GRASTA 2009

Workshop on Graph Searching, Theory and Applications Valtice, October 5–9, 2009

Tomáš Valla (ed.)

Preface

The third Workshop on Graph Searching, Theory and Applications is held in hotel Hubertus located in the Valtice chateau in Czech Republic. The goal of the event is to bring together various researchers and research groups working on problems related to Graph Searching, both from an applied and a theoretical point of view. Topics that are expected to be discussed at the workshop include

• Fugitive/Helicopter Search Games • Monotonicity and Connectivity • Marshal Games • Conquest and Expansion Games • Graph parameters related to graph searching • New variants of graph searching • Min-max theorems in graph searching • Cops-Robbers games • Pursuit-evasion games on graphs • Applications of Graph searching in computer science The workshop is sponsored by Center for Discrete Mathematics, Theoretical Computer Science and Applications (DIMATIA) and Institute for Theoretical Computer Science (ITI), both at Charles University in Prague. We hope that the genius loci of the beautiful baroque chateau Valtice together with South-Moravian cultural tradition of spiritual power will purvey for the participants an inspiring working atmosphere yielding potential achievements in this interesting branch of Graph Theory. Jan Kratochvíl and Geňa Hahn

Program

Monday Oct 5 (arrival) 18:00 dinner 20:00 welcome party Tuesday Oct 6 10:00–12:00 D. Thilikos: Graph Searching Tutorial, Part I 12:00 lunch 14:00–16:00 D. Thilikos: Graph Searching Tutorial, Part II 18:00 dinner Wednesday Oct 7 9:00–10:00 P. Pralat: Chasing robbers on random graphs: The zigzag theorem 10:00–11:00 open problems

12:00 lunch 14:00–14:30 S. Ordyniak: Complexity and Monotonicity of Domination Search Games 15:00–17:00 discussions

17:00 progress report 18:00 dinner Thursday Oct 8 9:00–9:30 I. Adler: Games for width parameters and monotonicity 10:00–11:00 discussions

11:00 progress report 12:00 lunch 15:00 excursion to Lednice 19:00 banquet Friday Oct 9 9:00 F. Mazoit: Monotonicity in graph searching games 10:00–11:00 discussions

11:00 final report 12:00 lunch

List of invited talks

Dimitrios M. Thilikos

sedthilk@math.uoa.gr

Tutorial: An annotated bibliography on guaranteed graph searching

Graph searching encompasses a wide variety of combinatorial problems related to the problem of capturing a fugitive residing in a graph using the minimum number of searchers. In this annotated bibliography, we give an elementary classification of problems and results related to graph searching and provide a source of bibliographical references on this field.

Pawel Pralat

pralat@math.wvu.edu

Chasing robbers on random graphs: zigzag theorem

We study the vertex pursuit game of Cops and Robbers where cops try to capture a robber on the vertices of the graph. The minimum number of cops required to win on a given graph G is the cop number of G. We present asymptotic results for the game of Cops and Robber played on a random graph G(n, p) for a wide range of p = p(n). It has been shown that the cop number as a function of an average degree forms an intriguing zigzag shape.

Isolde Adler

isolde.adler@ii.uib.no

Games for width parameters and monotonicity

We introduce a search game for two players played on a “scenario” consisting of a ground set together with a collection of “feasible” partitions. This general setting allows us to obtain new characterisations of many width parameters such as rank-width, carving-width, matroid tree-width, and GF (4)-rank-width. Monotonicity is a desirable property of search games that has attracted much interest. Hence a natural question arises: Can we characterise monotone search games? We are still far from resolving the question. Nevertheless, using ideas of Amini, Mazoit, Nisse and Thomasse, we exhibit a class of scenarios that allow monotonicity. This class includes the games for the parameters mentioned above.

