xpwpatiopot kopupwr/axudy (bounded coloring), eve av dev undpyet teptoptopde
0TV ELPAVION) TWV YEWUATOY TROXUTTOUV To TEOBAAUITA UEVIOTOU XPwHaTIoJoU KOUP-
wv/akudy (max-coloring).

Ta mpoBifuata péytotou ypwuatiopol €youy uehetniel otn Bifhoypapio T Tehe-
oo yeoviaL xat Yiar xadévo amd auTd €YUV TUPOUCIACTEL TEAXTIXES EPUPUOYES TOU OF
TEOBAAUOTA Y POVOTPOYPUUUATIONOY GE GUGTHUTA UTOAOYLOTOV X0t ETXOVOVIOY. To
TEOBANUA PEYIGTOU YpwuaTiopol xouPuy epgaviletor oe cuoThuata Slayeiptong LvAung
0pYUVWUEVNS OE DEEAUEVES, OTLC YLl Tapddelyua cupPaivet pe tn dtayelptor tng otolBog
TEWTOXOAWY 6Ta 6UYYpova ouaThyata xvnthe Tnhegwviog (GPRS xat 3G). To npbBin-
RO UEYIOTOU YPWUATICUOL OV eQQPavilETal OF CUOTALATH UETAYOYNS UNVUUATOY,
T.Y. o1 dopugopnd cuoThuata entxovwvidy (SS/TDMA), émou ta unvipata TEETEL
va petageploly péow anevieiag ouvdéoewy nou eyxathidptoviar and Eva UTOXEPEVO
dixtuo emxowmviov. Eniong, to npofiiuato U€YIOTOU YpwUATIONOY aVTIOTOLOUY 0TO
YEOVOTROYRUUUATIONS AotBaiwe AMOXAEIOUEVWY EQYACLOY OE TEPBAAAOVTA TONVETEE-
epYAOTOV 1) enelepyaciog BEOUOY EpYAOoLOY. e OAEC TIC TUPATAVG EQPUPUOYES, UTdE-
YOUV oTNV TEdln puoxol nepoplopol otov aptdud Twy ovVToTHTVY (Tou avTioToL oY
otoug xépPouc/axuéc evic ypdwou) nou eivar duvatdy va avatedolhy otov [Blo uoixd
Tépo (ypoua). Ot meptoptopol odnyodv ota Tpofhiuata @poyuévou UéYIoTou Ypwua-
TIOUOU TOU PEAETOVTOL YL TEWTY PORJ.

Y10 TpWTO YEPOS UTHE NG SLaTELPNEC ToEOoLaLAloVTaL ATOTEAECUAT TOAUTAOXOTY-
TG X0 TPOCEYYICWOTNTAUS TOU TPOBAAUATOSC HE€YITTOU YPOUATIONOU aKLdY Yio DLAPORES
xhdoee yedgwy. ITo ouyxexpéva, napouvotdloviar ToAuvLIXol alydprdpor yio et-
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dixéc xhdoeic ypdpwv (Bévtpa gpaypévou Baduol xar actéplo ahuoidwy) xadodg xou
TPOoEYYIoTIXOL oAYOpruot Yio ¥AJoEC Ypdpwy 6Tou To meolinua eivar NP-mhrpec.
T druepelc Ypdpoug divetar pio oglpd and T€60eplC TEOGEY YIOTIXOUS ahyopiluoug, and
Toug onoloug o Teleutaiog BekTidvel Tov Aoyo mpoaéyyiong and 2 o 1.74. To dévtpa
ropovotdletar évac ahybprduoc pe Aoyo npocéyytoneg 3/2, blo napapetpixol ahybpripol
xou Téhog éva mpooeyYioTixd oyfua. Erniong, anodewvietoar 6t 10 mpdBinuo eivon NP-
TAAPES OE TAMPELC YPAPOUS UE WOVO DVO DIaQOpETIXd BdpT OTIC AXUES TOUG ot diveton
évac ahyoprdpoc pe aouuntwtid Aoyo npooéyyione 4/3 yia yevixolc ypdgoug pe 800
péen.

Y10 8elTEpO Wépog TNg DlaTplBric mapouatdlovTal To TP®TA AMOTEAEGUATA Yiol TTpOf-
Muata gpaypévov uéyiotov ypwuatiopot. I'o 1o tpdBhnuo Georydévou UEYIoTou Ypw-
HOTIOUOU axuoy, divovtar ahyopriupol ue AoYo TpocéyYlong 3 yio YeEVxoUg xou diuepeic
yedpoug xat 2 Y dévtpa. Emnpooiétwe, anodeixvietar 6t 10 npdPinua eivor NP-
TAAPES Yo B€VTpY, TO Omolo EVUL TO TPOTO ANOTEAEGUN TOAUTAOXOTNTIUC YLoL OAAL TA
TpoPMuata ((peayuévou) péytotou ypwpatiopot o dévtpa. ['a 1o mpdBhnua @poryué-
VOU UEYIOTOU YEWUATION0U xOUPwvy Topouctdletar EVa YEVIXEUPEVO OY AU, UECK TOU
onofou emtuyydvetar (i) Aéyoc npocéyyione 17/11 vy drpepeic Ypdypouc, (ii) éva tpoo-
eYYIoTIX0 oy Yia dipepeic Ypdpouc av to b eivar gpaypévo xar (iii) éva tpooeyyiotixd
oy e Yior 0EVTEaL axxdua Xt oy To b anoTeAel U€pog TOU GTIYUGTUTIOU TOU TROBANUATOC.



Chapter 1

Introduction

In this first chapter of the thesis, we introduce weighted generalizations of the clas-
sical vertex and edge coloring problems, which correspond to scheduling problems
arising in computer and communication systems. We also give an outline of the next
chapters of the thesis and a preview of our results.

1.1 Generalized graph coloring problems

A wvertez- (resp. edge-) coloring of a graph G = (V, E) is a partition C = {C1,Cy,
..., Ci} of its vertex (resp. edge) set into color classes such that each class C;
constitutes an independent set (resp. matching) of G. Such a coloring is called a
proper coloring of G. The classical vertex- (resp. edge-) coloring problem asks for a
proper coloring of a graph G such that the number, k, of colors is minimized. This
minimum number of colors required to color the vertices (resp. edges) of a graph G
is also known as the chromatic number x(G) (resp. chromatic index x'(G)) of G.

In the bounded vertez-coloring [4] (resp. bounded edge-coloring [2]) problem we
are, in addition, given a positive integer b and we ask for a proper coloring where
each color appears at most b times, i.e., |C;| < b, 1 < i < k. The goal in both
bounded coloring problems is also to minimize the number, k, of colors.

In several application domains the following weighted generalizations of graph
coloring problems arise: Each vertex u (resp. edge e) of G is associated with a
positive integer weight w(u) (resp. w(e)) and we ask again for a partition C =
{C1,C4,...,C} of the vertex (resp. edge) set of G into color classes, each one of
weight w; = max{w(v) | v € C;}, (resp. w; = max{w(e) | e € C;}), such that the
total weight of the partition W = "7 | w; is minimized. These coloring problems
are known as maz-(vertez-)coloring [52] and max-edge-coloring.

The presence of a bound b to the cardinality of each color leads to the bounded
maz-vertezr-coloring and bounded maz-edge-coloring problems, respectively.

In this thesis we shall denote the above coloring problems as follows:

e VC/EC: vertex/edge-coloring problem
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e VC(b)/EC(b): bounded vertex/edge-coloring problem
e VC(w)/EC(w): max-vertex/edge-coloring problem
e VC(w,b)/EC(w,b): bounded max-vertex/edge-coloring problem

where VC and EC are used to denote the vertex and edge versions of the classical
coloring problem, respectively, b indicates the existence of a cardinality bound to
colors, and w shows the existence of weights on the vertices or the edges of the input
graph.

Clearly, both VC(b) and VC(w) reduce to the classical VC problem, if b = |V|
and w(u) =1, Yu € V, respectively. Moreover, VC(w, b) reduces to all VC, VC(b)
and VC(w) problems. Analogous reductions exist between the EC, EC(b), EC(w)
and EC(w,b) problems. These reductions are shown in Figure 1.1, where each
directed edge indicates that the source problem reduces to the destination one.

VC(w,b) EC(w,b)

v N\ VRN
VC(w) VC(b) EC(w) EC(b)
N N
VC EC

Figure 1.1: Reductions between coloring problems.

Remark that any generalization of the edge-coloring problem on a general graph
G is equivalent to the corresponding vertex-coloring problem on the line graph,
L(G), of G. Thus, the results for any vertex-coloring problem on a graph G apply
also to the corresponding edge-coloring one on the graph L(G) and vice versa, if
both G and L(G) are in the same graph class. Note, however, that this is true for
general graphs and chains, but not for the most other special graph classes, including
bipartite graphs and tree, since they are not closed under line graph transformation
(e.g., the line graph of a bipartite graph is not anymore a bipartite one).

1.2 Motivation: Scheduling in computer and communi-
cation systems

In this section we motivate both vertex and edge variants of our coloring problems
as scheduling problems arising in computer and communication systems.

In many applications with strict memory constraints a dedicated memory allo-
cation manager is often used in order to optimize the memory utilization and the
performance of the system. For example, in wireless communications [51, 52|, where
mobile devices have to manage a protocol stack (e.g., GPRS or 3G) with stringent
memory requirements, a dedicated memory manager is the natural choice. A com-
mon approach in the design of such a memory manager is the use of an amount of
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the total memory as a segregated buffer pool which consists of a set of buffers of
different sizes. As a memory request arrives it is scheduled to a free buffer of large
enough size. Memory requests in different time intervals can use the same buffer
which, however, should be of size greater than the largest request allocated to this
buffer. The aim of such a memory manager is to minimize the total size of the
buffers used to service a set of requests and thus the amount of the total memory
which is used as a segregated buffer pool.

The above problem correspond directly to the VC(w) problem, with memory
requests corresponding to the set of vertices of a graph G and their weights to the
size of the memory requests. An edge between two vertices of G exists if the corre-
sponding requests have to be served in overlapping time intervals. So, a partition of
G into independent sets corresponds to an allocation of the requests to buffers, with
each set corresponding to a set of requests that can be allocated to the same buffer.
The weight of a set corresponds to the buffer size which should be at least equal to
the largest memory request in this set. Thus, the total size of the buffers needed to
service a given set of requests is equal to the total weight of the partition of G.

On the other hand, the EC(w) problem arises in single hop communication
systems, like SS/TDMA [35, 46], where messages are to be transmitted directly from
senders to receivers through connections established by an underlying switching net-
work. Any node of such a system cannot participate in more than one transmissions
at the same time, while messages between different pairs of senders and receivers
can be transmitted simultaneously. The scheduler of such a system establishes suc-
cessive configurations of the switching network, each one routing a non-conflicting
subset of the messages from senders to receivers. Given the transmission time of each
message, the transmission time of each configuration equals to the longest message
transmitted. Moreover, in practice, there is a non negligible setup delay to establish
each configuration. The aim is to find a sequence of configurations such that all the
messages are transmitted and the total transmission time (including setup delays)
is minimized.

It is easy to see that the above situation corresponds directly to the EC(w)
problem: senders and/or receivers correspond to the vertices of the graph G, (trans-
mission times of) messages correspond to (weights of) edges of G and configurations
correspond to colors. Although the graph G obtained is originally a weighted di-
rected multi-graph it can be considered as an undirected one, since the directions of
its edges do not play any role in the objective function we study here.

The presence of the setup delay in the instance of the EC(w) problem, can be
easily handled: by adding d to the weight of all edges of GG, the weight of each color
class will be also increased by d, incorporating its set up delay. Furthermore, a
standard idea to decrease the completion time of a schedule is to allow preemption
[1, 17, 35], i.e., interrupt the service of a (set of) scheduled activity(ies) and complete
it (them) latter. It is obvious that allowing preemption in the EC(w) problem will
result in increasing the number of colors in a solution. In this case, the presence
of a set up delay d plays a crucial role in the hardness of the (preemptive) EC(w)
problem.
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In all applications mentioned above, context-related entities require their service
by physical resources for a time interval. However, there exists in practice a natural
constraint on the number of entities assigned the same resource or different resources
at the same time. Indeed, the number of memory requests assigned the same buffer
is determined by strict deadlines on their completion times, while the number of
messages assigned at the same time to different channels is bounded by the number
of the available resources. The existence of such a constraint motivates the bounded
max-coloring problems VC(w, b) and EC(w, b).

The VC(b) and VC(w, b) problems are also equivalent with scheduling problems
where jobs correspond to the vertices of a graph G = (V, E), |V | = n, which describes
incompatibilities between them. If all jobs have unit processing times, then the
VC(b) problem is equivalent to the Pb | graph, pj =1 | Cpqq scheduling problem,
where the goal is to minimize the makespan of the schedule of n jobs on b processors
under the constraint that adjacent jobs cannot be scheduled at the same time. This
problem is also known as Mutual Exclusion Scheduling (MES) [4]. If jobs have
different processing times, then the VC(w,b) problem is equivalent to the 1 | p —
batch, graph, b < n | Cpa, parallel batch scheduling problem, where the goal is
to minimize the makespan of the batch schedule of n jobs on one machine under
the constraints that adjacent jobs cannot be scheduled at the same batch and each
batch is of cardinality at most b [22, 26].

Analogous scheduling definitions can be given for both the EC(b) and EC(w, b)
problems. For these problems the jobs correspond to the edges of the graph, while
adjacent jobs cannot be scheduled at the same time.

1.3 Organization of the thesis

In this thesis we present complexity and approximation results for the coloring prob-
lems introduced in the previous section, which correspond to scheduling problems
arising in computer and communication systems.

In Chapter 2, we review the known results for the coloring problems, with respect
to the class of the underlying graph.

In Chapter 3, we exploit the relation between our coloring problems and two
other well studied problems, and we give two preliminary results. First we use a
relation with the list coloring problem and we obtain that all VC(w), VC(w,b),
EC(w) and EC(w, b) problems are polynomial on trees, if the number, k, of colors
is fixed. Next, through a transformation to the set cover problem we show an Hp-
approximation algorithm for all VC(b), VC(w,b), EC(b), EC(w,b) problems on
general graphs, if the cardinality bound, b, is fixed. Furthermore, we present two
more observations on the approximability of our coloring problems. The first shows
the existence of an (e p)-approximation algorithm for any max-coloring problem on
a hereditary class of graphs, where p is a known approximation ratio for the corre-
sponding unweighted coloring problem on the same class. The second observation
shows a b/2 approximation ratio for all the bounded coloring problems. We close
this chapter with the notation that we shall use in this thesis.
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In Chapter 4, we deal with the EC(w) problem on general, bipartite and bi-
valued graphs. We first improve the analysis of a well known 2-approximation algo-
rithm presented in [46], and using this analysis we derive even better approximation
ratios for general and bipartite graphs. Next, we present four approximation algo-
rithms for the EC(w) problem on bipartite graphs, each one improving the previous
ones for some values of the maximum degree of the input graph. The first three
algorithms achieve approximation ratios increasing with the maximum degree of the
graph, while the forth one improves the known 2 approximation ratio to 1.74 for
bipartite graphs. Finally, we prove that the EC(w) problem is NP-complete for com-
plete bi-valued graphs and we present an asymptotic 4/3-approximation algorithm
for general bi-valued graphs.

In Chapter 5, we present results for the EC(w) problem on trees. We first
show that the EC(w) problem is polynomial for stars of chains (also known as
spiders). Next, we present a 2-approximation algorithm for trees. Combining this
algorithm and our analysis of the known 2-approximation one [46], we obtain a
3/2 approximation ratio for the EC(w) problem on trees. Next, we propose two
moderately exponential approximation algorithms for trees that improve the 3/2
ratio with running time much better than that needed for the computation of an
optimal solution. More interestingly, we have also finally succeeded to derive a PTAS
for the EC(w) problem on trees.

In Chapter 6, we give complexity and approximation results for the EC(w,b)
problem. We first prove lower and upper bounds to the number of colors of any
solution for the EC(w, b) problem. Using these bounds, we present an approximation
algorithm of ratios 3 — \/2—27) and 3 — % for general and bipartite graphs, respectively.
Furthermore, we show that the EC(w,b) problem is NP-complete for trees, which
is the first complexity result for any max-coloring problems on trees. For this last
problem we also give a 2-approximation algorithm.

In Chapter 7, we present a 2-approximation algorithm for the VC(w, b) problem
on bipartite graphs. This algorithm reduces to a 4/3-approximation algorithm for
the VC(b) problem on bipartite graphs, closing the approximability question for
this problem. Then, we use this 2-approximation algorithm to obtain a generic
scheme that leads to the following results for the VC(w,b) problem: (i) a 17/11-
approximation algorithm for bipartite graphs, (ii) a PTAS for bipartite graphs, when
b is fixed, and (iii) a PTAS for trees, even if b is part of the problem’s instance.

In Chapter 8 we summarize our results and we discuss questions that remain
still open.

For the reader to have a chart preview of the problems we study and the current
state of the art on their complexity and approximability, we include here Table
1.1, where our results (in bold) are summarized together with known ones that are
reviewed in the next chapter.
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Chapter 2

Related work

In this chapter we review the known results for the coloring problems introduced in
the previous chapter, with respect to the class of the underlying graph. Although
our results concern general graphs, bipartite graphs and trees, for the sake of com-
pleteness we present here results for several other interesting classes of graphs.

2.1 Vertex/Edge-Coloring

The vertex coloring (or chromatic number) problem on general graphs is one
of Karp’s 21 NP-complete problems [45]. It is also known to be NP-complete on
planar graphs even for three colors [32], although four colors suffice to color any
planar graph (see for example, [54]), as well as on circular arc graphs [31]. On the
other hand, the VC problem can be solved in polynomial time for several other
classes of graphs, including perfect graphs [37], chordal and interval graphs [33],
split graphs, comparability graphs and cographs [34]. For bipartite graphs, trees,
cliques and chains the VC problem is trivially polynomial.

