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Matching Covered Graphs and Subdivisions of K4 and C6Marcelo H. de Carvalho and Cl�audio L. LucchesiDepartment of Computer ScienceUniversity of Campinas13081-970 Campinas, SP, Brazilfmhc,lucchesig@dcc.unicamp.brAbstractWe give a very simple proof that every non-bipartite matching covered graph con-tains a nice subgraph that is an odd subdivision of K4 or C6. It follows immediatelythat every brick di�erent from K4 and C6 has an edge whose removal preserves thematching covered property. These are classical and very useful results due to Lov�asz.1 IntroductionWe consider simple graphs, i.e., �nite graphs without loops and multiple edges. We denoterespectively by E(G) and V (G) the set of edges and vertices of a graph G. A matching isa set of edges no two of which have a vertex in common. A matching is perfect if its edgesmatch up all vertices. Recall the following fundamental result of Tutte [7], where c1(H)denotes the number of odd components of a graph H :Theorem 1 A graph G has a perfect matching if and only if c1(G � X) � jX j, for eachset X of vertices of G. 2If equality holds in the inequality stated in Theorem 1 for some set X of vertices thenX is called a barrier. If G has a perfect matching then clearly each vertex of G constitutesa barrier; the empty set is also a barrier. Those barriers, containing at most one vertex, aresaid to be trivial.A connected graph is matching covered if each of its edges lies in some perfect matchingand bicritical if deletion of any two of its vertices yields a graph having a perfect matching.It is easy to see that a connected graph with a perfect matching is (i) matching coveredif and only if no barrier spans an edge and (ii) bicritical if and only if it has only trivialbarriers.A 3-connected bicritical graph is called a brick. Three bricks play a special role in thetheory of matching covered graphs: K4, the complete graph on 4 vertices, C6, the triangularprism, and the Petersen graph. 1



2 Marcelo H. de Carvalho and Cl�audio L. LucchesiLet H be a subgraph of G. A path P in G�E(H) is an ear of H if (i) both ends of P liein H and (ii) P is internally disjoint from H . An ear is odd if it has odd length. Henceforth,by an `ear' we shall mean an `odd ear'. An ear-decomposition of a matching covered graphG is a sequence K2 = G0 � G1 � � � � � Gk = G of matching covered subgraphs of G, wherefor 0 � i < k, Gi+1 is the union of Gi and one or two vertex-disjoint ears of Gi.A subgraph H of matching covered graph G is nice if G � H has a perfect matching.Clearly, each term Gi of an ear-decomposition of matching covered graph G is nice. Thefollowing theorem was proved by Lov�asz and Plummer [5].Theorem 2 Every matching covered graph has an ear-decomposition 2There is an alternative way of de�ning an ear-decomposition, in which one might thinkof starting with just any nice matching covered subgraph H of G, not necessarily K2. Inview of Theorem 2, one could then pre�x that ear-decomposition with an ear-decompositionof H starting with K2, thereby obtaining an ear-decomposition of G in the original sense.With that in mind, the following generalization of Theorem 2 was proved by Lov�asz andPlummer [5].Theorem 3 Every matching covered graph has an ear-decomposition starting with any nicematching covered subgraph. 2The following theorem, proved by Little [2] (see also [5, page 177]), plays an importantrole in the proof given herein.Theorem 4 Any two edges of a matching covered graph lie in a nice circuit. 2To complete this section, we require the notion of a tight cut. For subset S of V (G), acut r(S) is the set of edges having one end in S, the other in V (G) nS. A cut r(S) is tightif jM \ r(S)j = 1 for every perfect matching M of G. For each vertex v of G, r(fvg) istight: these tight cuts are called trivial.A bipartite graph is called a brace if deletion of any four vertices, two from each colorclass, yields a graph having a perfect matching. The following theorem was proved partlyby Edmonds et al. [1], partly by Lov�asz [4].Theorem 5 A matching covered graph has no non trivial tight cut if and only if it is eithera brick or a brace. 22 Odd Subdivisions of K4 and C6An odd subdivision of a graph G is a graph obtained from G by subdividing each edge inan odd number of edges.We now give a concise proof of a classical result due to Lov�asz [3]. The best knownproof of this theorem appears in Lov�asz and Plummer's book [5]. It is important to notethat in their book they call these even subdivisions.