Sebastian Ordyniak

sordyniak@googlemail.com

Complexity and Monotonicity of Domination Search Games

We study graph searching games where a number of cops try to capture a robber that is hiding in a system of tunnels modelled as a graph. While the current position of the robber is unknown to the cops, each cop can see a certain radius d around his position. For the case d = 1 these games have been studied by Fomin, Kratsch and Müller under the name domination games. We are primarily interested in questions concerning the complexity and monotonicity of these games. We show that dominating games are computationally much harder than standard graph searching games where the cops only see their own vertex and establish strong non-monotonicity results for various notions of monotonicity which arise naturally in the context of domination games. Answering a question of given in the original paper about domination games, we show that there exists graphs for which the shortest winning strategy for a minimal number of cops must necessarily be of exponential length. On the positive side, we establish tractability results for graph classes of bounded degree.

Frédéric Mazoit

frederic.mazoit@labri.fr

Monotonicity in graph searching games

In graph searching games, a team of cops is trying to catch a fast robber in a graph. There are many variants of these games. For example, the robber may or may not be visible to the cops, the graph may be undirected or not. . . A wining strategy for the cops is monotone if the area available to the robber never increases, and a graph searching variant is monotone when the cops do not need extra agents to catch the robber with a monotone strategy. Several variants have been shown monotone but always with an ad-hoc proof. In this talk, I will present a recent framework in which one can prove monotonicity results, and related works.

Graph Searching Tutorial Lecture Notes

An annotated bibliography on guaranteed graph searching

Fedor V. Fomin

Additional support by the Research Council of Norway.

Department of Informatics, University of Bergen PO Box 7800, 5020 Bergen, Norway

fomin@ii.uib.no

and Dimitrios M. Thilikos

Supported by the Project “Kapodistrias” (AΠ 736/24.3.2006) of the National and Kapodistrian University of Athens (project code: 70/4/8757).

Department of Mathematics, National & Kapodistrian University of Athens Panepistimioupolis, GR-15784, Athens, Greece

sedthilk@math.uoa.gr

Abstract

Graph searching encompasses a wide variety of combinatorial problems related to the problem of capturing a fugitive residing in a graph using the minimum number of searchers. In this annotated bibliography, we give an elementary classification of problems and results related to graph searching and provide a source of bibliographical references on this field.

Introduction

Graph searching can be seen as a game between a fugitive and a set of searchers. The fugitive resides in a system of rooms and corridors represented by some graph G (vertices of G represent rooms while edges represent corridors between rooms). The purpose of searchers is to catch the fugitive who is trying to avoid capture. Depending on the dynamics of searchers and fugitives, phase restrictions, conditions of captures, global restrictions, visibility, etc. we obtain different models. The variants are either application driven motivated by problems in practice, or are inspired by foundational issues in Computer Science and Discrete Mathematics. Currently, the field on graphs searching is rapidly expanding and during the last years several new models, problems or approaches have appeared. In this annotated bibliography, we attempt to list and classify the main models and results in this field. Our classification is restricted to the classic line of guaranteed searching, initiated by Parsons and Petrov, where the searchers have to guarantee the capture without any probabilistic assumption on the game behavior.

Caves Mythology

The first mathematical formulation of graph searching is due to Torrence Parsons [126] and appeared in 1976. (See also [127].) The formulation was inspired by an earlier article of Breisch in Southwestern Cavers Journal [29] proposing a “speleotopological” approach for the problem of finding an explorer that is lost in a complicated system of dark caves. The question is to find the minimum number of searchers that can come out with a strategy of the guaranteed search, i.e. the strategy that allows them to rescue the explorer independent of his actions. In particular, the search strategy should be successful even if the explorer tries to avoid meeting with searchers. In this case we deal with a pursuit-evasion problem and this is why in the literature the searchers are called by pursuers or cops, and the explorer is called by evader, fugitive, or robber.