In [58] it is shown that it is NP-hard to approximate the VC problem on general
graphs within a factor of [V|17¢, for all € > 0, while an algorithm of approximation

ratio O (|V|%) has been presented in [38]. For planar graphs, the approx-
imability question for the VC problem is closed, since the NP-completeness proof
[32] and the four color theorem [54] lead to a 4/3 inapproximability result and ap-
proximation algorithm, respectively. Moreover, a 3/2-approximation algorithm has

been proposed in [44] for the VC problem on circular arc graphs.

For the edge coloring (or chromatic index) problem, it is well known that its
optimal solution consists of either A or A + 1 colors [56]. However, it is NP-hard
to decide between these two values even on cubic graphs [41] and on comparabil-
ity graphs [11] (and hence on perfect graphs). The first result implies also a 4/3
inapproximability bound for the problem. On the other hand, the EC problem is
solvable in polynomial time on bipartite graphs [47] (and hence on trees), and cliques
[27].

There are many classes of graphs for which the VC problem is polynomial, while
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the complexity of the EC problem still remains open. Examples of such classes are
chordal, split and interval graphs and cographs. Moreover, the complexity of the
EC problem is open for planar graphs, while partial results are known for split [12],
interval [7] and planar graphs [55, 57].

As mentioned above, any graph has a (A+ 1)-edge-coloring and this coloring can
be found in O (min{wm log |V, | E|\/[V]log \V]}) time [29]. Using such a (A +1)-
edge-coloring, a 4/3-approximation algorithm is obtained for the EC problem on
general graphs of A > 3; recall that the EC problem is trivially polynomial for
graphs of maximum degree two.

Table 2.1 summarizes known complexity results for the classical coloring prob-
lems on several well-studied strong classes. Results for more specific classes of graphs
can be found in [43, 49)].

’ Graph ‘ Vertex-Coloring Edge-Coloring

NP-complete [45] NP-complete [41]

general w<x<A+1 X' =Aor A+1 [56]

perfect X =w [37] NP-complete

chordal X = w [33] open

. A-+1, if Aisodd [12

split X = w [34] = { open, if Ais even[ |

comparability | x = w [34] NP-complete [11]

bipartite X=w=2 X = A [47]

trees X=w=2 X =A

cograph X = w [34] open

chains X=w=2 X =A=2

circular arc NP-complete [31]

interval X = w [33] X = { oAp’en, i ﬁ 12 Z\C}jnm

R

planar NP-complete [32] Y = { A, for A > 7 [55, 57]
x < 4 [54] open, otherwise

Table 2.1: Complexity results for the classical coloring problems.

2.2 Bounded Vertex/Edge-Coloring

The bounded vertex-coloring (or Mutual Exclusion Scheduling [4]) problem is
NP-complete for general, circular arc and planar graphs, as a generalization of the
VC problem. The complexity of the VC(b) problem has been also extensively
studied on special graph classes. It is NP-complete for cographs [6], interval graphs
[6] (and hence for chordal and perfect graphs) and bipartite graphs even for three
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colors [6]. This last result implies also a 4/3 inapproximability bound for the VC(b)
problem on bipartite graphs as well as the NP-completeness of the VC(b) problem
on comparability graphs. On the other hand, the VC(b) problem is polynomial for
split graphs [6], trees [42] (and hence for chains) and cliques [19]. Note, finally, that
for the number of colors, k*, in an optimal solution of the VC(b) problem it holds

that max{[%} ,X} <k <x+ UV‘T_XJ [40].
Table 2.2 summarizes known complexity results for the VC(b) problem. For
further results the readers referred to [30] and the references therein.

’ Graph ‘ Complexity ‘
general NP-complete()
perfect NP-complete
chordal NP-complete
split polynomial [6]
comparability | NP-complete
bipartite NP-complete [6]
trees polynomial [42]
cograph NP-complete [6]
chains polynomial
circular arc NP-complete
interval NP-complete [6]
clique polynomial [19]
planar NP-complete

Table 2.2: Complexity results for the bounded vertex-coloring problem. ()The NP-
completeness comes from the VC problem.

The complexity of the bounded edge-coloring problem is related substantially
to the complexity of the EC problem by the following proposition.

Proposition 1 (de Werra [18]). For any k > A, a bipartite multigraph has a de-
composition into k colors such that for all © and j, 1 < 1,57 < k, it holds that
ICi| = 1G5l < 1.

The proof of this proposition is based on the fact that the graph which is induced
by the edges of any two colors, C; and Cj}, is a collection of chains and even cycles.
Without loss of generality, assume that |C;| — |C;| > 2. Thus, there is at least one
subchain in C; U C; whose the number of edges from Cj is greater by one than the
number of edges from C;. A swap of the edges of C; and C; of such a subchain
decreases by one the cardinality of C; and increases by one the cardinality of Cj.
Therefore, for any kK > A we can create by successive swaps a solution of k£ colors
such that ||C;| — |C}]| < 1.

Clearly, if we replace the condition k& > A by k& > x/ then Proposition 1 holds
also for general graphs. Note also that an optimal solution for the EC(b) problem
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consists of at least P—f‘-‘ colors. Thus, if P—f'} > A then an optimal solution for the

EC(b) problem on general graphs can be found using Proposition 1. Otherwise, the
EC(b) problem is as hard as the EC problem.

Concluding, the EC(b) problem is 4/3-inapproximable on general graphs, while a
4/3-approximation algorithm is obtained by Vizing’s theorem [56] and the discussion
above. On the other hand, the EC(b) problem is polynomial on bipartite graphs
by Proposition 1, a result that has been also proved independently in [8] in matrix
decomposition context. For complexity results for other classes of graphs see the
edge-coloring column of Table 2.2, as well as [43, 49].

Finally, Alon in [2] proved that the EC(b) problem is polynomially solvable on
general graphs if the cardinality bound b is fixed. To prove this, he based on the
fact that “if X' = A+ 1 then |E| > £ (3A% +6A — 1) [28].

2.3 Max-Vertex/Edge-Coloring

The max-vertex-coloring problem is strongly NP-hard even for (i) bipartite graphs
and edge weights w(e) € {1,2,3} [22, 51] (and hence for comparability and perfect
graphs), (ii) split graphs and edge weights w(e) € {1,2} [22] (and hence for chordal
graphs), (iii) planar bipartite graphs [20], and (iv) interval graphs [25, 52] (and hence
for circular arc graphs).

Moreover, it has been shown that the VC(w) problem on bipartite graphs with
edge weights w(e) € {1,2,3} [22, 51] and planar bipartite graphs [20] cannot be
approximated within a ratio less than 8/7. This bound has been attained for gen-
eral bipartite graphs [20, 51], while an O(|V|/log |V|)-approximation algorithm for
general graphs is known [22]. Although the complexity of the problem on trees is an
open question, a PTAS for this case has been presented in [25, 51]. In addition, a 4-
approximation algorithm has been presented in [52] for perfect graphs; this ratio has
been improved to e in [24], using randomization/derandomization techniques. For
k-colorable graphs, an approximation algorithm of ratio #;kﬂ has been proposed
in [25], leading to a 64/37-approximation algorithm for planar graphs. In addition,
approximation algorithms of ratio 2 and 3 for interval and circular arc graphs, re-
spectively, have been presented in [52], exploiting the relation between the VC(w)
problem and online coloring. Furthermore, a PTAS for split graphs is known [20].

Moreover, the VC(w) problem is known to be polynomial on bipartite graphs
and edge weights w(e) € {1,2} [22], cographs [22], and chains [25]. In fact, the
algorithm for chains can be also extended for graphs of A = 2. Finally, a new
algorithm for the VC(w) problem on chains which improves the complexity for this
case from O(|V|?) to O(|V| -log|V|) has been presented in [39)].

Table 2.3 summarizes the above results for the VC(w) problem. Several results
for even more restricted classes of graphs can be found in [20].

The max-edge-coloring problem is strongly NP-hard even for (i) complete
balanced bipartite graphs [53], (ii) bipartite graphs of maximum degree three and
edge weights w(e) € {1,2,3} [35, 46|, (iii) cubic bipartite graphs [22], and (iv)
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’ Graph ‘ Lower Bound ‘ Upper Bound ‘
general |V|1_€(1) 0 (mQﬂ/\) [22]
perfect 8/7 e [24]
chordal NP-complete e
split NP-complete [22] PTAS [20]
comparability 8/7 e
bipartite 8/7 [20, 22, 51]
bipartite, w € {a, b} OPT [22]
trees open(® ‘ PTAS [25, 51]
cograph OPT [22]
chains OPT [25, 39]
circular arc NP-complete 3 [52]
interval NP-complete [25, 52] 2 [52]
clique OPT
planar 4/3(1) ‘ 64/37 [25] ‘

Table 2.3: Known approximability results for the max-vertex-coloring problem.
(U This result comes from the VC problem. (P)Even the complexity of the prob-
lem is unknown.

cubic planar bipartite graphs with edge weights w(e) € {1,2,3} [20]. Moreover, it
has been shown that the EC(w) problem on r-regular bipartite graphs cannot be
approximated within a ratio less than %, which for » = 3 becomes 8/7 [22]. This
inapproximability result has been improved to 7/6 for cubic planar bipartite graphs
[20].

On the other hand, a simple greedy 2-approximation algorithm has been pre-
sented in [46] for bipartite graphs (in fact, the same algorithm applies also for gen-
eral graphs). In addition, a QA L_approximation algorithm, for bipartite graphs of
maximum degree A, has been presented in [22], which gives an approximation ra-
tio of 5/3 for A = 3. A new algorithm for bipartite graphs with A = 3 has been
presented in [20]; it achieves an approximation ratio of 7/6 which attains, for this
case, the known 7/6 inapproximability bound. Finally, an algorithm that achieves

, for graphs of maximum degree A

approximation ratio pa Zl 1 H A 1 1 7 )
has been proposed in [25]. This ratlo is smaller than 2 only for bipartite graphs of
maximum degree A < 7.

Moreover, the EC(w) problem is known to be polynomial for a few very special
cases including complete balanced bipartite graphs and edge weights w(e) € {1, 2}
[53], general bipartite graphs and edge weights w(e) € {1,2} [22], and chains [25].
In fact, the last result was presented for the VC(w) problem, and holds also for the
EC(w) problem, since chains are closed under the linegraph transformation.

Finally, the preemptive-EC(w) problem, without setup delays, for bipartite
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graphs is equivalent to the preemptive open shop scheduling problem which can
be solved optimally in polynomial time [48]. However, with the presence of a setup
delay, d, required to establish each color, the preemptive-EC problem on bipartite
graphs becomes strongly NP-hard [35] and non approximable within a factor less
than 7/6 [17]. Approximation algorithms for this problem of factors 2 and 2 —
have been presented in [17] and [1], respectively.

1
d+1

2.4 Bounded Max-Vertex/Edge-Coloring

Clearly, any negative result for the VC(b)/VC(w) and EC(b)/EC(w) problems
holds also for the VC(w, b) and EC(w,b) problems, respectively.

Known results for the VC(w, b) problem have appeared in the context of batch
scheduling jobs with compatibilities (see e.g. [26]). In this problem the goal is
to decompose the graph into a set of cliques (instead of colors/independent-sets).
Thus, results for this problem on special graph classes lead to analogous results for
the VC(w,b) problem on the complements of these classes. An interesting result
that has been shown in this context is that the VC(w, b) problem is NP-complete
for split graphs and b = 3 [9], since the complement of a split graph remains in the
same class.

Furthermore, a polynomial algorithm for general graphs and b = 2 has been
presented for the scheduling problem with compatibilities [10]. This algorithm can
be used to obtain an analogous result for both VC(w,b) and EC(w,b) problems
on general graphs, since general graphs are closed under complement and linegraph
operations.

Finally, a 8/3-approximation algorithm is known for the preemptive-EC(w,b)
problem on bipartite graphs [15].



Chapter 3

Preliminaries and Notation

In this chapter we first relate our coloring problems with two well studied problems,
namely list coloring and set cover. Using these relations we obtain preliminary
results for the (bounded) max-coloring problems when either the number, k, of
colors or the cardinality bound, b, are fixed.

Next, we present two preliminary approximation results for the bounded max-
coloring problems. The first one follows from a known general framework, which
allows to convert a p-approximation algorithm for a coloring problem to an e - p-
approximation one for the corresponding max-coloring problem. The second ap-
proximation result follows by using a solution to a bounded coloring problem with
cardinality bound b = 2 to approximate a solution for an arbitrary bound b.

We close this chapter by the notation that we shall use throughout this thesis.

3.1 Preliminaries

List coloring and fixed number of colors

In several algorithms that we shall present in the next chapters, the following decision
problem has to be answered (we present here the bounded vertex version of this
problem; unbounded and/or edge versions are defined similarly):

FEASIBLE-VC(w, b)
INSTANCE: A vertex weighted graph G = (V, E), a sequence of k weights, w; >
wg > ... > wg, and an integer b.

QUESTION: Is there a a feasible solution C = {C1,Cy,...,Ck} to the VC(w,b)
problem on G such that max,ec, w(v) < w; and |C;| < b, 1 <7 < k?

The FEASIBLE-VC(w, b) problem is equivalent to the next well known variant
of the vertex-coloring problem:

13
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BOUNDED LIST VERTEX-COLORING PROBLEM (VC(¢,b;))

INSTANCE: A graph G = (V, E), a set of colors C = {C1,Cy,...,Ck}, a list of colors
¢(u) C C for each u € V, and integers b;, 1 <i < k.

QUESTION: Is there a k-coloring of G such that each vertex w is assigned a color in
its list ¢(u) and every color C; is used at most b; times?

Indeed, an instance of the FEASIBLE-VC(w, b) problem on a graph G, where we
are given k weights wy > wo > ... > wy and an integer b, can be easily transformed
to the next equivalent instance of the VC(¢, b;) problem: is there a k-coloring of G
where each vertex u € V is assigned a color in ¢(u) = {C; : w; > w(u), 1 <i <k}
and every color C; is used at most b; = b times? A “yes” answer to this instance
of the VC(¢,b;) problem corresponds to the existence of a feasible solution C' =
{C,Cy, ..., Cy} for the VC(w,b) problem of weight W = 3% ;.

In an analogous way, we can use the List Vertex-Coloring (VC(¢)), Bounded List
Edge-Coloring (EC(¢,b;)) and List Edge-Coloring (EC(¢)) problems to answer to
the FEASIBLE-VC(w), FEASIBLE-EC(w, b) and FEASIBLE-EC(w) problems, respec-
tively.

Clearly, the (bounded) list vertex and edge coloring problems generalize the
(bounded) vertex and edge coloring problems. List coloring problems have been
studied extensively in the literature, for many classes of underlying graphs. In the
next theorem we summarize some of these results which we shall use in this thesis.

Theorem 1.

(i) Both VC(¢,b;) and EC(¢,b;) problems are polynomial on trees if the number,
k, of colors is fized [21, 36].

(ii) The VC(¢,b;) problem is polynomial on general graphs if k = 2 [36].

(iii) The VC(¢,b;) problem is NP-complete even for chains, |p(u)| < 2, for all
ueV,and b; <5, 1<i<k/[23].

By exhaustively searching for the weights of an optimal solution of & colors for
a max-coloring problem, and answering to the obtained feasible coloring problem
through the corresponding list coloring problem, we get the following theorem.

Theorem 2.

(i) For a fixzed number of colors k, both VC(w,b) and EC(w,b) problems, and

hence VC(w) and EC(w) problems, are polynomial on trees.

(ii) For two colors, the VC(w,b) problem is polynomial on general graphs.

Proof. For (i), we consider all O(|]V[F) (resp. O(|E|F)) combinations of k color
weights and for each combination, wy, ws, . .., wg, we have to answer to the FEASIBLE-
VC(w,b) (resp. FEASIBLE-EC(w, b)) problem. This can be done using the relation
to the VC(¢,b;) (resp. EC(¢,b;)) problem described above and the results of The-
orem 1(i). An optimal solution to the VC(w,b) (resp. EC(w,b)) problem corre-
sponds to the combination where a feasible solution exists and the total weight W
is minimized.
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In a similar way, we can prove (ii), using Theorem 1(ii). O

Set cover and fixed cardinality bounds

The VC(w,b) and EC(w, b) problems are also related to the well known set cover
problem, where we are given a universe U of elements, and a collection, S =
{S1,S2,...,Sn}, of subsets of U, each one of a positive cost ¢;, 1 < i < m, and
we ask for a minimum cost subset of S that covers all elements of U.

For an instance of the VC(w, b) problem on a graph G = (V, E), let U =V and
consider S consisting of all the subsets of V', but those containing adjacent vertices, of
cardinalities j = 1,2,...,b; for each such subset S; € S set ¢; = max{w(u)|u € S;}.
Clearly, a solution to the set cover problem constructed corresponds to a solution of
the VC(w, b) problem and a quite analogous transformation applies for the EC(w, b)
problem. The cardinality of S is O(b- |V|?), and as an Hj-approximation algorithm
is known for the set cover problem [14], the next theorem follows.

Theorem 3. For a fized bound b, there is an Hy-approximation algorithm for both
VC(w,b) and EC(w,b) problems on general graphs.

Max-coloring vs Coloring problems

In [24], a general framework has been presented, which allows us to convert any
p-approximation algorithm for the classical vertex coloring problem into an e - p-
approximation one for the VC(w) problem, on hereditary classes of graphs. The
main idea of this framework is to select, in a random way, two parameters in order to
round down the weight of each vertex. Hence, we can consider the input graph par-
titioned into subgraphs, where the vertices in each subgraph have the same weight.
For each one of these subgraphs a p-approximation solution for the classical VC
problem is obtained, and by concatenating the solutions found for all subgraphs
we get a solution for the whole graph. Finally, this procedure is derandomized
by choosing appropriate values for the two random parameters and a deterministic
approximation algorithm is obtained.