Matching Covered Graphs and Subdivisions of K4 and C6 3Theorem 6 Every non-bipartite matching covered graph G contains a nice subgraph thatis an odd subdivision of K4 or C6.Proof. By induction on jV (G)j+ jA(G)j.Case 1 G has a proper subgraph H that is non bipartite, matching covered and nice.By induction hypothesis, H has a nice subgraph K that is an odd subdivision of K4 or C6.Since K is a nice subgraph of H and H is a nice subgraph of G, K is a nice subgraph of G.Case 2 G has a vertex u with degree two.Let v and w be the adjacent vertices of u along the edges �v and �w , respectively. LetH be a graph obtained from G by contracting fu; v; wg to a single vertex x. It is clear thatH is non bipartite. For every perfect matching M of G, precisely one of �v and �w belongsto M , and so Mnf�v; �wg is a perfect matching of H . Thus, H is matching covered. Byinduction hypothesis, H has a nice subgraph H 0 that is an odd subdivision of K4 or C6.Consider G00 := G[E(H 0)], the subgraph of G induced by the edges of H 0. If at mostone of v and w is a vertex of G00, then clearly G00 is nice (relative to G) and isomorphic toH 0. We may thus assume that both v and w are vertices of G00. Since H 0 is a subdivisionof K4 or C6, no vertex of H 0 has degree greater than three. Thus one of v or w has degreeone in G00. In that case, addition of �v and �w to G00 yields an odd subdivision of H 0 whichis nice relative to G.Case 3 None of the previous cases apply.We show that G is K4 or C6 by the following strategy: it is su�cient to get a nice subgraphL of G that is an odd subdivision of K4 or C6. In fact, since K4 and C6 are non bipartitematching covered graphs, so is L. Since Case 1 does not apply, G = L. Since Case 2 doesnot apply, L =K4 or L =C6.To get L observe initially that G, being matching covered, has an ear decompositionG0; G1; : : : ; Gn, where G0 = K2. Graph G is not bipartite, so n > 0. Graph Gn�1 isnice, matching covered, and since Case 1 does not apply, it is bipartite. Let (A;B) be abipartition of Gn�1. Since Gn = G is not bipartite, the last ear is a 2-ear (or double ear)with one ear having both ends in A and the other having both ends in B. But Case 2does not apply, so both ears are simply edges. Let us denote them by � := (a1; a2) and� := (b1; b2) so that fa1; a2g � A and fb1; b2g � B.Since Gn�1 is matching covered, by Theorem 4 any two edges of Gn�1 lie in a nicecircuit. In particular, if we take two edges of Gn�1 with ends in a1 and a2, respectively,Gn�1 has a nice circuit having � as a chord.Among all nice circuits of Gn�1 having � or � as a chord, choose one, C, with minimumlength. Let M1 be a perfect matching of Gn�1 so that C is M1-alternating.