Parsons introduced the following pursuit-evasion problem: Let Γ be a straight line representation in R^3 of a finite connected graph G (i.e. topological graph embedded in R^3). A family Π = {x_i|1 ≤ i ≤ k} of continuous functions x_i: [0, ∞) → Γ is a search program for Γ if, for every continuous function y: [0, ∞) → Γ there exists a (smallest) t(y) ∈ [0, ∞) and an i ∈ {1, 2, · · · , k} such that y(t(y)) = x_i(t(y)). Here y(t) may be thought of as the position at time t of an evader (explorer) in a cave (represented by Γ) while x_i(t) is the position of the ith searcher, and t(y) is the moment when the evader is caught. The minimum k that guarantees the existence of the search program on Γ was called the search number of Γ. The problem (and some results of Parsons) were later (independently) rediscovered in USSR by Nikolai Petrov [130] in slightly different settings. Petrov studied graph searching as a natural restriction of differential games in Euclidian spaces like the cossacks and the robber game [137] and the princess and the monster problem [99].

As it was proved by Golovach [73, 74], both problems of Parsons and Petrov are equivalent to the following discrete game played on graphs. Suppose that G is a graph representing a system of tunnels where an agile and omniscient fugitive with unbounded speed is hidden (alternatively, we can formulate the same problem considering that the tunnels are contaminated by some poisonous gas). Initially the whole graph is contaminated. The object of the game is to clear all edges, using one or more searchers. A move of a searcher can be one of the following: placement of the searcher on a vertex v, removal of the searcher from a vertex v and sliding of the searcher on a vertex v along an incident edge until its final placement to a neighbour vertex. An search program is a sequence of moves. In the edge search game, an edge e = {v, u} of the graph is cleared if a searcher on v slides along {v, u}. A cleared edge become contaminated at some moment of searching (we say that the edge is recontaminated) if at that moment it can be connected by a path without searchers with a contaminated edge. (In terms of searching it means that the fugitive can run to already cleared area.) The object of the searchers in a search game is to clear all edges using an edge search program. The edge search number of a search program is the maximum number of searchers on the graph during any of its moves. The edge search number, es(G), of a graph G is the minimum edge search number over all the possible search programs on G.

A large number of the search variants studied so far where based on the above discrete model and where generated by restricting or enhancing the abilities of the searchers or of the fugitive. For surveys on graph searching, see [21, 63, 6]. Also, for a book on related problems, see [5].

Search variants

Node search and mixed search. The first variant of the edge search number was given by Kirousis and Papadimitriou in [104, 103] and is called node search. Here, the searchers cannot slide along edges and an edge is declared clean when both its endpoints are occupied by searchers. Another variant was given in Bienstock and Seymour in [23] and is called mixed searching. Here, sliding is permitted and and edge can be cleaned either by sliding or by simultaneous occupation of both its endpoints. This variant unifies the previous two as both edge search and node search can be easily reduced to mixed search. Also, as shown in [23] (see also [158]), all these three variants cannot differ by more than a small constant.

Visible vs lazy fugitives. In the original edge search game, as well as in node and mixed search, the fugitive is invisible, i.e. the searchers have no information on his current position. This means that the search strategy should be given in advance and does not take into account the possible responses of the fugitive after any of the searcher’s moves. The case of a node searching of visible fugitive was studied by Seymour and Thomas in [149]. They call this a helicopter cop-and-robber game. The next variant of the classic setting considered the case where the invisible fugitive is lazy, in the sense that he moves only in the case where one of the searchers is planning to occupy the vertex where he currently is. This invisible-but-lazy variant was defined in [42] and was proved to be equivalent to the aforementioned visible-but-agile variant of Seymour and Thomas in [149]. A general variant, where the visibility is tuned by fixing the number of steps where the fugitive is visible, was called non-deterministic search [57]. Also, the extension of the classic game where multiple fugitives are considered was defined in [146]. This extension provided alternative way to tune between the visible and the invisible case.