This framework is used in [24] to derive an e-approximation algorithm for the
VC(w,b) problem on perfect graphs. It is easy to see that it can be also applied
for conversions from the VC(b), EC and EC(b) problems to the VC(w, b), EC(w)
and EC(w,b) problems, respectively. For example, an e-approximation algorithm
for the EC(w, b) problem on bipartite graphs is obtained using such a conversion,
as the EC(b) problem is polynomial for bipartite graphs. However, this framework
does not give an improvement to the approximation ratio of any other (bounded)
max-coloring problem on the classes of graphs we study in this thesis, because a
better ratio either is known or is presented in the next chapters.

Theorem 4. There is an e-approzimation algorithm for the EC(w,b) problem on
bipartite graphs.
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Arbitrary b vs b =2

Another approximation result for both VC(w,b) and EC(w,b) problems on gen-
eral graphs can be obtained by relating the values OPT, and OPT5, of the optimal
solution when the bound is b and 2, respectively. Let W be the weight of solu-
tion obtained by splitting each color in OPT} into (%1 colors, all of cardinality
at most 2. Obviously, W < [%1 OPT;,. Moreover, OPT5 is the optimal solution
when all colors have cardinality at most 2, and hence OPT, < W. Thus, we have
OPT, < {%] OPTy, and since both VC(w, b) and EC(w, b) problems are polynomial

for general graphs and b = 2 [10], the following theorem follows.

Theorem 5. There is a [ 3] -approzimation algorithm for both VC(w,b) and EC(w,b)
problems on general graphs.

3.2 Notation

In the following, we consider the coloring problems defined in Chapter 1 on a graph
G = (V,E), where |V| = n and |E| = m. For the (bounded) max-vertex-coloring
(resp. (bounded) max-edge-coloring) problem, a positive integer weight w(u) (resp.
w(e)) is associated with each vertex u € V' (resp. edge e € E). For the bounded
vertex/edge-coloring problems, we are also given a cardinality bound, b, on the
number of vertices/edges allowed to appear in each color.

We denote by C = {C1,Cy,...,Ck} a proper vertex- (resp. edge-) coloring of G
of weight W = S w;, where w; = max{w(u)|u € C;} (vesp. w; = max{w(e)|e €
Ci}), 1 <i<k. ByC*={Cf,C5,...,C}.} we denote an optimal solution of weight
OPT = Zf; w;, where w}, 1 <14 < k¥, is the weight of the i-th color class.

By dg(u) (or simply d(u)) we denote the degree of vertex v € V and by A(G)
(or simply A) the maximum degree of the graph G. We define the degree of each
edge e = (u,v) € E as d(u,v) = d(u) 4+ d(v), while A’(G) (or simply A’) denotes the
maximum edge degree. For a subset of edges of G, E' C E, we denote by G[E’| the
subgraph of G induced by the edges in E’.

The following ordering and partition of the elements of a set accordingly to
their weights will be used to present and analyze most of our algorithms. Given
a set S and a positive integer weight w(s) for every element s € S, we denote by
(S) = (s1,82,...,85)) an ordering of S such that w(s1) > w(s2) > ... > w(s|g)).

For such an ordering of S and a positive integer b, let kg = P—i'—‘ We define the

ordered b-partition of S, denoted by Ps = {S1,52,...,S5ks}, to be the partition
of S into kg subsets, such that S; = {s;,5;41,... ,smin{j+b_17|5‘}}, i=1,2,..., kg,
j = (i—1)b+ 1. In other words, S; contains the b heaviest elements of S, S,
contains the next b heaviest elements of S and so on; clearly, S, contains the |S]
mod b lightest elements of S.



Chapter 4

Max-Edge-Coloring on general
and bipartite graphs

In this chapter we present approximation results for the EC(w) problem on general
and, mainly, on bipartite graphs. We, first, slightly improve the ratio of the known
2-approximation algorithm proposed by Kesselman and Kogan in [46] (ALGORITHM
KK). Our analysis of this algorithm is based on lower and upper bounds on the
number of colors of any reasonable solution to the EC(w) problem. Next, we give
a simple algorithm that returns the best among two solutions: the solution found
by ALGORITHM KK and the one obtained by an edge-coloring of the input graph.
The ratio of this simple algorithm already beats the known ratios for general and
bipartite graphs.

Next, we explore an idea used in [20, 25] to derive approximation ratios less than
2 for the EC(w) problem on bipartite graphs of A < 7. The same ideas has been also
used in [20, 51] to derive an 8/7-approximation algorithm for the VC(w) problem
for bipartite graphs. In general, we find a number of solutions for a bipartite graph
G by concatenating partial solutions for disjoint edge induced subgraphs of G and
we select the best among them. Using this idea we present a series of four algorithms
of different approximation ratios for the EC(w) problem on bipartite graphs. The
approximation ratios of our three first algorithms depend on the maximum degree
of the input graph. The last of our algorithms achieves an 1.74 approximation ratio
for this problem and it is the first one that improves the known ratio of 2.

Finally, in Section 4.4 we prove that the EC(w) problem is NP-complete even on
bi-valued complete graphs. Moreover, we present an asymptotic 4/3-approximation
algorithm for general bi-valued graphs.

4.1 Preliminaries
The EC(w) problem is polynomial for graphs of maximum degree A = 2. This
result follows from the same variant of the VC(w) problem. In fact, an O(|V|?)

algorithm for the VC(w) problem on chains has been presented in [25], which can
be easily adapted to graphs of maximum degree A = 2 (that are collections of chains

17
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and cycles). If G is a graph of maximum degree A(G) = 2, then its line graph L(G)
is also a graph with A(L(G)) = 2 and the following theorem holds.

Theorem 6. An optimal solution to the EC(w) problem for graphs of maximum
degree A = 2 can be found in O(|E|?) time.

To bound the number of colors in any solution to the EC(w) problem we can restrict
only on a specific subset of them. We shall call a solution C = {C1,Co,...,Ci} to the
EC(w) problem nice if: (i) w1 > wa > ... > wy, and (ii) each color C; is maximal
in the subgraph G[U?Zi Cj]. Due to the next proposition we consider, w.l.o.g., any,
suboptimal or optimal, solution to the EC(w) problem to be a nice one.

Proposition 2. Any solution to the EC(w) problem can be transformed into a nice
one, without increasing its total weight. For the number of colors, k, in such a
solution it holds that A < k < A'—1 < 2A —1.

Proof. Obviously, any solution to the EC(w) problem consists of at least A colors,
since there is at least one vertex with exactly A adjacent edges, and these A edges
belong to different colors.

Assume that an optimal solution consists of A’ or more colors. Consider those
colors sorted in non-increasing order of their weights. Each edge of G has at most
A" — 2 neighbor edges. So, for each edge e in any color C;, i > A’, there is at least
one color, Cj, j < A, such that edge e can be moved to C; without increasing C;’s
weight.

The last part of the inequality follows directly by the definition of A’. O

The most interesting and general result for the EC(w) problem is due to Kesselman
and Kogan [46] who proposed the following greedy algorithm:

AvrcoriTHM KK
1: Let (E) = (e1,€2,...,em);
2: for i =1 tom do
3:  Insert e; into the first color not containing other edges adjacent to e;;
4: end for

In [46], it has been shown that ALGORITHM KK is a 2-approximation one and an
example has been presented yielding an approximation ratio of 2 — %. By a slightly
tighter analysis using Proposition 2 we prove here the next lemma.

Lemma 1. ALGORITHM KK achieves an approzimation ratio of min{2 — Ow—;T,
2 — x} for the EC(w) problem.

Proof. The solution, C = {C1,Cy,...,C}, that ALGORITHM KK returns is, by its
construction, a nice one. Let e be the first edge that the algorithm inserts into
color Cj; then it holds that w; = w(e). Let E; be the set of edges preceding e in
(F) and edge e itself, i.e., E; = {e1,ea,...,ei—1}, and A; be the maximum degree
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of the subgraph G[E;]. The optimal solution for the EC(w) problem on the graph

G|[E;] contains ¢* > A; colors each one of weight at least w;, that is w; < w}.. By

Proposition 2, the colors constructed by ALGORITHM KK for the graph G[E;] are

i <2A; —1<2i* — 1, that is * > [551]. Hence, w; < w} < wrﬂw.

Summing up the above bounds for all w;’s, 1 < i < k < 22A — 1, we obtain
2A-1

A A
W < Z w; < wj + 2 ( wf) =2 (wa) —wj. As k* > A, it follows that
i=1 2 i=1

i=

W ¥ w232 wf —wt
Zw;‘ < OPT. Therefore, —— < 2 — al and also < 2imy Wi — Wi <

> > A
gt OPT OPT OPT A w!
w¥ w¥ 1
2 L <o 1 _9_ O
ZiA:I wy A - wi A

It is well known that a (A + 1)-coloring of a general graph and a A-coloring of a
bipartite graph can be found in polynomial time. In fact, a (A + 1)-coloring of
a general graph can be found in O <min{]V|A10g V], |E|\/|V|log |V\}) time [29],
while a A-coloring of a bipartite graph in O (|E|log A) time [16]. Such a coloring
yields a feasible, but in general not optimal, solution for the EC(w) problem.
Intuitively, a solution obtained this way will be close to an optimal one when the
edge weights are close to each other, while ALGORITHM KK performs better in the
opposite case. Next theorem follows by selecting the best among the two solutions
found by ALGORITHM KK and a (A + 1)— or A-coloring of the input graph.

Theorem 7. There is an approzimation algorithm for the EC(w) problem of ratio

2 — A2+2 for general graphs and 2 — A2—i—1 for bipartite graphs.
Proof. By Lemma 1, a solution found by ALGORITHM KK is of weight W < 20PT —
wi. Any A-coloring of a bipartite graph yields a solution for the EC(w) problem of
weight W < A - wf, since w] equals to the weight of the heaviest edge of the graph,
and hence to the weight of the heaviest color of any solution created for this graph.
Multiplying both sides of the second inequality with 1/A and adding this to the first
one we obtain: (1 + 1) W < 20PT, that is W < (2 — 2> OPT.
A A+1

For general graphs we simply consider a (A+1)-coloring, instead of a A-coloring,

of the input graph. O

For the tightness of our analysis for bipartite graphs, consider the instance of
the EC(w) problem shown in Figure 4.1(a). The weight of an optimal solution to
this instance is 2 4 € (Figure 4.1(b)), the weight of the solution of ALGORITHM
KK is 3 (Figure 4.1(c)), and the weight of a solution found by a A-coloring of
the inpug graph (Figure 4.1(d)) is also 3. By selecting either solution a ratio of

2+625:2_A+1 is attained.




20 Max-Edge-Coloring
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Figure 4.1: A tight example for the (2 — ﬁ)—approximation ratio of Theorem 7
for bipartite graphs (A =3, € << 1).

Figure 4.2(a) shows an analogous example for the approximation ratio of Theo-
rem 7 for general graphs. The solution created by ALGORITHM KK (Figure 4.2(c))

has weight 4 — 3¢, while the solution obtained by a (A + 1)-coloring (Figure 4.2(d))
2

-3
has weight 4. By selecting the first solution a ratio of — €~ E = 2 — AT2 is

2
attained, since the optimal solution (Figure 4.2(b)) has weight 5/2.
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Figure 4.2: A tight example for the (2 — ﬁ)—approximation ratio of Theorem 7
for general graphs (A =3, e << 1).

1
The ratios of Theorem 7 are better than 2— A for any A > 3. More interestingly,

the ratios for bipartite graphs are better than the (2A — 1)/3 approximation ratio
proposed in [22], for any A, as well as than the ratios of the algorithm presented in
[25], for A > 4.

4.2 f(A)-approximation algorithms for bipartite graphs

The known approximation algorithms [20, 25] of ratios less than 2 for the EC(w)
problem on a bipartite graph G = (V| E) are based on the following general idea:
Consider an ordering (E) = (ei,e,...,en) of the edges of G, and let E,, =
{ep,ept1,...,¢eq}. Repeatedly, partition the graph G into three edge induced sub-
graphs: the graph G[E ,] induced by the p heaviest edges of G, the graph G[E,11 4],
induced by the next ¢ — p edges of G, and the graph G[E,;1 ], induced by the
m — q lightest edges of G. Find a solution for the whole graph G by considering the
EC(w) problem on these three subgraphs and return the best among the solutions
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found. Depending on how the problem is handled for each subgraph and the analysis
followed, this general idea leads to different algorithms and approximation ratios.
Notice that the same approach is employed by the 8/7-approximation algorithm for
the VC(w) problem on bipartite graphs [20, 51].

In this section we further explore this idea, and we present a series of three
f(A)-approximation algorithms, each one improving the ratios of the previous ones.
Our first algorithm gives approximation ratios better than the previous known for
bipartite graphs of maximum degree 4 < A < 12, but its ratio becomes greater than
2 for A > 13. The approximation ratios of our second and third algorithms are
smaller than 2 for any A. Our third algorithm achieves the best ratios for bipartite
graphs of maximum degree A > 7. However, both these algorithms give ratios that
tend asymptotically to 2 as A increases.

To describe our algorithms, let us introduce some additional notation. We denote
by (p,q), 0 < p < ¢ < m, a partition of G into subgraphs G[E |, G[Ep+1,4] and
G[Eg+1,m); by convention, we define Ey g =0, Ept1m =0 and Ey, = E1 4. By Apy
we denote the maximum degree of the subgraph G[E, 4|, and by d, 4(u) the degree
of u € Vin G[E,,]. We denote by ps the maximum index such that Ay ,, = 4. It
is clear that p; < p2 < ... <pa =m.

Finally, henceforth in this section, the following proposition will be useful.

Proposition 3. Given a graph G = (V, E) and a subset A CV, we can determine
if there is a matching M in G saturating all vertices in A in O(|V|*°) time.

Proof. Consider the graph G’ = (X,Y) constructed by adding to G an additional
vertex, if |V is odd, and all the missing edges between the vertices X — A (i.e., the
vertices X — A induce a clique in G). If there exists a perfect matching in G’, then
there exists a matching in GG saturating all vertices in A, since no edges adjacent to
A have been added in G'.

Conversely, if there exists a matching M in G saturating all vertices in A, then
there exists a perfect matching in G’, consisting of the edges of M plus the edges of
a perfect matching in the complete subgraph of G’ induced by its vertices that are
not saturated by M.

Therefore, in order to determine if there exists a matching M in G it is enough
to check if there exists a perfect matching in G’. It is well known that this last check
can be done in O(|V]??) time [50]. O

Bipartite graphs of small maximum degree

In this section, we present a first approximation algorithm for the EC(w) problem
on bipartite graphs, exploiting the idea of splitting the input bipartite graph into
edge induced subgraphs. In fact, our algorithm generalizes the 7/6-approximation
algorithm for bipartite graphs of A = 3, proposed in [20], such that: (a) it remains
polynomial for general bipartite graphs, and (b) it achieves a substantial improve-
ment of the best known approximation ratios for the EC(w) problem on bipartite
graphs of maximum degree 4 < A < 12.
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In general, for each partition (p,q), p=1,2,...,pa—1, ¢=p+1,...,m, our al-
gorithm checks the existence of two different specific sets of edges in graph G[E}, 11 4]
and for each one of them, if there exist, it computes a solution to the EC(w) problem
on graph G. The algorithm returns the best among all the solutions found.

ALGORITHM BIPARTITE-1(G)
1: for p=1to pa_1 do
2. forq=p+1tomdo
3: if there is a matching M in G[E,1 4] saturating all vertices of G[E} 4] with
degree A then

4: Create a solution for G[E 4] by concatenating a (A — 1)-coloring solution
for G[E 4 \ M| and the matching M;

5: Complete greedily this solution with the edges in Fqi1m;

6: end if

7 if p < po then

8: Find an optimal solution C; , for G[E; ;] by Theorem 6;

9: else

10: Find a solution C; ;, for G[Ej ] by ALGORITHM BIPARTITE-1(G[E1 ,));

11: end if

12: if there is a set of edges E' in G[Ep41 4| saturating any vertex of G[Ep41,4

with degree A and E’ fits in C; , then

13: Find a (A — 1)-coloring solution Cpy1,4 for G[Ept1,4 \ E'];

14: Concatenate Cq and Cpy1,4 and complete greedily this solution with the
edges of G[Eqt1,ml;

15: end if

16:  end for

17: end for

18: Return the best among the solutions found in Lines 5 and 14;

In Line 3 the algorithm checks the existence of a matching M in G[Epi1 4]
saturating all vertices of degree A in G[Ej,4|. It holds that A;, < A — 1, since
1 < p < pa-1, and therefore the vertices of degree A in subgraphs G[E; 4] and
G[Ep+1,4) are the same. Hence, the existence of M can be checked by applying
Proposition 3 on the graph G[Ej1,4] with A being the set of vertices of degree A
in G[El,q]‘

In Line 12 the algorithm checks the existence of a set of edges E' in G[Ep,1,4]
saturating all vertices of degree A in G[Ep;1,4] and, moreover, fitting the solution
Ci p. Consider the subgraph H of G[Ep41 4] induced by its vertices of degree d; ,(u) <
A1, — 1. Note that, by construction, each edge in H fits in a color of the solution
Cip- Let A be the subset of vertices of H of degree dpi14(u) = A, ie. the set
of vertices which we want to saturate, and B the subset of vertices in A of degree
dp(u) = 1. For each vertex u € B we can clearly insert the single edge (u,v) in E'.
Let H' be the subgraph of H induced by its vertices but those in B and A’ C A
be the subset of vertices of A that are not saturated by the edges already in E’.
It is now enough to find a matching on H’ that saturates each vertex in A’, using
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Proposition 3. Adding the edges of this matching in E’ we get a set that saturates
each vertex of degree A in graph G[Ep1 4]

In Lines 5 and 14 the algorithm completes a partial solution by examining the
remaining lightest edges one by one and assigning them to the first color they fit in.
If such a color does not exist, then a new one is created. As both partial solutions
consist of at most 2A — 1 colors, the complete solutions obtained will consist also of
at most 2A — 1 colors, according to the arguments in the proof of Proposition 2.