4 Marcelo H. de Carvalho and Cl�audio L. LucchesiProposition 7 If � (or �) is a chord of C then it crosses every chord 
 of C di�erent from� and �.Proof. Let C 0 and C00 be the two subpaths of C having ends in the two ends of 
. Edge
, being di�erent from � and �, belongs to Gn�1, a graph with bipartition (A;B). CircuitC isM1-alternating and belongs to Gn�1. So the circuits D0 := C0[f
g and D00 := C 00[f
gare both in Gn�1, one of them isM1-alternating and the other is (CnM1)-alternating. Thus,both circuits are nice in Gn�1.Suppose that � is a chord of C that does not cross 
. In this case both ends of � belongto C 0 or both belong to C 00, say to C0. So D0 is a nice circuit of Gn�1 having � as a chord.But jD0j < jCj, in contradiction to the de�nition of C. A similar conclusion holds if � is achord of C that does not cross 
. 2Let M be a perfect matching in G containing � (and �). Let D be the M1-alternatingcircuit of M �M1 containing �. jDj is even and all the edges of Dnf�; �g lie in Gn�1, sojDj contains �. The subgraph G0 := G[C [D] of G, generated by C [D, is certainly:� nice and matching covered, because C and D are both M1-alternating circuits.� non bipartite, because one of � or � is a chord of C that lies in D and has both endsin one of A and B.Since Case 1 does not apply, G = G[C [D]. So, all vertices of G have degree 2 or 3. ButCase 2 does not apply. So G is cubic and its set of edges has a partition in three perfectmatchings M1;M2;M3, where M1 = C \D, M2 = CnM1 and M3 = DnM1. Note that M3is the set of all chords of C and it contains both � and �.To complete the proof that G is either K4 or C6, we consider separately two cases,depending on whether chords � and � cross or not. Consider �rst the case in which � and� cross. That is, the vertices a1; b1; a2; b2 are in C in this cyclic order. In this case, thegraph L := G[C [ f�; �g] is an odd subdivision of K4. Moreover, V (L) = V (C) = V (G).Therefore, L is nice. Thus G = L = K4.Let us now consider the remaining case, in which � and � do not cross. Let C� be thesegment of C between the ends a1 and a2 of � that does not contain the ends b1 and b2 of�. Analogously, C� is the segment of C between b1 and b2 that does not contain a1 and a2.The ends a1 and a2 of C� belong to A. But C� is a path in Gn�1, so it contains (at least)one vertex b in B. Let 
 be the edge of G that is incident with b (and is a chord of C).The other end a of 
 belongs to A. By Proposition 7, a is in C�. So, L := G[C [ f�; �; 
g]is an odd subdivision of C6. Moreover, L is nice because V (L) = V (C) = V (G). ThusG = L = C6. 2Lemma 8 Let G be a brick, fe; fg � E(G) such that G�e�f is matching covered and anyperfect matching that contains one of these edges also contains the other. Then G � e� fis bipartite.Proof. By hypothesis, if we remove both ends of e in G � f , the resulting graph has noperfect matching. But graph G � e � f has a perfect matching. Thus graph G � f has a



Matching Covered Graphs and Subdivisions of K4 and C6 5barrier B containing both ends of e. Moreover, G � e � f is matching covered. Thus e isthe only edge of G� f having both ends in B.Suppose G� e � f is not bipartite. Then some component H of G� e � f � B is nontrivial. Since G is a brick, by Theorem 5 the non trivial odd cut r(H) is not tight. Sothere is a perfect matching M so that jM \r(H)j � 3. A simple counting argument showsthat this happens only if:1. jM \r(H)j = 3;2. The ends of f are in distinct components of G� e� f �B;3. f is in M and e is not. But this is a contradiction.Therefore G� e� f is bipartite. 2Theorem 9 Let G be a brick di�erent from K4 and C6. Then G has an edge e such thatG� e is matching covered.Proof. By Theorems 6 and 3, G has an ear-decomposition G0; G1; : : : ; Gk = G in whichthe �rst non bipartite graph is an odd subdivision of K4 or C6. Since G is 3-connected, thelast ear consists of single edges. We now show that the last ear is simple, thereby provingthe Theorem. Since G is di�erent from K4 and C6, then Gk�1 cannot be bipartite. ByLemma 8, Gk arises from Gk�1 by the adjunction of a single ear. 2References[1] J. Edmonds, L. Lov�asz, and W. R. Pulleyblank. Brick decomposition and the matchingrank of graphs. Combinatorica, 2:247{274, 1982.[2] C. H. C. Little. A theorem on connected graphs in which every edge belongs to a1-factor. J. Austral. Math. Soc., 18:450{452, 1974.[3] L. Lov�asz. Ear-decompositions of matching covered graphs. Combinatorica, 2:395{407,1983.[4] L. Lov�asz. Matching structure and the matching lattice. J. Combinatorial Theory (B),43:187{222, 1987.[5] L. Lov�asz and M. D. Plummer. Matching Theory. North-Holland, 1986.[6] U. S. R. Murty. The matching lattice and related topics. Preliminary Report, Universityof Waterloo, Canada, 1994.[7] W. T. Tutte. The factorization of linear graphs. J. London Math. Soc., 22:107{111,1947.