Directed graphs. An active field of research on graph searching is to determine and study the analogues of all previous variants on directed graphs. Here, we have a variety of problems, depending not only on how searchers clear the edges (by sliding along edges or by placing on vertices) but also on how the searchers/fugitive traverse directed edges. Variants of edge and node searching on acyclic directed graphs where searchers may slide along an edge only in the indicated direction, but the fugitive can move in any direction, are studied by Nowakowski in [123]. Barát [16] studied the node search on directed graphs, where the fugitive is allowed to move only along directed paths and the searchers can be placed on any vertex. The edge-search and mixed-search variants of searching when searchers and the fugitive are allowed only to follow the directions are studied by Yang and Cao in [166]. Searching without jumping on directed graphs is done by Alspach et al. [7].

For the case when the fugitive is visible, there are also several variants of the game. Berwanger et al. [20] and Obdržálek [125] studied a variant of visible fugitive on directed graph with searchers jumping from vertex to vertex and fugitive allowed to move only along directed paths. Johnson et al. [100] studied a different variant where the fugitive is permitted to move only to vertices from which there exists a directed searcher-free path from his intended destination back to his current position. A variant with lazy fugitive was studied by Kreutzer and Hunter in [97]. Let us note that the equivalence between a lazy-but-invisible and agile-but-visible variants does not hold in directed graphs [97]. See also the thesis of Hunter for more discussions [98].

Hypergraphs. Graph searching on hypergraphs appeared as the Robber and Marshals game and was introduced by Gottlob, Leone and Scarcello in [86]. Here the robber is visible and moves on vertices just as in the classic search game, but searchers are now viewed as marshals that are able to place their men on hyperegdes of their choice. The Marshals are more powerful than classic searchers, as the cost of the search is now measured by the maximum number of hyperedges controlled by the marshals at each moment of the search. For a review on the applications of this game we refer to [85]. (See also [1, 2] and [88] for related results).

Connected search. Recall that the origin of graph searching considered the graph as a system of caves. Under this setting, the “cleaned” space should be connected. The edge searching variant where the cleaning of the graph happens in a connected way is defined in [18] (see also [17]). A natural question that appears is to estimate the “cost of connectivity”: the ratio between the number of searchers required in the connected case and the the number of searchers required without the connectivity requirement. Upper bounds on this ratio were given in the general case in [66] and for special graph classes in [18, 47, 49, 48, 65, 67, 120]. While there exist graphs where the price of connectivity tends asymptotically to be equal to 2, we dare to conjecture that, in general, the same value also constitutes a universal upper bound. A related problem on planar triangulations was studied in [124]. Connected searching with visible fugitive is discussed in [68].

Cop and robbers. A different, and somehow independent, branch of research on graph searching considered the case where the searchers (cops) and the fugitive (robber) move in rounds and when they move to a neighbor vertex. The minimum number of cops that guarantees cop’s winning strategy on a graph G, is called the cop number of G. The part of Alspach’s survey [6] is devoted to this parameter. See also the survey of Hahn [90]. The problem was defined by Winkler and Nowakowski [122], and Quilliot [143] who also characterized graphs where single cop has a winning strategy (see also [13, 32, 33]). A characterization of graphs with cop number k, k > 1, is an open problem. Aigner and Fromme proved that the cop number of a planar graph is at most 3 [4]. This result can be extended to graphs of bounded genus [144]. Schroeder [148] proved that for graphs of genus g, ⌊^{3g}_2 ⌋ + 3 cops suffice to catch robber. It is not known if this bound is tight. Combinatorial (lower and upper) on the cop number results on different graph classes are discussed in [9, 10, 19, 30, 46, 69, 70, 91, 92, 93, 110, 117, 118, 145, 161]

Goldstein and Reingold [72] discussed the game on directed graphs. Different variations of the game with partial information can be found in [35, 37, 34, 39, 38, 43].