The following lemma provides bounds to the weight W of the solution obtained
by ALGORITHM BIPARTITE-1. We denote by pa the approximation ratio of our
algorithm for a graph of maximum degree A. By definition, 91 = g2 = 1, since, by
Theorem 6, the EC(w) problem for graphs of maximum degree 1 or 2 can be solved
in polynomial time. Recall also that we consider the colors of an optimal solution
in non-increasing order with respect to their weights, i.e., wi > w3 > --- > wy..

Lemma 2. ALGORITHM BIPARTITE-1 returns a solution of weight:

W < min{(A-1)-wj+wi+(A-1) wii,

1)
1551%%1_1 {g5 : ;wf +(A-1)-wi +(A=9)- UJ*A-HS}}
Proof. For the first term in the righthand side of the lemma’s inequality, we consider
the solution obtained in Lines 3 to 6 of ALGORITHM BIPARTITE-1(G) in the iteration
(p,q) where w(ep1) = wi and w(eg41) = wi, (note that if ¢ = m, then k* = A
and w! = 0, for each ¢ > A + 1). In this iteration the matching M exists, since
in the optimal solution the edges in F; , belong to at most A colors and the A-th
color contains edges of weight at most w(ep41). The weight of M is at most wi,
while the weight of the solution found for G[E; 4 \ M] is bounded by (A —1) - wj.
The greedy step in Line 5 creates at most A — 1 colors, each one of weight at most
wh_ ;- Therefore, W < (A —1) - wj +wi + (A —1)-wi .

For the second term in the righthand side of the lemma’s inequality, consider
the solutions obtained in Lines 7 to 15 of ALGORITHM BIPARTITE-1(G) for A — 1
different iterations (p, q). For p < ps, consider the iteration ¢ where w(eyi1) = wj, 4
and w(eg11) = wx_ 5. In this iteration, the set of edges E’ exists, since in the optimal
solution the edges in Fj,11 4 belong to at most A — 1 colors.

If § = 1 or 2, the algorithm creates an optimal solution for G[E p] using Theorem
6, since Ay, < 2.

If ¢ > 3, the algorithm creates an approximation solution for G[E ;).

In both cases, the edges in F ;, are a subset of the edges of the J heaviest colors
in the optimal solution. Thus, it holds that C; , < o5 - Z?Zl w;, where g1 = 02 = 1.

The weight of the solution found for G[Ep1 1,4\ E'] is bounded by (A —1)-wj, ,
since A (G[Ept1,4\ E']) < A —1 and for each edge e € E,p11,4 \ E' it holds that
w(e) <wy, .

The greedy step in Line 14 creates at most A — § colors, each one of weight at
most wh -

Summing up the weights of these three partial solutions the lemma follows. [
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ALGORITHM BIPARTITE-1(G) performs O(|E|?) iterations. In Line 10 of (some
of) those iterations the algorithm is called recursively for the graph G[E} p]. In this
call, for each combination of p/, ¢/, 1 < p’ < ¢ < p, the graph G, is partitioned
into the three edge induced subgraphs Gy, Gp 41,4 and Gyi1 .

The solution for G[E | has been already computed in a previous iteration of
ALGORITHM BIPARTITE-1(G) in which p = p/. By storing this solution we avoid
its recursive recomputation. Thus, ALGORITHM BIPARTITE-1(G|[E) p]) performs in
total also O(|E|?) iterations. By Proposition 3, the matching M and the set E’ can
be computed in polynomial time, and this derives a polynomial overall complexity.

To obtain the ratio of ALGORITHM BIPARTITE-1 we consider the A bounds on
W and we combine them in an optimal way. For instance, for A = 4, ALGORITHM
BIPARTITE-1 returns a solution of weight W, for which holds that:

W <3 wj +wj+3-w;

W <w] +3 w5+ 3-w;

W <wl +w; +3- w3 +2-wg

W <7/6-(w]+ws+w;)+3-w; +wk

Multiplying these inequalities by 44/458, 66/458, 99/458 and 138/458, respectively,
and adding them we obtain a ratio g4 = 458/347 ~ 1.32 for the EC(w) problem
on bipartite graphs with maximum degree A = 4, that dominates the 1.61 ratio by
[25]. In the same way, we can compute the ratio pa for different values of A.

Table 4.1 summarizes the approximation ratios achieved by our algorithm, as
well as the previous best known ratios for A = 3,4,...,12.

A H Best known ratio Our ratio

3 1.17 [20] 1.17
4 1.61 [25] 1.32
5 1.75 [25] 1.45
6 1.86 [25] 1.56
7 1.95 [25] 1.65
8 2 [46] 1.74
9 2 [46] 1.81
10 2 [46] 1.87
11 2 [46] 1.93
12 2 [46] 1.98

Table 4.1: Summary of the approximation ratios achieved by ALGORITHM
BIPARTITE-1 vs. previous best known ratios for A =3,...,12.

ALGORITHM BIPARTITE-1 achieves better results than the approximation ratio
(2A—1)/3 proposed in [22], for any A, as well as than the 2-approximation algorithm
given in [46], for bipartite graphs with A < 12. Furthermore, for bipartite graphs
of 4 < A < 7 our algorithm improves the best known results given in [25]. For
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bipartite graphs of maximum degree A = 3, ALGORITHM BIPARTITE-1 reduces to
the 7/6-approximation algorithm proposed in [20].

Bipartite graphs of arbitrary maximum degree

In this section we present a new algorithm for the EC(w) problem on bipartite
graphs. It also produces O(|E|?) different solutions by splitting the input graph into
edge induced subgraphs and chooses the best of them. The new algorithm beats the
previous ratios for bipartite graphs for any A > 9 and it is the first one of this kind
yielding approximation ratios that tends asymptotically to 2 as A increases.

In general, for each p = 1,2,...,p2, our algorithm examines a partition of the
graph G into two edge induced subgraphs: G[E;,] of A1, < 2 and G[Ept1,m).
For each one of these partitions, the algorithm computes a solution to the EC(w)
problem on graph G.

Moreover, for each partition (p,q), p = 1,2,...,p2, ¢ =p+1,...,m, our algo-
rithm checks the existence of a set of edges in graph G[E,1 4], just the same to the
set required to ALGORITHM BIPARTITE-1. If such a set of edges exists the algorithm
computes a solution to the EC(w) problem on graph G.

The algorithm computes one more solution by finding a A-coloring of the original
graph G and returns the best among all the solutions found.

ALGORITHM BIPARTITE-2

1: Find a A-coloring solution C%m for G}

2: for p =1 to p2 do

3. Find an optimal solution C{ , for G[E p};

4: Find a A-coloring solution C,, ; ,,, for G[Ep1,n);

5. Concatenate C117p and C;+17m;

6: forg=p+1tomdo

7: Find an optimal solution Cf,p for G[E1 ,];

8: if there is a set of edges E' in G[Ep41 4| saturating any vertex of G[Ep+1 4]
with degree A4 and E’ fits in Cf ) then

9: Find a solution C2,, , by a (A1 4 — 1)-coloring of G[Ep11,4 \ E'];

10: Find a solution C§+1,m by a A-coloring of G[Eq11.m];

11: Concatenate C%Ia7 C§+17q and C§+1,m§

12: end if

13:  end for

14: end for

15: Return the best among the solutions found in Lines 1, 5 and 11;

Note that the main difference between the new algorithm and earlier ones, like
the algorithm proposed in [25] as well as ALGORITHM BIPARTITE-1, is that it keeps
always the maximum degree A, of the subgraph G[E; p] at most two and thus it
always computes an optimal solution for G[E1 ,|. Recall that in the earlier algorithm,
Ay is allowed to take values form 1 to A, and thus there are cases where only an
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approximate solution can be found for G[E; p,|. Due to this fact, the ratio of those
algorithms can increase to O(A).

The existence of the set of edges E’ in Line 8 of the algorithm can be determined
in polynomial time in the same way as the same set in ALGORITHM BIPARTITE-1.

2A3

m)—appmximation one for

Theorem 8. ALGORITHM BIPARTITE-2 is a (
the EC(w) problem on bipartite graphs.

Proof. The solution obtained by a A-coloring of the input graph computed in Line
1 of the algorithm is of weight W < C?,m < A -wj, since w] equals to the heaviest
edge of the graph.

In Lines 3-5, consider the solutions obtained in the iterations where w(epy1) =
wj, for z = 2,3. In both cases it holds that A;, < 2. An optimal solution is
computed for Gy, of weight Clljp < Zf:_ll wy, since the edges in E ), are a subset of
the edges that appear in the z — 1 heaviest colors of the optimal solution. Moreover,
a A-coloring is built for G[Epy1,,] of weight C},;,, < A -w}, since e,41 is the
heaviest edge of this subgraph. Therefore,

W< wl + A w, for 2 = 2,3.

In Lines 7-12, consider the solutions obtained in the iterations (p,q) where
w(epy1) = wi and w(eg41) = w}, for 4 < z < A. In these iterations the set of
edges E' exists, since in the optimal solution the edges in Ej 4 belong in at most
A4 < z—1 colors. The edges of E are lighter than the edges in E p, and thus it
is possible to add them in Cip without increasing its weight. Thus, using the same
arguments as for the weight of Cip, it holds that Cfp < wj +w;. The heaviest edges
in G[Ept1,4 \ E'] and G[Ey41,m] are equal to w} and w}, respectively. Hence, we
have that CZQ,JFLq <(A1g—1)-wi <(2—2)-wj and C§+1,m < A - w}. Therefore,

W <wj+ws+(z—2) wi+A-w}, ford <z<A.

As the algorithm returns the best among the solutions found, we have A bounds
on the weight W of this best solution, i.e.,

W< A-wj
W< S w4+ A wk, if 2 =2 or 3, and
W <wj+ws+(z—2)-wi+A-w if4d<z<A.
To derive our ratio we denote by c;.,1 < z,j < A, the coeflicient of the weight

w3 in the z-th bound on W and we find the solution of the system of linear equations
C.-xT' =17 that is

(A2 -1 f 1
—  if z=
2A3
A+1 )
- SAT if z=2
Tz = 5—A " 3
_ if z=
12A .
N if 4<z<A.
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By multiplying both sides of the i-th bound on W by x; and adding all of them we
have Y22z, - W < w} + w§ + ... + wi < OPT. Hence,

w < 1 < 2A3
OPT = ¥2 4.~ (A2-1)+A(A+1)+A%(5 - A) +2A%(A - 3)
_ 2A3
T ONIAFA-T O

The complexity of ALGORITHM BIPARTITE-2 is dominated by the check in Line
8, which by Proposition 3 can be done in polynomial time. This check runs for
O(|E|?) different combinations of weights.

Improvement for bipartite graphs of arbitrary maximum degree

In this section we further explore the limitations of the same idea of repeatedly
partitioning the graph into three edge induced subgraphs of heaviest, medium and
lightest edges. We present a new algorithm for the EC(w) problem on bipartite
graphs, which improves all the previous ratios for A > 7.

For a partition (p,q) of G, we call critical matching a matching M C E,iq,4
which saturates all the vertices of G[E1 4| of degree A;,. The proposed algorithm
relies on the existence of such a critical matching M: a solution for the subgraph
G[E1 4] is found by concatenating a (Aq, — 1)-coloring solution for the subgraph
G[E1,4 \ M] and the matching M, if exists, and by a Aj 4-coloring of the subgraph
G[E1 4], otherwise. For each partition (p, ¢), the algorithm computes a solution for
the input graph G by concatenating a solution for G[E; 4] and a A-coloring solution
for G[Eq41,m]. The algorithm computes also a A-coloring solution for the input
graph and returns the best among them.

ALGORITHM BIPARTITE-3
1: Find a A-coloring solution for G;
2: Let (E) = (e1,ea,...,€m);
3: forp=0tom—1do
4: forg=p+1tomdo

5: Find, if any, a critical matching M in G[Ep+14);

6: if M exists then

7: Find a (A;,4 — 1)-coloring solution for G[E 4\ M];

8: else

9: Find a Ay 4-coloring solution for G[E 4l;

10: end if

11: Find a A-coloring solution for G[Ey41,m];

12: Find a solution for G by concatenating the solutions found in Lines 6-10

and 11 and matching M, if exists;
13:  end for
14: end for
15: Return the best among the solutions found in Lines 1 and 12;
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To find, if any, the critical matching M in Line 5 of the algorithm, we use
Proposition 3. In fact, we ask for a matching M C E,,1, which saturates all the
vertices of G[Ej 4] of degree A .

Theorem 9. ALGORITHM BIPARTITE-3 achieves an approximation ratio of
2(A +1)3
A3 +5A%2 +5A +3 —2(—1/A)

~ for the EC(w) problem on bipartite graphs.

Proof. The solution obtained by a A-coloring of the input graph computed in Line
1 of the algorithm is of weight W; < A - wy.

Consider the partition (p,q) of G where w(ep+1) = w) ; and w(eg41) = w, for
2 <i < A (recall that wj > w3 > ... > wj. and k* > A). In such an iteration, all
the edges in E7 4 belong to ¢ —1 > Ay 4 colors of an optimal solution C*.

If Ay 4 <i—1, then an (i — 2)-coloring of G[E1 4] yields a solution of weight at
most (¢ — 2) - wj for this subgraph.

If Ay, =1—1 then a critical matching M exists. Indeed, in this case the (i —1)-
th color of C* always contains some edges from F,1 4, for otherwise all the edges
in 4 belong to i — 2 colors of C*, a contradiction; these edges of E,11, could be
a critical matching M for the partition (p,q). Thus, a (i — 2)-coloring solution of
G[E1 4 \ M] and critical matching M yield a solution for the subgraph G[E 4] of
weight at most (i — 2) - w} +w]_;. Finally, a A-coloring solution for G[Ey41 ] is of
cost at most A - w;.

Hence, for such a partition (p,q) the algorithm finds a solution for the whole
input graph of weight

Wi <(i—2)-wj+w ;+A -wf, 2<i<A.

As the algorithm returns the best among the solutions found, we have A bounds
on the weight W of this best solution, i.e.,

W <A-wj,ifi=1, and
W< (GE—-2) wi+w_+A-w,if 2<i<A.

To derive our ratio we perform as in the previous section, solving a system of
linear equations, and we get the following multipliers:

1 _q\ At
o) a 1_<A> , it A-1>i>2

A-3 .
1 3 A—(j+2) 1 L
A =0 ( A xAj) - ZCBQ, if ¢=1.

By multiplying both sides of the i-th bound on W by x; and adding all of them we
1

A
* * * w
have ;xi-WSwl +wy+...+wx < OPT. Hence, OPT < Zlexi

some algebra becomes

, which after
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w < (A+1)
OPT = aAsysazia—g (A (Amed24(—1)AA-1)) |a/2) 2
SAT T — (AZ-1)AD —(A=-1)>07 &%
L1A/2] i —2\|A/2]+1
1 1—
By differentiating both sides of the formula Z <2> = (@) — for
— \z 1—=z
the sum of geometric series we get
LI 20\ 2w 20 2UA2H 4 9| A 2] (a2 — 1)a21A/2
x = \a¥ B (22 —1)2
and by using this last expression for x = A we finally get
W 2(A +1)3
OPT = A3 +5A2 4+ 5A +3—2(—1/A)A" [

Lines 5-12 of the algorithm are repeated O(| E|?) times. Finding a critical match-
ing in Line 5, takes, by Proposition 3, O(|V|?>%) time, while finding the colorings of
the bipartite subgraphs of G in Lines 6-10 and 11, takes O(|E|log A) time [16].

In Table 4.2 we compare the approximation ratios achieved by our three algo-
rithms, as A increases, with the best known ones.

A | Best known ratio Our ratio

3 | 1.17 [20] 1.42  ALGORITHM BIPARTITE-1
4 | 1.61 [25] 1.50 ALGORITHM BIPARTITE-1
5 | 1.75  [25] 1.55 ALGORITHM BIPARTITE-1
6 | 1.86 [25] 1.60 ALGORITHM BIPARTITE-1
7 | 1.95 [25] 1.64 ALGORITHM BIPARTITE-3
8 2 [46] 1.67 ALGORITHM BIPARTITE-3
9 2 [46] 1.69 ALGORITHM BIPARTITE-3
10 2 [46] 1.71 ALGORITHM BIPARTITE-3
11 2 [46] 1.73 ALGORITHM BIPARTITE-3
12 2 [46] 1.75 ALGORITHM BIPARTITE-3
13 2 [46] 1.76  ALGORITHM BIPARTITE-3
20 2 [46] 1.83 ALGORITHM BIPARTITE-3
50 2 [46] 1.93 ALGORITHM BIPARTITE-3

Table 4.2: Approximation ratios for bipartite graphs

4.3 An 1.74-approximation algorithm for bipartite graphs

All the above algorithms for the EC(w) problem give good approximation guarantees
for bipartite graphs of low degree. However, if the maximum degree is arbitrary large
the achieved ratios tend or exceed two. In this section we exploit the same idea and
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we attain an 1.74 approximation ratio that improves substantially the known 2
approximation one for the EC(w) problem on bipartite graphs of maximum degree
A.