Relat�orios T�ecnicos { 199292-01 Applications of Finite Automata Representing Large Vocabularies,C. L. Lucchesi, T. Kowaltowski92-02 Point Set Pattern Matching in d-Dimensions, P. J. de Rezende, D. T. Lee92-03 On the Irrelevance of Edge Orientations on the Acyclic Directed Two Dis-joint Paths Problem, C. L. Lucchesi, M. C. M. T. Giglio92-04 A Note on Primitives for the Manipulation of General Subdivisions andthe Computation of Voronoi Diagrams, W. Jacometti92-05 An (l; u)-Transversal Theorem for Bipartite Graphs, C. L. Lucchesi,D. H. Younger92-06 Implementing Integrity Control in Active Databases, C. B. Medeiros,M. J. Andrade92-07 New Experimental Results For Bipartite Matching, J. C. Setubal92-08 Maintaining Integrity Constraints across Versions in a Database, C. B. Me-deiros, G. Jomier, W. Cellary92-09 On Clique-Complete Graphs, C. L. Lucchesi, C. P. Mello, J. L. Szwarc�ter92-10 Examples of Informal but Rigorous Correctness Proofs for Tree TraversingAlgorithms, T. Kowaltowski92-11 Debugging Aids for Statechart-Based Systems, V. G. S. Elias, H. Liesenberg92-12 Browsing and Querying in Object-Oriented Databases, J. L. de Oliveira,R. de O. Anido
6



Relat�orios T�ecnicos { 199393-01 Transforming Statecharts into Reactive Systems, Antonio G. Figueiredo Filho,Hans K. E. Liesenberg93-02 The Hierarchical Ring Protocol: An E�cient Scheme for Reading Repli-cated Data, Nabor das C. Mendon�ca, Ricardo de O. Anido93-03 Matching Algorithms for Bipartite Graphs, Herbert A. Baier Saip, Cl�audio L.Lucchesi93-04 A lexBFS Algorithm for Proper Interval Graph Recognition, Celina M. H.de Figueiredo, Jo~ao Meidanis, C�elia P. de Mello93-05 Sistema Gerenciador de Processamento Cooperativo, Ivonne. M. Carrazana,Nelson. C. Machado, C�elio. C. Guimar~aes93-06 Implementa�c~ao de um Banco de Dados Relacional Dotado de uma InterfaceCooperativa, Nascif A. Abousalh Neto, Ariadne M. B. R. Carvalho93-07 Estadogramas no Desenvolvimento de Interfaces, F�abio N. de Lucena, HansK. E. Liesenberg93-08 Introspection and Projection in Reasoning about Other Agents, JacquesWainer93-09 Codi�ca�c~ao de Seq�uências de Imagens com Quantiza�c~ao Vetorial, CarlosAntonio Reinaldo Costa, Paulo L��cio de Geus93-10 Minimiza�c~ao do Consumo de Energia em um Sistema para Aquisi�c~ao deDados Controlado por Microcomputador, Paulo Cesar Centoducatte, NelsonCastro Machado93-11 An Implementation Structure for RM-OSI/ISO Transaction ProcessingApplication Contexts, Fl�avio Morais de Assis Silva, Edmundo Roberto Mauro Ma-deira93-12 Boole's conditions of possible experience and reasoning under uncertainty,Pierre Hansen, Brigitte Jaumard, Marcus Poggi de Arag~ao93-13 Modelling Geographic Information Systems using an Object Oriented Fra-mework, Fatima Pires, Claudia Bauzer Medeiros, Ardemiris Barros Silva93-14 Managing Time in Object-Oriented Databases, Lincoln M. Oliveira, ClaudiaBauzer Medeiros93-15 Using Extended Hierarchical Quorum Consensus to Control ReplicatedData: from Traditional Voting to Logical Structures, Nabor das Chagas Men-don�ca, Ricardo de Oliveira Anido 7
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