Alternative costs. In all above variants the target was to minimize the number of searchers that are present each moment on the graph. An alternative way to define the cost of a search strategy is to consider the sum of the searchers present on the graph over all steps of a search strategy. This was considered in [58]. Another way to evaluate the cost of a search strategy is to count the maximum number of steps a vertex is occupied by a searcher [61].

Games with restricted speed. A more realistic scenario to the original (non-discrete) definition of a graph searching game, where the maximum speeds of players are restricted, was defined by Petrov [131] who assumed that both pursuers P_i and the evader E possess simple motions in a topological graph Γ embedded in R^3:

(P_i) : ẋ_i = u_i, ‖u_i‖ ≤ 1, i ∈ {1, . . . , n}, (E) : ẏ = u_0, ‖u_0‖ ≤ μ.

(‖ · · · ‖ is the Euclidean norm.) Notice that the case of μ = +∞ (the evader can move arbitrarily fast) gives the original (non discrete) definition. Petrov [131], proved that when u_1 is a measurable function with an infinite number of discontinuities (jumps), for each Γ there is (sufficiently small) μ(Γ) > 0 such that there is a search program of one searcher on Γ. Some upper bounds on μ(Γ) > 0 sufficient for the existence of search program of one searcher are also given by Azamov & Norzhigitov in [15].

When admissible controls u_i and u_0 are piecewise constant functions defined on arbitrary segments [0, T ], the situation is different. For a given graph Γ and number μ, let S_μ(Γ) be the smallest number of searchers sufficient for the existence of a search program (with piecewise constant control functions) on Γ. The number S_μ(Γ) can be found only in exceptional cases. Searching on trees is discussed in [51, 52]. Computing of S_μ for some values of μ on graphs of Tetrahedron and Cube is discussed in [132, 109, 136, 84, 59]. For further results on the the numbers S_μ, see [50, 63, 53].

Finite speed was also considered in discrete games. In particular, Dendris et al. [42] studied the variant of a lazy invisible searching in the case where the fugitive, when moves, moves to positions of bounded distance.

Games with “radius of capture”. Another generalization of edge searching is searching with radius of capture. In the game of the previous paragraph, let us put μ = +∞, i.e. we assume that the fugitive can move arbitrarily fast. Let ρ be some metric of Γ. Denote by ε a nonnegative number characterizing the “radius of capture”. The evader E is caught by a pursuer P_i at a moment t ∈ [0, T ], if ρ(x_i(t), y(t)) ≤ ε. A family of trajectories of n searchers x_i: [0, T ] → Γ, i ∈ {1, 2, . . . , n} is called a winning program if for every trajectory of the fugitive y: [0, T ] → Γ, there exist t ∈ [0, T ] and i ∈ {1, 2, . . . , n}, such that ρ(x_i(t), y(t)) ≤ ε. Thus the searchers have “visibility” ε and they catch the fugitive when they see him. The problem is to determine the minimal number of pursuers that have a winning program and let us denote this number by S^ε(Γ). Again, for ε = 0 the number S^ε(Γ) is the search number of Γ as it is defined by Parsons and Petrov.

The study of S^ε(Γ) when the metric ρ on Γ is induced by the Euclidian space was initiated by Golovach [75, 74]. For example, it was shown that if all edges of a topological graph Γ are of unit length, then for ε < 1/4, S^ε(Γ) = es(Γ). The study of S^ε(Γ) on topological graphs with edges of unit length consisting of all edges and vertices of Tetrahedron, Cube and Octahedron respectively is performed in [59, 133]. Searching with a radius of capture can be naturally generalized to searching of polygons. See [89, 107, 139, 163, 155, 159, 164, 40, 156, 154, 171] for some geometric search problems. The case when ρ is a shortest path metric of the graph were studied in [141, 142] for ε = 1 and for ε ≥ 1 in [83, 82, 134].

Another (discrete) variant variant of this game, when searchers do not slide but only jump and ϵ = 1, is called the domination search game. This variant is studied in [62, 3]. A variant of searching on grids (or systems of streets) where searchers can see a fugitive if they are on the same street was studied in [41, 119, 153].