For a partition (p,q) of G, we call a set of edges F' C E, 14 critical if each
vertex u € V of degree d 4(u) > Ajp, has degree in G[F] such that d; 4(u) — A <
dair)(u) < Ayg — Ay The proposed algorithm relies on the existence of such a
critical set of edges F': a solution for the subgraph G[E1 4] is found by concatenating
a Aj p-coloring solution for the subgraph G[E;, \ F| and a (A4 — Ay p)-coloring
solution for the subgraph G[F], if F' exists, and by a A 4-coloring of the subgraph
G[E1 4], otherwise. For each partition (p, ¢), the algorithm computes a solution for
the input graph G by concatenating a solution for G[E 4] and a A-coloring solution
for G[Ey+1,m]. The algorithm computes also a A-coloring solution for the input
graph and returns the best among them.

ALGORITHM BIPARTITE-4
1: Find a A-coloring solution for G;
2: forp=0tom—1do
33 forg=p+1tomdo

4: Find, if any, a critical set of edges F' in G[Ep41,4];

5: if F exists then

6: Find a Ay ,-coloring solution for G[E; 4 \ F;

7: Find a (A4 — Ay p)-coloring solution for G[F1;

8: else

9: Find a Aj 4-coloring solution for G[E 4l;

10: end if

11: Find a A-coloring solution for G[E11 m];

12: Find a solution for G by concatenating the solutions found in Lines 5-10
and 11;

13:  end for

14: end for

15: Return the best among the solutions found in Lines 1 and 12;

The following proposition shows that the check in Line 4 of ALGORITHM BIPARTITE-
4 can be done in polynomial time. This proposition is a generalization of Proposi-
tion 3 and plays a crucial role to achieve the approximation ratio of ALGORITHM
BIPARTITE-4.

Proposition 4. For a partition (p,q) of a graph G = (V, E), a critical set of edges
F, if any, can be found in O(|V|3) time.

Proof. A (g, f)-factor of a graph G is a spanning subgraph H such that g(u) <
di(u) < f(u), for all u € V.

Recall that F' C E, 1, and consider the subgraph G[Ep;14]. For each vertex u
of G[Ept1,q) we define g(u) = max{0,d; 4(u) — A1} and f(u) = Ay g — A1 p. Then,
there exists a critical set of edges F' C E, 11 4 if and only if there exists a (g, f)-factor
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in G[Epi1,4). It is known that such a factor, if any, can be found in O(|V[?) time
[3]. O

Theorem 10. ALGORITHM BIPARTITE-4 achieves an 1.74-approximation ratio for
the EC(w) problem on bipartite graphs.

Proof. The solution obtained by a A-coloring of the input graph computed in Line
1 of the algorithm is of weight W; < A - wyj.
Consider the partition (p,q) of G where w(ep+1) = w’|fl-1 and w(eg41) = w}, for
2
2 <1i < A (recall that w] > w§ > -+ > wy. and k* > A). In such an iteration, all

the edges in E7, belong to [%1 — 1> Ay, colors of an optimal solution C*, and all
the edges in Ey 4 belong to ¢ —1 > Ay 4 colors of an optimal solution C*.

If Ay4 = Ay, then the set F' does not exist. Hence, a Aj 4-coloring of G[E 4]
yields a solution of weight at most ([%1 — 1) -w] for this subgraph.

If Ay 4> A then a critical set of edges F' exists. Indeed, in this case the colors

C”fq , erﬂ, ..., 0, of C* always contain some edges from E,; 4, for otherwise
2 2 .
all the edges in Fy, belong to {%] — 1 colors of C*, a contradiction; these edges

of E,q1,4 could be a critical set of edges F' for the partition (p,q). Thus, a Aq,-

coloring solution of G[E; 4\ F| and a (A; 4 — Ay p)-coloring solution for G[F] yield a

solution for the subgraph G[E 4] of weight at most Ay - w4+ (A1 — A1) -w’fﬂ <
2

({%w — 1) ~wi + L%J ~w’fq, since Ay, < (%W -1, A1y <i—1and wj > w*fq.
2 2
Finally, a A-coloring solution for G[Ey41,m,] is of weight at most A - w}.

Hence, for such a partition (p,q) the algorithm finds a solution for the whole
input graph of weight

As the algorithm returns the best among the solutions found, we have A bounds
on the weight W of this best solution, i.e.,

W <A-wj,ifi=1, and

7

W; < ({2—‘ —1>-w1+{2J -w(%W—FA-wi,lf 2<i<A.

To derive our ratio, we search again for appropriate multipliers, which can be
found by solving a system of linear equations, as in Section 4.2. For the case where
the maximum degree of the graph is a power of 2, we get the following multipliers:

Llc%ﬂ ((AI)J+1QZ(11[ <gzl(i1)+[2jl’z+lﬂ)>>, i A>i>2

j=0 y=1 \z=1

i(leiGﬂl)W)’ it i=1.

These multipliers become more complicated in the case where the maximum
degree of the input graph is not a power of 2. In this case, for 2 <7 < A we get
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B (R EGE ))-
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- i

z=1

while x; is the same as in the previous case.
By multiplying both sides of the i-th bound on W by z; and adding all of them
A
we have ;xl W <wi +wy + ...+ wr < OPT, and hence, OPT < Zilxi.
Using Mathematica, we compute the above ratio for quite large values of A, and

it is found to tend to 1.74. Table 4.3 shows the values of the ratio as A increases.
However, an interesting question is whether we can compute a close formula for this

ratio.

A ‘ Our ratio

22 | 1.48837
23 | 1.60188
24 | 1.66582
25 | 1.70023
26 | 1.71809
27 | 1.72719
28 | 1.73178
29 | 1.73409
210 | 1.73525
2t | 1.73583
212 | 1.73612
213 | 1.73626
2 | 1.73634
215 | 1.73637
216 | 1.73639
217 | 1.73640

Table 4.3: Approximation ratios achieved by ALGORITHM BIPARTITE-4 for different

values of A.
O

4.4 Bi-valued graphs

In this section we show first that the EC(w) problem is NP-complete for complete
graphs with bi-valued edge weights. Recall that the EC(w) problem is polynomial
for bi-valued bipartite graphs [22], while for general bi-valued graphs it generalizes
the classical edge-coloring problem, which is known to be NP-complete even for
cubic graphs [41]. In the next theorem we give a reduction from this latter problem.
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Theorem 11. The EC(w) problem is NP-complete for complete graphs even with
edge weights w(e) € {1,2}.

Proof. The edge-coloring problem for cubic graphs takes as input a graph G =
(V,E), V]| = n, with d(u) = 3, for each v € V, and asks for the existence of a
proper 3-coloring of G. Notice that any cubic graph has an even number, n, of
vertices.

From such an instance we construct a complete weighted graph K,, with edge
weights w(e) = 2, for each e € E, and w(e) = 1, otherwise, and we show that there
is a 3-coloring of G iff there is a solution C for the EC(w) problem on K, of weight
at most n + 2.

Assume, first, that there is a 3-coloring of G. Then, there are three colors of K,
each one of weight equal to 2, which include all the edges of K, of weight 2. Let
K, — G be the graph induced by the remaining edges of K,, (those of weight 1).
The graph K,, — G is (n — 4)-colorable as a (n — 4)-regular graph of even order [13].
Therefore, there is a solution C for the EC(w) problem on K, of weight at most
3:24+(n—4)-1=n+2.

Conversely, consider that there is a solution C to the EC(w) problem on K,, of
weight at most n+ 2. This solution contains k£ > n—1 colors, since a complete graph
of even order can be colored with at least n — 1 colors [27]. Moreover, C contains
at least three colors of weight equal to 2, since, by its construction, K, has exactly
three edges of weight 2 adjacent to each vertex. Assume that there is a fourth color
in C of weight equal to 2. Then, C will be of weight at least 4-2+ (k—4)-1 > n+3,
a contradiction. Therefore, C contains exactly 3 colors of weight equal to 2, which
imply a 3-coloring for G. O

Theorem 11 implies that the EC(w) problem is NP-complete in all superclasses of
complete graphs, including split and interval graphs. Note also that the complexity
of the classical edge-coloring problem on interval graphs of even maximum degree
remains an open question [7]. Next corollary follows also from Theorem 11.

Corollary 1. It is NP-hard to approzimate the EC(w) problem within a ratio less

than Z—ig in complete graphs.

In what follows, we present an approximation algorithm for general graphs with two
different edge weights. Assume that the edges of the graph G = (V, F) have weights
either 1 or ¢ > 2. Let G[E1], of maximum degree A;, and G[E;], of maximum degree
Ay, be the subgraphs of G induced by its edges of weights 1 and ¢, respectively.

ALGORITHM BI-VALUED
1: Find a (A + 1)-coloring solution for Gj
2: Find a (A +1)-coloring solution for G[E1], a (A;+1)-coloring solution for G[E]
and concatenate them;
3: Return the best among the two solutions found in Lines 1 and 2;
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Theorem 12. ALGORITHM BI-VALUED achieves a %-approximation ratio for the

EC(w) problem on general graphs of arbitrarily large A and edge weights w(e) €

{1,t}.

Proof. An optimal solution contains at least A colors and at least A; of them are
of weight equal to t. Therefore, a lower bound to the weight of an optimal solution
is OPT > Ay -t + (A — Ay).

A (A + 1)-coloring of G in Line 1 of the algorithm yields a solution for the
EC(w) problem of weight W < (A + 1) - ¢, while a (A; + 1)-coloring of G[E}]
and a (A¢ + 1)-coloring of G[E:] in Line 2 yield another solution of weight W <
(Ar+1)-t+ (A1 +1)-1 < (Ag+1)-t+ (A +1). By multiplying both sides of the

AZ+2A,— A A— A

, both sides of the second one with and

first inequality with

(A+1)2 A+1
A2+ A2 AN+ A
adding them, we get * (tA 1) ¢ A W < Ap-t+ (A —Ay) <OPT, that
A+1)?
is OZZT < (A= Ai)Q i A)t(A 1) This ratio is maximized when A; = %, and
4(A+1) _4A+4 4 16

therefore O

OPT “(A+1)+2(A—1) 3A—-1 3 9A—3



Chapter 5

Max-Edge-Coloring on trees

In this chapter we describe approximation results for the EC(w) problem on trees,
as well as polynomial algorithms for subclasses of trees.

In Section 5.1 we present a polynomial algorithm for a special class of trees,
namely stars of chains (or spiders). To obtain this algorithm we need the following
theorem for trees of bounded maximum degree.

Theorem 13. The EC(w) problem can be solved in polynomial time on trees of
bounded mazximum degree.

Proof. By Theorem 2(i), the EC(w) problem is polynomial on trees when the num-
ber, k, of colors is fixed. Moreover, by Proposition 2 it holds that £ < 2A — 1, and
hence the theorem follows. O

Although the complexity question for the EC(w) problem on trees remains open,
we give, in Section 5.2, a 3/2-approximation algorithm. Next, we present two ap-
proximation algorithms of low exponential complexity. The complexity of the first
algorithm is exponential to the maximum degree of the tree, while the second one
is exponential to the number of edges. Finally, a PTAS is presented for the EC(w)
problem on trees in Section 5.4, reaching the approximability of the VC(w) problem
on the same class of graphs.

5.1 Stars of chains

A star consists of m edges, e1,e9,...,€en, sharing a common endpoint. Obviously,
the optimal solution to the EC(w) problem for such a weighted star is of weight
OPT =371 w(e;) and consists of exactly A =m colors.

A star of chains consists of A > 3 chains, T3,75,...,Ta, all starting from a
common vertex, say u. We consider each chain T}, 1 < j < A, starting from u with
an edge e which we call start edge. We also assume, w.l.o.g., that w(e}) > w(ey) >
o> w(e}).

Lemma 3. For an optimal solution C* = {C},C5,...,C}.} of the EC(w) problem
on a star of chains the following hold:

35
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(i) The number of colors k* equals to either A or A + 1.
(i) Only p < 3 colors have cardinality |CF| > 1.
(iii) At least the p — 1 heaviest start edges appear in these p colors.

Proof. For item (i), according to Proposition 2, A < k* < A’ — 1. Here, it holds
that A" = A + 2.

In order to prove item (ii), assume that an optimal solution has more than three
colors of cardinality |C}| > 1. Consider those colors sorted in non-increasing order
with respect to their weights. Each non start edge e has at most two neighbor edges.
So, such an edge e can be moved in one of the three first heaviest colors, since its
neighbor edges can belong in at most two different colors.

Finally, for item (iii), consider first that p = 2. Assume that in the optimal solu-
tion the heaviest start edge e} does not belong to neither of two colors of cardinality
|C¥| > 1. Then e} can be either inserted into one of those two colors (if this does
not contain another start edge), or e} can replace an existing start edge. In both
cases the weight of the optimal solution does not increase.

Assume next that p = 3. As in the previous case, e} can be inserted into one of
the three colors of cardinality |C| > 1. Similarly, e can be inserted in one of the
remaining two of those colors. O

In what follows, we distinguish between two cases according to possible number
of colors in an optimal solution, i.e., A + 1 or A.

If an optimal solution consists of A+ 1 colors, then it contains exactly one color
without any start edge. ALGORITHM STAR-OF-CHAINS(A+1) finds such an optimal
solution with A + 1 colors.

ALGORITHM STAR-OF-CHAINS(A + 1)

1: Remove from the star the A — 2 lightest start edges;
(this creates a graph H consisting of A — 1 chains)
: Find an optimal solution S*(H) for the graph H, using Theorem 6;
. if there are 3 non empty colors in S*(H) then
Return the solution consisting of these 3 colors of S*(H) plus A — 2 colors
each one containing one of the removed A — 2 lightest start edges;
5: end if

W

Note that ALGORITHM STAR-OF-CHAINS(A + 1) it is possible to return A — 1
colors of |C;| = 1, in the case where one of the three colors of S*(H) found in Line 2
consists of a single edge. Taking into account Lemma 3, it follows that ALGORITHM
STAR-OF-CHAINS(A + 1) returns an optimal solution of A + 1 colors since: (i) the
A — (p—1) colors of cardinality |C;| = 1 contain the A — (p — 1) lightest start edges
(one per each color), and (ii) the weight of p colors is optimal.

The complexity of ALGORITHM STAR-OF-CHAINS(A + 1) is dominated by Line
2 and by Theorem 6 it is O(|E|log |E|).
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If an optimal solution consists of A colors, then each of them contains a start
edge. ALGORITHM STAR-OF-CHAINS(A) returns such an optimal solution with A
colors.

ALGORITHM STAR-OF-CHAINS(A)

1: for j =3 to A do
2:  Remove A — 3 start edges ef, ej, ... ,e}-‘fl, e}-ﬂrl, C €A
(this creates a star T of 3 chains and a graph H of A — 3 chains)
Find the optimal solution S*(T") using Theorem 13;
if there are exactly 3 colors in S*(7T") then
Find the optimal solution S*(H) using Theorem 6;
Combine the solutions S*(7') and S*(H) into exactly 3 colors;
Find a solution for the initial star consisting of these 3 colors plus A — 3
colors each one containing one of the removed A — 3 start edges;
8  end if
9: end for
10: Return the best solution found;

The star T', obtained after Line 2 of the above algorithm, is a tree of maximum
degree three and therefore an optimal solution S*(T'), in Line 3, can be found in
polynomial time, by Theorem 13. Notice that such a solution consists of at least
three colors. Moreover, the optimal solution S*(H) built in Line 5, consists of at
most three colors, by Proposition 2.

In Line 6, an optimal solution of three colors for the edges in T and H can
be obtained by considering the colors in both solutions in non-increasing order with
respect to their weights and merging the colors of each solution having the same rank,
since T and H are vertex-disjoint. The optimality of the solution that ALGORITHM
STAR-OF-CHAINS(A) returns, follows from Lemma 3 using the same arguments as
for ALGORITHM STAR-OF-CHAINS(A +1).

The complexity of the algorithm is dominated by Line 3 which takes polynomial
time and is executed A — 2 times.

By Lemma 3 the optimal solution to the EC(w) problem on stars of chains is the
best between the solution found by ALGORITHM STAR-OF-CHAINS(A + 1) (optimal
with A+1 colors) and the one found by ALGORITHM STAR-OF-CHAINS(A) (optimal
with A colors). Thus, the following theorem holds.

Theorem 14. The EC(w) problem is polynomial on stars of chains.

5.2 A 3/2 approximation algorithm

In this section, we first present an (1 + wg);?z)—approximation algorithm for the
EC(w) problem on trees. Then, combining this algorithm with ALGOrRITHM KK
we derive a 3/2 approximation ratio.
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For our first algorithm we consider the tree rooted in an arbitrary vertex and we
denote by E* the edges of the tree adjacent to a vertex u. The algorithm traverses
the vertices of the tree in pre-order and for each vertex u assigns the edges in E* to
colors as follows.

ALGORITHM TREES

1: Root the tree in an arbitrary vertex r;

2: for each vertex u in a pre-order traversal of the tree do

3:  Let (E%) = <e§‘,e”§,...,eg(u)), and e, 1 < j < d(u), be the edge between
u,u # r, and its parent;

4:  fori=1tod(u),i#j,do

5 Insert edge e} into the first color not containing other edge in E*;

6: end for

7: end for

To analyze our algorithm we define y;, 1 < i < A, to be the weight of the heaviest
edge between those ranked i in each ordering (E%), u € V, i.e., y; = ma&({w(e?)}.
ue

It is clear that y; > yo > ... > ya. Next two propositions use these values for
bounding the weights of the colors of both an optimal solution and a solution found
by ALGORITHM TREES. Recall that an optimal solution to the EC(w) problem
consists of at least A colors.

Proposition 5. For all 1 <1 < A, it holds that w] > y;.

Proof. Let e = (u,v) be the heaviest edge with rank equal to i, i.e., y; = w(e).
W.l.o.g., assume that e is ranked 7 in E*. Then, there exist ¢ edges in E* of weight
at least y; and as they belong into ¢ different colors in an optimal solution, it follows
that w; > y;. O

Proposition 6. ALGORITHM TREES constructs a solution of exactly A colors. For
the weight, w;, of the i-th, 2 <1 < A, color it holds that w; < y;_1.

Proof. For a vertex u # r of the tree let e be the edge between u and its parent and
J be its rank in E", i.e., e = €j. In the iteration processing the vertex u the edge e
has already been inserted by the algorithm into a color, say C,.

The algorithm inserts the edges in E” into d(r) < A colors. For any other vertex
u, the algorithm inserts the edges in E" \ {e} into d(u) — 1 < A — 1 colors different
than C),. Therefore, the algorithm finds a solution C = {C1,Cy,...,Ca} of exactly
A colors.

We prove the bounds on the color’s weights by induction on the vertices in the
order they are processed by the algorithm. We consider all colors in C of an initial
weight w; =0, 1 <i < A.

For the root vertex r, the algorithm inserts each edge e} into color Cj, 1 < i <
d(r). Clearly, w; = w(e]) <y; <yi—1, 2 <1 <A,

Assume that before the iteration processing a vertex uw # r, it holds that w; <
Yi—1, 2 <1i < A, and let w} be the weight of the color Cj, 2 < i < A, after processing
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the vertex u. We prove that w} < y;_1, 2 < i < A, by distinguishing among three
cases depending on the values of p and j:

(i) p = j: Each edge e} belongs to color Cj, 1 < i <
and w(e}) <y, it follows that w] = max{w;, w(e}')}
2<i< A.

d(u). Since w; < yi—1
< max{yi—1,¥i} = Yi—1,

(i) p>j: For 1 <i<j—1andp+1<i<d(u) each edge e} belongs to color
C; and we conclude as in Case (i). For j +1 < i < p each edge e belongs to
color Cj_1, that is w] = max{w;, w(e}, )} < max{y;—1,yit1} = Yi—1.

(i) p<j: For 1 <i<p-—1and j+1<i<d(u)each edge e} belongs to color
C; and we conclude as in Case (i). For p <1i < j — 1 each edge e} belongs to
color Cjt1, that is w) = max{w;, w(e} ;)} < max{y;—1,yi—1} = yi—1- O

Using the bounds established in Propositions 5 and 6 we obtain the next lemma.

Lemma 4. ALGORITHM TREES achieves an approzimation ratio of 1 + = OP wA <2
for the EC(w) problem on trees.

Proof. For the weight of the first color obtained by ALGORITHM TREES it holds that
wy < y; = wj, since both y; and wj are equal to the weight of the heaviest edge of
the tree. By Proposition 6 it holds that w; < y;_1, 2 < ¢ < A and by Proposition 5
it holds that y; < w}, 1 <i < A Therefore, the weight of the solution obtained by

A-1 A-1
ALGORITHM TREES is W = szgyﬁZyz 1—y1+ZyZ§w1+Zw <
=1 . z% =1 =1
W w; —w
w] + OPT — wh, that is OPT§1+W<2 O

The example illustrated in Figure 5.1(a) shows that the ratio of our algorithm
can be arbitrarily close to 2. For this instance OPT = 1 + 2¢ (Figure 5.1(b)), the
weight of the solution found by ALGORITHM TREES is W = 2 + € (Figure 5.1(c))

and the approximation ratio becomes 12++2€€.
. cy o0y 3 ¢ G G
€ € €
: . 1 _e_ _e_ LE. €. . E.
N N /R\ 1 _e. _e._ 1 _e_
1/ €1/ € ¢ € e e e 1 e
[ ) LN ) [ )

Figure 5.1: A tight example for the 2 approximation ratio of ALGORITHM TREES
(A=3,e<<1).
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To derive the 3/2 approximation ratio we simply select the best among the
solutions found by ALGORITHM KK and ALGORITHM TREES.

Theorem 15. There is a %—approximation algorithm for the EC(w) problem on

trees.

Proof. Let W be the weight of the best among the solutions found by ALGORITHM

W *
KK and ALcORITHM TREES. By Lemma 1 it holds that —— < 2 — o

orT =2~ opr ™

W * *
by Lemma 4 that OPT <1+ %. As the first bound is increasing and the
second one is decreasing with respect to OPT, it follows that the ratio OPT is
m;}/dmized wheri 2— Ou]};T =1 ;l— “%‘WU’A, tha’i is OZ;T = 2-w] — wj. Therefore,
<o W9 W1 oo W1 _ 2 O
OPT OPT 2wl —wi 2-wy 2

For the tightness of the analysis in Theorem 15 consider the instance given in
Figure 5.2(a). For this instance OPT = 2+ 2¢ (Figure 5.2(b)) and the weights of the
solutions found by ALGORITHM TREES and ALGORITHM KK are 3 (Figure 5.2(c))
and 3 — e (Figure 5.2(d)), respectively. Our algorithm selects the solution found by

ALcoriTHM KK and the approximation ratio becomes 23;266.

Figure 5.2: A tight example for the 3/2-approximation algorithm for trees (A = 3,
e<<1).

5.3 Moderately exponential approximation algorithms

In this section, we present two approximation algorithms for trees that improve the
3/2 ratio of Theorem 15 within exponential running time much better than that
needed for the computation of an optimal solution.

The idea employed by the algorithms is to find an approximate solution to the
EC(w) problem on a tree T' = (V, E) by searching exhaustively for the weights of
a number of colors of an optimal solution C*. A parameter z, given as input to
the algorithms, determines the (maximum) number of colors of C* that we search
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exhaustively and, hence, the complexity and the approximation ratio of the algo-
rithms. In such an exhaustive search, each step of the proposed algorithms has to
answer to an instance of the FEASIBLE-EC(w) problem, which can be done through
the EC(¢) problem (see Section 3.1).

The first algorithm proposed in Section 5.3 is exponential to the maximum de-

gree, A, of the input tree and achieves a p approximation ratio in O*(m/ (p)'A) time,
9_
where f(p) = Tp The second algorithm presented in Section 5.3 is exponential
p
to the number of edges, m, of the input tree and achieves a ratio of p in O*(g(p)™)
, (2p—1)2+1
= . <
time, where g(p) (2p — 1)@ PG 17D Some values of p < 3/2, f(p) and

g(p) are summarized in Table 5.1.

Complex1ty | » T | 11 [ 12 | 13 | 14 | 15
0* mf(” (,0 2 1.795 | 1.625 | 1.481 | 1.357 | 1.250
g(p) 1.968 | 1.896 | 1.811 | 1.727 | 1.649

Table 5.1: Approximation ratios vs. complexities for trees

An exponential to A algorithm

This algorithm depends on a parameter z taking integer values in [1,2A — 1] and
iterates z times, for 7 = 1,2,... 2. In each iteration the algorithm considers all the
combinations of j edge weights as the weights of the j heaviest colors of an optimal
solution. For each combination of weights, wi > wo > ... > wj, the algorithm
has to answer to an instance of the FEASIBLE-EC(w) problem on the input tree
T. In order a “yes” answer to this FEASIBLE-EC(w) problem to be probable for
all values of j we extend the combination of weights w; > ws > ... > w; to a
sequence wi > W > ... > W; = Wj4] = Wjy2 = ... = wy by adding k£ — j new
weights all equal to w;. In fact, this extended sequence consists of k = j — 1+ A
weights, if j < A (this way the T"s edges of weights w(e) < w; can be assigned
into the A colors of weight w;) and k = 2A — 1, otherwise (since by Proposition
2 any solution to the EC(w) problem consists of at most 2A — 1 colors). Hence,
k = min{j — 1+ A,2A — 1}. This instance of the FEASIBLE-EC(w) problem has
answer “yes” if and only if the edges of weight w(e) > w; can be assigned to (colors
of) weights greater than w; (see the proof of Theorem 16). In this case the algorithm
finds a feasible solution for the EC(w) problem and it returns the best among all
feasible solutions found.
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ALGORITHM TREES-A(2)

1: for j =1to z do
2:  for each combination of j edge weights, w1 > wy > ... > wj, do

3: Answer to the FEASIBLE-EC(w) problem with input 7" and k£ = min{j —
14+ A 2A — 1} weights: wy > wa > ... 2> wj = W41 = Wjp2 = ... = Wk;

4 if the answer is "yes” then

5 A feasible solution to the EC(w) problem is found;

6: end if

7. end for

8: end for

9: Return the best among the feasible solutions found;

Theorem 16. For any p > 1, ALGORITHM TREES-A(z) achieves a p approzima-
tion ratio for the EC(w) problem on trees, in polynomial space and running time

O*(mI )2 where f(p) = Z2£.

p
Proof. Consider the j-th iteration of the algorithm and in this iteration the combi-
nation of j edge weights which coincide with the weights wj > w3 > ... > wj, of

the j heaviest colors of an optimal solution C*. In this step the algorithm answers to
the instance of the FEASIBLE-EC(w) problem with input 7' and weights w; > w},
1 < i < k. We claim that this FEASIBLE-EC(w) problem has always a “yes” an-
swer. Indeed, if & = 2A — 1, then the claim follows since k* < 2A —1 and w; > w;,
1<i<k* Ifk=j—1+A<2A—1, then the edges of weights w(e) > w} can be
assigned (belong) to the j — 1 heaviest weights (colors of C*). Moreover, there are
A weights equal to wj; and the edges of weights w(e) < wj can be assigned to them.
Hence, a feasible solution for the EC(w) problem on T is found of weight

Wi=uwi+wi+...+wjy+(k—j+1) wi
The algorithm finds such a feasible solution in each iteration j and as it returns
the best among them we obtain A bounds on the weight of this best solution, that
s W <wi+ws+...+wj_+(k—j+1)-wj, 1 <j <z Proceeding as in the proof
of Theorem 8 we find z multipliers

IAN—1—2z (A—1\2"1
Z( A) L i 1<j<A

_ A2
Y 2A-1-2 if A+r1<j<
- > 1 _]_Z
(2A —7)(2A =1 —3)
w 1 1
h that < - ‘
such that —or < Sigm 11— 28l (ADA-

The EC(w) problem is polynomial for graphs of A = 2 and as for A > 3 it

A-1\*" 4 1
holds that <A> > g Ve get OPT < - % . 2A—Al—z = p. Hence, an
9_—
approximation ratio p is derived for z = Tp A —1 = f(p)- A —1, where
p

f(p)=94pp-
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The complexity of ALGORITHM TREES-A(z) is exponential in z. In Line 2 the al-
gorithm examines (m) combinations of weights. Thus, for all iterations Z§:1 (7]”) =
O(z-m?) combinations of weights are examined. For each one of these combinations,
it takes O(m - A%9) time to answer to the instance of the FEASIBLE-EC(w) in Line
3. Since z and A are O(m), the complexity of ALGORITHM TREES-A(z) is O*(m?),
that is O* (mf (p)A). Moreover, the algorithm needs polynomial space, since Line 3

is executed independently for each combination of weights. O

Notice that for z = 2A—1 the ALGORITHM TREES-A(z) finds an optimal solution
within O* (m2A) time.

An exponential to m algorithm

This algorithm depends on a parameter z taking integer values in [1,[% |] and it-
erates 2z times, for k = 1,2,...,2,m — z,...,m. In each iteration, the algorithm
exhaustively considers k edge weights, wi, we, ..., wg, as the weights of the k£ heav-
iest colors of an optimal solution C*, and answers to the instance of the FEASIBLE-
EC(w) problem, with input 7" and w; > wg > ... > wy. This way an optimal
solution is found when £* < z or k* > m — z. In order to derive an approximate
solution when z < k* < m — z, the algorithm, in the iteration where k = z, an-
swers also to instances of the FEASIBLE-EC(w) problem with input 7" and weights
Wy > Wy > . > W, =Wy = ... =wp, for K =24+1,2+2,...,m—2—1. The
algorithm returns the best among the feasible solutions found.

ALGORITHM TREES-E(z)
1: for k=1tozand k=m — z tom do
2:  for each combination of k£ edge weights, wy > wg > ... > wy, do
3: Answer to the FEASIBLE-EC (w) with input 7" and weights
Wy 2> W 2 ... 2> W

4: if the answer is "yes” then

5: A feasible solution to the EC(w) problem is found;

6: end if

7: if kK = z then

8: fork =2+1tom—2—1do

9: Answer to the FEASIBLE-EC(w) with input 7" and k" weights:
WL W2 2> oo 2 Wy = Wyg] = Wyt = ... = W'}

10: if the answer is "yes” then

11: A feasible solution to the EC(w) problem is found;

12: end if

13: end for

14: end if

15:  end for

16: end for

17: Return the best among the feasible solutions found;
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Theorem 17. For any p > 1, ALGORITHM TREES-E(z) achieves a p approxima-
tion ratio for the EC(w) problem on trees, in polynomial space and running time

. . (2p—1)2+41
O (g(p) )J where g(p) = (2p _ 1)2(2p_1)2/((2p_1)2+1) °

Proof. If k* < z or k* > m — z then the algorithm in an iteration of Lines 3-6 finds
an optimal solution.

If 2z < k* < m — 2z then we consider the following two solutions found by the
algorithm:

(i) In the iteration where k = m — z, for a combination w; > wg > ... > wy of
weights, it holds that w; = w}, 1 <14 < k*. Hence, for this combination there
is a feasible solution of weight at most w} +w3 +...+w;. +(m—z—k*)w}. =
OPT + (m — z — k*)wj..

(ii) In the iteration where k = z and k¥’ = k*, for a combination wy > wg > ... > wy
of weights, it holds that w; = w}, 1 <14 < 2. Hence, for this combination there
is a feasible solution of weight at most wj + w3 + ... + w} + (k* — z)w} =
OPT — 331y wi + (k" — z)uw?.

Thus, it holds that

W _ {OPT +(m—z—kYwi, OPT— Y% wf+ (k* - 2)w? }
< min

OPT — OPT ’ OPT
< mind14 (m —z — k*)wj. 1 (k* — 2)(w} — wi.) .
2wt + (k* — 2)wj, 2w} + (k* — 2)wj.

As the first value is increasing with wj. and the second one is decreasing, this

quantity is maximized when (k* — z)w} = (m — 22)wj.. Therefore, we have

W (m — z — k*)w;. E*(m — 2z)
. L -
OPT Z(;Z:ZZ) wh. + (k* — 2)wr, z(m —2z) + (k* — 2)

which is maximized for k* = \/z(m — z). Hence,

w < z(m — z)(m — 22) _ m— 2z
OPT = z(m—22)+4 (Vz(m —2)—2)2  2/z(m —2) — 22

By setting z = Am, where 0 < A < %, we get

w < m — 2 m B 1—2X _
OPT = 2./ xm(m —xm) —2xm  2/A(1 =) — 2\ P
1
Therefore, in order to achieve a p approximation ratio we choose A = —————,
(2p—1)2+1

m

that is 2 = ———5——.
at is z Gp 1241
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The algorithm needs polynomial space, since Lines 3-14 are executed indepen-
dently for each combination of weights. As the FEASIBLE-EC(w) problem is poly-
nomial for trees, the complexity of the algorithm is, within a polynomial factor,
O(T(m)), where T'(m) is the number of combinations generated. For this number

it holds that
m m
= < <
- (7)- 2;( )<= (7) <m(3)
1\* 1 AT (20 —1)241 m
2 122 — "\ (2p = 1)2@ D@17+

= m-g(p)™.

T(m)

IA
A
3
v
_|_
||
stﬂs

IN

Hence, the complexity of ALGORITHM TREES-E/(z) becomes O*(g(p)™), where g(p) =
(2p—1)2+1 -
(2p — 1)22p=1)*/((20—1)?+1)

Note that for z = || ALGORITHM TREES-E(z) computes an optimal solution
for the EC(w) problem on trees in O*(2™) time and polynomial space.

In [5], an algorithm has been presented with running time and space O*(2"),
which, for any k&, computes the number of all proper k-vertex-colorings of a graph,
and moreover enumerates these colorings. This algorithm can be used to find an
optimal solution for the VC(w) problem on a general graph, by running it for
1 < k < n. Considering the line graph L(G) of the input graph G of the EC(w)
problem, we derive that the EC(w) problem on general graphs can be optimally
solved with running time and space O*(2™).

Next proposition shows that if A = o(m) then the running time of ALGORITHM
TREES-FE(z) for computing an optimal solution is improved.

Proposition 7. If A = o(m), then ALGORITHM TREES-E(z) requires subexponen-
tial running time 2°0™ in order to compute an ezact solution for trees.

Proof. By Proposition 2, the number £* of colors in any optimal solution to the
EC(w) problem is at most 2A — 1. Thus, the number of combinations of weights
needed to be generated by the algorithm becomes

T < (j3) < o
2A) = A (m — 2A)m 28
< 2m10gm—2A10g(2A)—(m—2A) log(m—2A)
< 2mlog(1+2A/(m—2A))+2Alog(m/QA—l)

Notice first that 2A/(m — 2A) tends to 0 for m — oo, since A = o(m), and
2A
thus m log <1 + (m—2A)> — 0. Moreover, note that 2A log (— - 1) o(m),

2A
_2Alog (3% — 1) : . :
since tends to 0 as m increases. Combining the two observations
m
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above, we get that T(m) = 2°0™ and, hence, the running time of ALGORITHM
TREES-E () is O* (20™). O

Notice that ALGORITHM TREES-E (|%|) and ALGORITHM TREES-A(2A — 1)
coincide and both return an optimal solution to the EC(w) problem on trees. Thus
the last proposition holds for both algorithms.

5.4 Polynomial Time Approximation Scheme

In this section we combine the idea of iteratively splitting the input graph with
ALGORITHM TREES in order to derive a PTAS for the EC(w) problem on trees.

In fact, our algorithm splits a tree G = (V, E), into subgraphs G[E ;] and
G|[Ej+1,m) induced by the j heaviest and the n — j lightest edges of G, respectively
(by convention, we consider G[E] ] as an empty subgraph). The algorithm depends
on a parameter p such that all the edges of G of weights wi,w3,...,w,_; are in a
subgraph G[E j]. We obtain a solution for the whole graph by concatenating an
optimal solution of at most p — 1 colors for G j, if there is one, and the solution
obtained by ALGORITHM TREES for G[E;i1,m].

ALGORITHM TREES-SCHEME(p)
1: Let (E) = (e1,€e2,...€m);
2: for j =0 tom do
3:  Split the graph into two edge induced subgraphs:
- G[E4 ;] induced by edges e, ea,...,¢€;
- G[EjJrl,n] induced by edges €j+1,€j42,---,Em

4:  if there is a solution for G[E1 ;] with at most p — 1 colors then
5: Find an optimal solution for G[E; ;] with at most p — 1 colors;
6: Run ALGORITHM TREES for G[Ej11,m);

7 Concatenate the two solutions found in Lines 5 and 6;

8: end if

9: end for

10: Return the best solution found;

Theorem 18. ALGORITHM TREES-SCHEME(p) is a PTAS for the EC(w) problem
on trees.

Proof. Consider the iteration j, 7 < m, of the algorithm where the weight of the
heaviest edge in G[Ej;+1m,] equals to the weight of the i-th color of an optimal
solution, i.e. w(ej41) =w), 1 <i<p.

The edges of G[E, ;| are a subset of those appeared in the i — 1 heaviest colors
of the optimal solution. Thus, an optimal solution for G[E1 ;] is of weight

OPTy; <wi+w;+...+w_,.
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The edges of G[Ejt1,m] are a superset of those appeared in the k* —(i—1) lightest
colors of the optimal solution. The extra edges of G[Ej1,,] are of weight at most
w; and appear in an optimal solution into at most ¢ — 1 colors. Thus, an optimal
solution for G[Ej{1 ] is of weight

OPTji1m Swj +wj +...Fwh + (i —1) - wf =i-w) +wj | +...4+w..

By Lemma 4, ALGORITHM TREES returns a solution for G[Ej1 ] of weight

OPT} 1+ w} — wh
i-wp Fwig .. wps +wy
(t4+1) wi +wj g +...+ wp.

Wit1m

VAN VAN VAN

Therefore, the solution found in this iteration j for the whole graph G is of weight
Wi=O0PT1; +Wit1m Swi +ws + ...+ w_ | + (i + 1) wf +wj +...+w..

In all the iterations of the algorithm we obtain p such inequalities for W. By

1
multiplying the i-th, 1 <14 < p, inequality by ———— and adding up all of them,
i-(Hp+1)
P
1 W H,+1 1
h ———— | - W < OPT, that i <P =14+ —.
we have (;%(Hp%—l)) < , that 1s OPT = H, +Hp

ALGORITHM TREES-SCHEME(p) iterates |E| times. In each iteration: (i) an op-
timal solution, if any, with at most p — 1 colors for G[E ;] is found using Theorem
2(i), in O(|E|P~1 - |E|- A%5) time, and (ii) ALGORITHM TREES of complexity O(|V|-
A -log A) is called for G[Ej41,m,]. Choosing p such that e = H%), we get p = 0(2%).
Consequently, we have a PTAS for the EC(w) problem on trees, that is an approx-
imation ratio of 1 + H%[, = 1 + € within time O (|E| (V|- A-log A+ |E[P - A%))

which is exponential to % O
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Chapter 6

Bounded Max-Edge-Coloring

In this chapter we deal with the complexity and approximability of the EC(w,b)
problem. First, we present an approximation algorithm for general and bipartite
graphs. Then, we prove that the problem is NP-complete for trees and we give a
2-approximation algorithm for this case. Note that this is the first complexity result
for any max-coloring problem on trees.

6.1 General and bipartite graphs

Our approximation algorithm for general and bipartite graphs is based on tight
bounds on the number of colors in a solution to the EC(w, b) problem. In fact, our
bounds apply to any nice solution (C) = (C1,Cs,...,Ck) to the EC(w,b) problem.
We call such a solution nice if each color C;, 1 < i < k, is of cardinality |C;| = b
or C; is maximal in the subgraph induced by the edges Uf:l C;. It is easy to see
that any solution to the EC(w, b) problem can be transformed into a nice one of the
same total weight.

Proposition 8. For the number, k, of colors in any nice solution to the EC(w,b)
problem it holds that:

|E]

{@—‘ — {%—;—‘ + (2A — 1), for general graphs
max{A, 5 }<Ek<

[@—‘ — [%21 + (2A — 1), for bipartite graphs

Proof. The lower bounds follow trivially. For the upper bounds, let (C) = (C1, Co,
...,Cg) be a nice solution, e = (u,v) be an edge in the last color Cy, and E,
and F, be the sets of edges adjacent to vertices u and v, respectively. By the
niceness of the solution C it follows that edge e does not appear in any color Cj,
1 <i <k —1, because |C;| = b or C; contains at least one edge in E, or E,. Let
W, X,Y C {01,02,...,Ck_1} such that W = {CZ c |G| = b}, X = {Cz : ’CZ| <b
and C; contains an edge e € E,} and Y = {C; : |C;| < b and C; contains an edge
e € E,}. Let E; be the set of edges in the colors in W and Es = E \ E; be the set
of edges in the colors in X UY U {Cy}. Then, k = |E—bl| +xz+y+1, where z = | X|
and y = |Y|.

49
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Assume, w.l.o.g., that X1Y71 X5Y5 ... XY is the order of colors in the nice solution
(Cy, where X; C X, Y; CY,1<i<I, and X; is possibly empty. Let z; = | X;| and

For general graphs, consider a color C' € X; and let S; = U;Zz Y; and s; = Zé:z Y-
The edge (u, z) € CN E, prevents at most one edge (v, z) € S; N E, from being into
C. Moreover, each other edge (p,q) € C prevents at most two edges (v,p), (v,q) €
S;N E, from being into C'. As the colors in S; contain exactly s; edges from FE, and
all of them are prevented from being into color C, it follows that |C| > [%] + 1.

Therefore, there exist at least x; - PZ; 1] + x; edges in X;. In a similar way, by

considering a color C' € Y; there exist at least y; - [ti;q + y; edges in Y;, where

ti = Z;:z 41 Zj- Summing up these bounds, and taking into account that ¢, —1 >0
(since Y] is not empty), it follows that

By > zl:(x F@‘;ﬂ +$¢)+§;(yi. F@' = 1} + 1)

=1 =
x(y—1) — +ys+ ...+ y_
_ (y ) (11 23/2 Y 1>—|—x+y—|—1
sly—1)— (ot vy +u—1
> (y—1)— (n y22 Yi—1 + Y )—I—zc+y—|—1
-1 -1 1 1 1 1
_ (= )2(y )+$+y+12(w+ )2(y+ ) 1> {(H )2(y+ )1_

Therefore, k = %—i—x—l—y—i—l < P—f'—‘ — {%—‘ +z+y+1If A <2bthen

this quantity is maximized when x = y = A—1 and hence k < [@—‘ — {%—;—‘ +(2A-1).
If A > 2b then the above quantity is maximized when x = A — 1 and y = 0 and
hence k < [@-‘ — (Q%J +A< {@-‘ - {%—;-‘ +(2A -1).

For bipartite graphs, the proof is similar. The structure of a bipartite graph allows
a tighter bound on the number of edges in the colors in X; and Y;. Consider, again,
a color C € X;. For the edge (u,z) € CN E,, there is no edge (v, z) € S; N E,, while
each other edge (p,q) € C prevents at most one edge (v, p) or (v,q) in S; N E, from
being into C. Thus, |C| > s; + 1 and, hence, there exist at least z;(s; + 1) edges
in X;. Similarly there exist at least y;(¢; + 1) edges in Y;. The rest of the proof is
along the same lines, but using these bounds. O

Our algorithm for general and bipartite graphs adapts the greedy 2-approximation
algorithm presented in [46] for the EC(w) problem to the EC(w, b) problem.

ALGORITHM GREEDY
1: Let (E) = (e1,€2,...,em);
2: for j =1 tom do
3:  Insert edge e; in the first color of cardinality less than b which does not contain
other edges adjacent to e;;
4: end for
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The solution derived by ALGORITHM GREEDY is a nice one, since it is constructed
in a first-fit manner. The analysis of this algorithm given in the next lemma is based
on Proposition 8.

Lemma 5. ALGORITHM GREEDY achieves approximation ratios of 3 — \/% on gen-

eral graphs, and 3 — % on bipartite graphs, for the EC(w,b) problem.

Proof. Let (C) = (Cy,C4,...,Ck), be a solution derived by ALGORITHM GREEDY.
Consider the color C; and let e; be the first edge inserted in Cj, i.e. w; = w(e;). Let
E; = {e1,e2,...,¢;}, G; be the subgraph of G induced by the edges in E;, and A;
be the maximum degree of G;.

As the solution (C) is a nice one and an optimal solution can be also considered

. - ) o |E;|
to be nice, by Proposition 8, for general graphs, it follows that (i) i < [T-| —

2
[%W + (2A; — 1), and (7) in an optimal solution the edges of G; appear in at

least i* > max{A,, PEZ;‘—‘} colors, each one of weight at least w;. Therefore, & <

Piﬂ{%ﬂ 1(20,-1) |

s3]
. 2
that in either case z% <3 - A;;Zb. This bound is maximized when A; = v/2b, that

is f* <3- \/%. Thus, w; < w} < wTi/ (*ﬁﬂ Summing up these inequalities for

all o’s, 1 < i < k, we obtain the (3 - \/7227b> ratio for general graphs.

. By distinguish between A; > [%-‘ and A; < Pibl‘—‘ it follows

A similar analysis yields the (3 — %) ratio for bipartite graphs. O

We present here an example for which the algorithm performs a ratio of 3 — \/%7)

for general graphs. Consider the general graph shown in Figure 6.1(a), where 1 >> ¢,
and b = 7. The weight of the optimal solution shown in Figure 6.1(b) is 3 + 3e. The
weight of the solution obtained by ALGORITHM GREEDY, shown in Figure 6.1(c), is
7 — €. Thus, the ratio for this instance is =& ~ L ~ 3 — \/%.

343 — 3
1+e€ Lol £ 1-e€ > ---
l—€¢1—¢€
(a)
l+e 1+e lte l+e 14+e 1 1 l-e l-e l—e
(b) (c)

Figure 6.1: (a) An instance of the EC(w,b) problem on general graphs, 1 >> ¢,
b="7. (b) An optimal solution. (c) The solution obtained by ALGORITHM GREEDY.
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Consider, now, the bipartite graph shown in Figure 6.2(a), where 1 >> ¢, and
b =9. The optimal solution is of weight 3 + 3¢ (Figure 6.2(a)), while the weight of
the solution obtained by ALGORITHM GREEDY is 7 — € (Figure 6.2(c)). Hence, the

; iq s o 1—€ AT _9_ 2 _ g 2
ratio for this instance is 373 23 = 3 7 3 NG

1
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Figure 6.2: (a) An instance of the EC(w,b) problem on bipartite graphs, 1 >> e,
b=9. (b) An optimal solution. (c) The solution obtained by ALGORITHM GREEDY.

Combining Lemma 5 and Theorems 3, 4 and 5, it follows that

Theorem 19. The EC(w,b) problem can be approximated with a ratio of min{3 —
2/+/2b, Hy, [b/2]} for general graphs and min{e,3 — 2/v/b, Hy, [b/2]} for bipartite
graphs.

Note that, the Hp ratio outperforms the other only for b = 3 or 5, for general
graphs, and b = 3, for bipartite graphs, and, hence, b can be considered as fixed.
These ratios are shown in Table 6.1, for several values of b.

’ b H General graphs ‘ Bipartite graphs ‘
3 1.833 H, 1.833 H,
4 2.000 [b/2] 2.000 3—2/Vbor [b/2]
5 2.283 H, 2.106 3-2/Vb
6 2.423 3—2/V2b 2.184 3—2/vb
3-2/vV2b | ... 3—2/Vb
50 2.800 3—-2/V2b 2.717 3—2/Vb
51 2.802 3—2/V2b 2.718 e
3—2/V2b . e

Table 6.1: Approximation ratios for the EC(w, b) problem.
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6.2 NP-completeness for trees

To prove that the EC(w,b) problem is NP-complete on trees, we will present a
reduction from the bounded list vertex-coloring problem, VC(¢,b;). By Theorem
1(iii), VC(¢, b;) problem is NP-complete even for chains, |¢(u)| < 2, for all u € V,
and b; <5,1<i<k.

We prove first that the bounded list edge-coloring, EC(¢,b), problem is NP-
complete even if the graph G = (V, E) is a set of chains, |¢(e)| = 2, for all e € E,
and b = 5. We denote this problem as EC(chains, |¢(e)| =2, b= 5).

Proposition 9. The EC(chains, |¢(e)| =2, b =5) problem is NP-complete.

Proof. By Theorem 1(iii), the VC(chains, |¢p(v)] < 2, b; < 5) problem is NP-
complete. Given that the line-graph of a chain is also a chain, it follows that the
EC(chains, |¢p(e)| <2, b; < 5) problem is also NP-complete. The latter problem can
be easily reduced to the EC(chains, |¢(e)| < 2, b =5) problem, where b; = b =5 for
all colors: for every color C; with b; < 5, add 5—b; independent edges with just C; in
their lists. This last problem reduces to the EC(chains, |¢(e)| =2, b =5) problem,
where |¢(e)| = 2 for all edges. This can be done by transforming an instance of
EC(chains, |¢p(v)] < 2,b = 5) as following: (i) add two new colors Cky1 and Ciio,
both with cardinality bound b = 5, (i1) add color Ci41 to the list of every edge e
with |¢(e)| = 1, (#i) add ten independent edges and put in their lists both colors
Ck+1 and Ck+2. ]

Theorem 20. The EC(w,b) problem on trees is NP-complete.

Proof. Our reduction is from EC(chains, |¢(e)| =2, b =5) problem. We construct
an instance of the EC(w, b) problem on a forest G’ = (V', E') as follows.

We replace every edge ¢ = (u,v) € E with a chain of three edges: e; = (u,u’),
e = (u/,v') and e3 = (v, v), where w(e1) = w(ez) = w(es) = 1. Moreover, we create
k—|p(e)] = k — 2 stars of k — 1 edges each. We add edges (uv/,s¢), 1 <t <k — 2,
between u’ and the central vertex s; of each of these k — 2 stars; thus every star has
now exactly k edges. Let ¢(e) = {C;,C;}. The k — 2 edges (v/,s;) take different

Figure 6.3: The gadget for an edge e = (u,v) with ¢(e) = {C;,C;}.

weights in {1,2,...,k}\ {i,7}. Let ¢ be the weight taken by an edge (u’,s;). The
remaining k& — 1 edges of the star ¢ take different weights in {1,2,...,k} \ {¢}. In
the same way, we add k — 2 stars connected to v'. In Figure 6.3, is shown the u'’s
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part of this edge-gadget for e = (u,v). For every edge e of G, we add 2(k — 2) stars
and 2(k — 2)k + 2 edges.

To complete our construction we define f; to be the frequency of color C; in the
lists of all edges and F' = max{f;|]1 < i < k}. For every color C; we add F — f;
disconnected copies of the color-gadget shown in Figure 6.4. Such a gadget consists
of an edge e = (x,y) and k — 1 stars with & — 1 edges each. There are also edges
between one of the endpoints of e, say y, and the central vertices of all stars; thus
every star has now exactly k edges. The edge e takes weight ¢ and the edges in the
stars of such a color-gadget take weights similarly with those in the stars of an edge-
gadget. For a color C; we add (F — f;)(k —1) stars and (F' — f;)(k— 1Dk + (F — fi)
edges.

Figure 6.4: A gadget for the color C;.

The number of stars in the forest G’ we have constructed is 2| E| (l{:—2)—|—2§:1 (F—
fi)(k—=1) = k(k—1)F —2|E|, since Zle fi = 2|E|. By setting ¥/ = k(k—1)F—2|E|+
54 F, we prove that: “There is a k-coloring for EC(¢,b) (chains, |¢p(e)| =2, b=15),
if and only if, G' has a bounded maz-edge-coloring of total weight Zlei such that
every color is used at most b’ times”.

Consider, first, a solution C to the EC(¢,b) problem. We construct a solution
C' for the EC(w,b) problem as following. Let e = (u,v) € E be an edge with
¢(e) = {C;, C;}, which, w.l.o.g., appears in the color C; of C. Put the edges e; and
es of the edge-gadget for e in color C/, while the edge e in color CJ/-. After doing this
for all edges in E, each color C! contains at most 2-5+1-(f;—5) = f;+5 edges. Next,
put the edges with weight ¢, 1 < i < k, from the k(k—1)F —2|E| stars into C]. Each
color C? in C’ constructed so far contains at most k(k—1)F—2|E|+ f;+5 = V' —(F—f;)
edges and, by the construction of G’, C’ is a proper coloring. In the F — f; color-
gadgets for C; there are F' — f; remaining (z,y) edges of weight ¢, which can still be
inserted into color C. Thus, we get a solution for the EC(w, b) problem of k colors,
each one of at most b’ edges, and total weight Zle 1.

Conversely, consider a solution C’ to the EC(w, b) problem. C’ consists of exactly
k colors of weights 1,2,..., k, since each star in G’ has k edges and each edge has a
different weight in the range {1,2,...,k}. Thus, all edges of the same weight, say
i, should belong in the same color C/ of C'. Therefore, C; contains one edge from
each one of the k(k — 1)F — 2|E| stars as well as the F' — f; remaining (z,y) edges
of the color-gadgets having weight i. Consider, now, the edges of G’ corresponding
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to the edges e1, ez and e3 of the edge-gadget for an edge e with ¢(e) = {C;, C;}.
By the construction of G’ and the choice of edge weights, the edges e, ez and eg
should appear into colors C/ and C’;. Thus, edges e; and e3 should appear, w.l.o.g.,
into color C7, while ez into color C]/-. Therefore, the edge e € F can be colored by
color C; € ¢(e). Finally, a color C] contains at most 5 edges of type e; (or e3),
corresponding to at most 5 edges of E; otherwise |C!| > k(k — 1)F — 2|E| + (F —
fi)+(2-6+1-(f; —6)) >V, a contradiction.

To complete our proof for the EC(w, b) problem on trees, let p be the number of
trees in G'. We add a set of p—1 edges of weight € < 1 to transform the forest G’ into
a single tree 7. This can be done as every tree of G’ has at least two vertices. By
keeping the same bound ¥, it is easy to see that there is a solution for the EC(w, b)
problem on G’ of weight Z?Zl i, if and only if, there is a solution for the EC(w, b)

problem on T whose weight is equal to Zle i+ Pb_—,l-‘ €. O

6.3 A 2-approximation algorithm for trees

In Section 5.2 a 2-approximation algorithm for the EC(w) problem on trees has
been presented, which is also exploited to derive a ratio of 3/2 for that problem.
This algorithm yields a solution of A colors, M = {M;, Ms, ..., Ma}. Starting from
this solution we obtain a solution to the EC(w,b) problem by finding the ordered
b-partition of each color in M. For the sake of completeness we give below the whole
algorithm.

ALGORITHM CONVERT

1: Let T, be the tree rooted in an arbitrary vertex r;
2: for each vertex v in pre-order traversal of T, do

3. Let (Ey) = (e1,e2,...,€4)) be the edges adjacent to v, and (v,p) be the edge
from v, v #Z r, to its parent;

4:  Using ordering (E,), insert each edge in E,, but (v,p), into the first color
which does not contain an edge in E,;

5: end for

6: Let M = {My, Ms,...,Ma} be the colors constructed;

7. fori=1to A do

8 Let Py, = {M?, M, ..., Mil} be the ordered b-partition of (M;);

9: end for

10: Return a solution (C) = (C1,Cy,...,Cf), C = UZA:1 P

Theorem 21. ALGORITHM CONVERT is a 2-approzimation one for the EC(w,b)
problem on trees.

Proof. Consider the color Cj in the solution (C) and let e be the heaviest edge in
Cj, ie., w(e) = wj. Let X CCj = {C1,Cy,...,Cj_1} such that each color C, € X
has (i) |Cp| = b, and (ii) all edges of weight at least w(e). Let also Y = C; \ X,
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|X| =2 and |Y| =y. Clearly, x +y = j — 1. Let j* be the number of colors in an
optimal solution of weight at least w(e), that is w; < w7..
There are at least = - b+ y + 1 edges of weight at least w(e). These edges in an

optimal solution appear in at least [MT?’H-‘ > x + 1 colors, that is, 7* >z + 1.

We show, next, that all colors in Y U{C}} come from y+1 different colors in M.
Assume that two of these colors, C; and C,, come from the ordered b-partition of
the same color M; € M. Assume, w.l.o.g., that wy > w;, and let f be the heaviest
edge in C,. Note that C;, may coincide with C}, while C; cannot. As Cy € Y, it
follows that |Cy| = b and there is an edge f' € Cy with w(f’) < w(e) < w(f), a
contradiction to the definition of the ordered b-partition of M;. Therefore, C; comes
from a color M; € M, i > y+ 1, that is e € M;. By the construction of the coloring
M, there are at least i — 1 edges, adjacent to each other, of weight at least w(e)
(i.e., i — 2 of them adjacent to e and e itself). These i — 1 edges appear in different
colors in an optimal solution, that is, 7* > y.

Combining the two lower bounds for j* and taking into account that z+y = j—1

J
2

) k k/2] . B . )
all colors in C we get W = 377 w; < 223[:/1} w; <2355 wi < 20PT, since
k* > (%W A tight example for this algorithm, is given in Section 5.2, as for large
values of b the EC(w, b) coincides with the EC(w) problem. By a careful analysis,

the complexity of both Lines 2-5 and 7-9 of the algorithm is O(|V|log|V]). O

we get j* > {%-‘ Therefore, w; = wj. < w*f 1 and summing up the weights w; of
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Bounded Max-Vertex-Coloring

In this chapter we first present a simple 2-approximation algorithm for the VC(w, b)

problem on bipartite graphs. The unweighted variant of this algorithm gives a

4 approximation ratio for the VC(b) problem on bipartite graphs, which closes

3
the approximability question for this case. Then, we give a generic scheme which
becomes a %—approximation algorithm for bipartite graphs, a PTAS for bipartite

graphs and fixed b, as well as a PTAS for trees. Recall also that by Theorem 3 there
is an Hp approximation ratio for general graphs, if b is fixed.

7.1 A simple split algorithm

Let G = (UUV,E), |[UUV| = n, be a vertex weighted bipartite graph. Our first
algorithm colors the vertices of each class of G separately, by finding the ordered
b-partitions of classes U and V. For the minimum number of colors k£* it holds that

k* > [Mb'vq and, therefore, k = [%-‘ + Plbl-‘ < [w-‘ +1<k*+1.

ALGORITHM SPLIT
1: Let Py = {U1,Us, ..., Uy, } be the ordered b-partition of U;
2: Let Py = {V1,Va,...,Vk, } be the ordered b-partition of V;
3: Return the coloring C = Py U Py;

Theorem 22. ALGORITHM SPLIT returns a solution of weight W < 2 - w] 4+ wj +
...+ wj. <2-0OPT for the VC(w,b) problem in bipartite graphs.

Proof. Let (C) = (C4,Cy,...,Cy) be the colors constructed by ALGORITHM SPLIT,
that is w; > wo > ... > wg. Assume, w.l.o.g., that U,, 1 < x < kg, is the ¢ — th
color in (C). Let also u be the heaviest vertex of U, that is w(u) = w;.

The ordered b-partition of U and V implies that the colors that appear before
U in (C) are the colors Uy,Us,...,Uy—1 and Vi, Va,...,V,, y = ¢ — x. The colors
Ui, Us,...,Uz_1 are all of cardinality b and their (z—1)-b vertices are all of weight at
least w(v). The colors Vi, Va, ..., V,_1, are also all of cardinality b and their (y—1)-b
vertices are all of weight at least the weight of the heaviest vertex of color V,, which

57



58 Bounded Max-Vertex-Coloring

is at least w(v). Taking into account the vertex v itself it follows that there are in
Gatleast (x—1)-b+[(y—1)-b+1]+1=(x+y—2)-b+2=(i—2)-b+2 vertices
of weight at least w(v) = w;. In an optimal solution, these vertices belong into at

least {% = (i — 1) colors, each one of weight at least w;. Hence, w} | > wj,
2 < i < k. Clearly, w; = wj, since both are equal to the weight of the heaviest

vertex of the graph, and as k < k* + 1, we obtain

k k k—1
W = Zwi:w’f—FZwigwi‘%—wa
i=1 =2 i=1
o+
< wf—l—wa:Q-wi‘—i—w;—i—...—i—w}g*§2-OPT.
i=1

O

The complexity of ALGORITHM SPLIT is dominated by the sorting needed to
obtain the ordered b-partitions of U and V' in Lines 1 and 2, that is O(|V] - log|V]).

ALGORITHM SPLIT applies also to the VC(b) problem on bipartite graphs. More-
over, the absence of weights in the VC(b) problem allows a tight analysis with respect
to the % inapproximability bound.

Theorem 23. There is a %—appmm’mation algorithm for the VC(b) problem on
bipartite graphs.

Proof. Assume, first, that |U| + [V| > 2b+ 1. Then, k* > [2] = 3 and, since
kgk*—i—l,wegetkﬁ*g%.

Assume, next, that b < |U|+ |V| < 2b. In this case the optimal solution consists
of two or three colors and it is polynomial to decide between them. In fact, by
Theorem 1(ii), it is polynomial to decide if a bipartite graph can be colored with
two colors even for the general VC(¢,b;) problem.

Assume, finally, that |[U| + |V| < b. Then, an optimal solution consists of either
two colors (if E # 0)) or one color (if E = 0). O

7.2 A generic scheme

In this section we combine the ideas used in Section 5.4 for the EC(w) problem with
ALGORITHM SPLIT to design a generic scheme for the VC(w, b) problem.

To obtain our scheme we split a bipartite graph G = (UUV, E), [UU V| = n,
into two subgraphs G j and Gj1,, induced by the j heaviest and the n — j lightest
vertices of G, respectively (by convention, we consider G as an empty subgraph).
Our scheme depends on a parameter p such that all the vertices of G of weights
wi, w3, ..., w,_; are in a subgraph G ;. This is always possible for some j < b(p—1),
since each color of an optimal solution for G contains at most b vertices. In fact, for
every j, 1 < j < b(p—1), we obtain a solution for the whole graph by concatenating
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an optimal solution of at most p — 1 colors for GGq j, if there is one, and the solution
obtained by ALGORITHM SPLIT for Gj41 .

ALGORITHM SCHEME(p)
1: Let (UUV) = (uy,ug,...uy);
2: for j=0tob-(p—1)do
3:  Split the graph into two vertex induced subgraphs:

- G'1; induced by vertices w1, us, ..., u;

- Gjy1,, induced by vertices w11, uj42,...,U,
4:  if there is a solution for G ; with at most p — 1 colors then
5 Find an optimal solution for Gi1 ; with at most p — 1 colors;
6: Run ALGORITHM SPLIT for Gj41p;
7 Concatenate the two solutions found in Lines 5 and 6;
8 end if
9: end for

10: Return the best solution found;

Lemma 6. ALGORITHM SCHEME(p) achicves a (1 + H%,) approximation ratio for
the VC(w,b) problem.

Proof. Consider the iteration j, j < b- (p — 1), of the algorithm where the weight
of the heaviest vertex in G411, equals to the weight of the i-th color of an optimal
solution, i.e. w(uj41) = w}, 1 <i <p.

The vertices of G ; are a subset of those appeared in the i — 1 heaviest colors of
the optimal solution. Thus, an optimal solution for G ; is of weight

OPTy; <wi+w;+...+w;_;.

The vertices of Gj41,, are a superset of those appeared in the k* — (i — 1) lightest
colors of the optimal solution. The extra vertices of Gjy1, are of weight at most
w; and appear in an optimal solution into at most ¢ — 1 colors. Thus, an optimal
solution for Gj11, is of weight OPTjy1, < wf +wj +...+wi + (@ — 1) - wj =
iw; +wi+...+wp.. By Theorem 22, ALGORITHM SPLIT returns a solution for
Gjt1n of weight

Wit S (0+1) - wf +wi + ...+ w..
Therefore, the solution found in this iteration j for the whole graph G is of weight

Wi =O0PT1; + Wit1n Swi +ws + ... +wj_ + (i +1) - wf +w g +...+w..

In all the iterations of the algorithm we obtain p such inequalities for W. By

1
multiplying the i-th, 1 <14 < p, inequality by ———— and adding up all of them,
i-(Hp+1)
P
1 W H,+1 1
h E —— | - W < OPT, that i <2 =14+ —. O
we have (izli'(Hp+1)> < , that 1s OPT = H, +Hp
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The complexity of the ALGORITHM SCHEME(p) is O(bp(f(p)+|V|log|V])), where
O(f(p)) is the complexity of checking for the existence of solutions with at most p—1
colors for G ; and finding an optimal one among them, while O(|V|log |V]) is the
complexity of ALGORITHM SPLIT. ALGORITHM SCHEME(1) coincides with ALGO-
RITHM SPLIT. ALGORITHM SCHEME(2) has simply to check if the j < b vertices
of G1,; are independent from each other and, therefore, it derives a % approximate
solution in polynomial time. ALGORITHM SCHEME(3) has to check and find, a two
color solution for G j, if any. This can be done in polynomial time by Theorem 2(ii).
Thus, ALGORITHM SCHEME(3) is a polynomial time %—approximation algorithm for
the VC(w, b) problem on bipartite graphs.

However, when p > 4 and b is a part of the instance, finding an optimal solution
in G5 is an NP-hard problem (even for the VC(b) problem [6]). Hence, we consider
that b is a fixed constant. In this case, we run an exhaustive algorithm for finding, if
any, an optimal solution in G ; of at most p — 1 colors. The complexity of such an
exhaustive algorithm is O ((p — l)b'(pfl)) and thus, the complexity of ALGORITHM
SCHEME(p), p > 4, becomes O (bpbpqtn2 logn), since bp is O(|V]). Choosing p

such that € = H%,? we get p = 0(2%). Consequently, for fixed b, we have a PTAS
for the VC(w,b) problem on bipartite graphs, that is an approximation ratio of
1

b2e
1+H%, =1+ € within O <b (2%> +\V!210g]V|) time.

Furthermore, in the particular case of trees, checking the existence of solutions
with at most p — 1 colors for G j, and finding an optimal one among them, can
be done, by Theorem 2(i), in polynomial time for fixed p. The complexity of our

1
scheme in this case becomes O (b2% <|V]26 + V% log |V\)) Therefore, the follow-
ing theorem holds.

Theorem 24. For the VC(w,b) problem, ALGORITHM SCHEME(p) is a
(i) polynomial time %—approximatz’on algorithm for bipartite graphs (for p=3),
(ii) PTAS for bipartite graphs if b is fized,

(iii) PTAS for trees.
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Conclusions and open questions

We presented complexity results and approximation algorithms for (bounded) max-
coloring problems that arise in computer and communication systems, with respect
to the class of the underlying graph. Our results concern general and bipartite
graphs, trees and bi-valued graphs.

For the EC(w) problem, recall that it is known to be approximable within a
factor of 2 (for any class of graphs) and inapproximable within a factor less than
7/6 (even for bipartite graphs), while its complexity for trees remains open. We
narrow these gaps in the approximability of the problem by presenting an 1.74-
approximation algorithm for bipartite graphs, and a PTAS for trees. Moreover, we
prove that the problem is NP-complete for complete bi-valued graphs and we present
an asymptotic 4/3-approximation algorithm for general bi-valued graphs.

The EC(w,b) problem is NP-complete for bipartite graphs as a generalization
of the EC(w) problem. We prove that it is NP-complete even on trees, which is the
first complexity result for all the (bounded) max-coloring problems on this class of
graphs. On the other hand, we present approximation algorithms of ratio at most 3
for general and bipartite graphs and 2 for trees.

The VC(w, b) problem is non approximable by a constant factor approximation
ratio on general graphs, as a generalization of the classical vertex coloring problem,
as well as by a factor within 4/3 on bipartite graphs, a result that comes from
the VC(b) problem. We present approximation algorithms of ratio {%] for general
graphs and 17/11 for bipartite graphs, and a PTAS for trees. Finally, for the VC(b)
problem, we show that the known 4/3 lower bound for bipartite graphs is tight by
providing a 4/3-approximation algorithm.

The recent research activity on the (bounded) max-coloring problems has led to a
significant progress on understanding their complexity and approximability, though
there is enough room for further research. A first category of open questions can be
picked up by looking the entries of Table 1.1.

i. Further identification of the frontier between polynomial and NP-hard variants
of the problems with respect to the underlying graph. For example, the com-
plexity of all the VC(w), VC(w, b) and EC(w) problems on trees remains the
most interesting open question.
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ii.

Conclusions

Decrease (or close) the gaps between the best known approximation ratios and
inapproximability bounds, either by obtaining new improved approximation al-
gorithms, or by strengthening existing inapproximability results. For example,
a 2-approximation algorithm and a 4/3-inapproximability result are known for
the EC(w) problem on general graphs of any maximum degree. The gap is
narrower for bipartite graphs, as we presented an 1.74-approximation algorithm
and a 7/6-inapproximability result is known. Moreover, the NP-completeness
proof for the EC(w,b) problem on trees does not prevent the existence of a
better ratio than the 2 approximation one we presented, or even a PTAS, such
as for the VC(w), VC(w, b) and EC(w) problems. Hence, it would be interest-
ing to decrease these approximability gaps by improving either the lower or the
upper bounds.

A second category of interesting questions is related to the nature of the appli-

cations of the (bounded) max-coloring problems:

i.

ii.

iii.

As we have already mentioned in Chapter 1 all the (bounded) max-coloring
problems are equivalent to the parallel batch scheduling problem with incom-
patibilities between jobs. Within this context, a natural idea to decrease the
weight of a solution to such a weighted coloring problem is to allow preemption,
that is interrupt the execution of a job and complete it later. It is known that the
preemptive EC(w) problem for bipartite graphs is equivalent to the preemptive
open shop scheduling problem which can be solved optimally in polynomial time
[48]. An interesting question here is the complexity of the preemptive EC(w)
problem on general graphs. Similar questions are also of interest for the VC(w)
problem.

In the same scheduling context, there a significant setup delay, say d, to establish
each batch. For the (bounded) max-coloring problems the presence of such a
delay can be easily handled by increasing the weight of the vertices or edges of G
by d. This way the weight of each batch will be also increased by d, incorporating
its set-up delay. However, for the preemptive variants of the problems the
existence of the setup delay plays a crucial role, since the preemption increases
the number of batches as well as the total setup overhead.

The applications of all problems are on-line in nature. In practice, buffers are
allocated as memory requests are created, and messages are scheduled as they
arrive, with out knowledge of future. The online version of both problems is
therefore of great practical and theoretical interest.

Finally, a third category of open questions includes some problems of technical

nature.

i.

The 1.74 approximation ratio of the algorithm we presented for the EC(w) prob-
lem on bipartite graphs, is obtained using computational tools (Mathematica).
It would be interesting to have a close formula for this ratio.
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ii. Our analysis of the approximation algorithm for the EC(w,b) problem pre-
sented, yields ratios of 3 — \/% for general graphs and 3 — % for bipartite
graphs. However, this algorithm reduces to the greedy 2-approximation one for
the EC(w) problem when the cardinality bound b is large enough. Hence, the
ratios for the EC(w,b) problem should tend to 2 instead of increasing with the
bound b. Thus, a question here is a better analysis of our algorithm to match
this fact.
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