Searching with counteraction. Searching with counteraction is a variant of Cop and Robber game with invisible Robber. However the difference is that Robber can kill Cops by placing himself at his move on a vertex occupied by a Cop. When a cop is killed (removed from the playing board), by his removal the cop player retrieve information on robber’s position at this move. Such type of games were studied in [12, 11, 140, 172, 135, 101].

Miscellaneous variations. Single step edge-search game when searchers are allowed to make only one step is studied in [31, 94, 96, 95]. The relations between the number of searchers and number of steps in search program are discussed in [28]. Clarke and Nowakowski looked at searching with radar, i.e. some places in a graph where fugitive is seen [36]. Searching with distributed computing settings is studied in [24, 121]. Different search problems (with restricted speed) related to eavesdropping games are in [71]. The problem with one searcher flying from vertex to vertex on a helicopter is discussed in [54, 55, 56]. A version of searching where recontamination of an unguarded vertex occurs only if a majority of its neighbors is contaminated, is studied in [108].

Monotonicity

A desirable characteristic of a search strategy is to be never forced to search again an already searched area. In other words, to prevent the robbers to enter again the area from where they had been expelled. This property is called monotonicity. Not all graph searching variants are monotone. To distinguish which are and which are not appears to be a hard question. Actually, some of the most complicated results in graph searching were devoted to monotonicity and all of them where directly linked to the Graph Minors project (for a survey, see [147]).

Clearly, the monotonicity property can gives us information on the complexity of a graph searching problem as it provides a polynomial space certificate for proving membership in NP (we just consider only monotone strategies). The first monotonicity result concerned edge searching and was proved by LaPaugh and appeared in [106] (the result was first announced in [105]). The next step (based on the result of LaPaugh) was given by Kirousis and Papadimitriou, who proved in [104] the monotonocity of node searching. A break-through in proving monotonicity came in [23] where Bienstock and Seymour proved the monotonicity of mixed searching using a simpler technique than the one in [106] (see also [22]). This result also implied the monotonicity of the previous two classic variants as, according to [23], both edge and node searching can be easily reduced to the mixed searching.

The next step was to prove the monotonicity in the case of a visible fugitive. This proof was given by Seymour and Thomas in [149] and was based on the introduction of screens (also known as brambles) as certificates of escaping strategies. The analogue of these structures for the invisible fugitive case was introduced in [22] (called blockages) and generalized to a general nonotonicity criterion in [64]. Recently, a monotonicity proof unifying the cases where the fugitive is visible or invisible was proposed by Mazoit and Nisse in [113].

On directed graphs different modifications of searching with invisible fugitive are monotone [16, 166, 167, 168].

Certainly, there are cases where monotonicity does not hold. This was proved to be the case for connected search in [169] and [68]. Also, as observed in [146], the same holds when many visible robbers are considered. Finally, it also follows that the Marshals game is not monotone, as proved in [1].

Parameters, complexity and algorithms

The first complexity and algorithmic results on the edge search number are due to Megiddo et al. [114], who proved that it is NP-complete in general and solvable in linear time on trees (however, some key algorithmic ideas were already present in the original papers of Parsons [127, 126]). The NPcompleteness of node search is obtained by a reduction from edge search provided in [104]. Since both edge and node search can be reduced to mixed search, it follows that mixed search is also NP-complete [23]. For a fixed k, it can be decided in linear time if the edge (node and mixed) search number of a graph is at most k [27, 160]. Similar results (by equivalence to treewidth) are known for searching of visible and lazy fugitives [25].

A common practice for examining the complexity of a search variant is to prove its monotonicity and then find (or define) a graph parameter that is equivalent to its monotone version. Then the problem is reduced to the study of the parameter. The first such parameter was pathwidth that, combining the results in [103, 104, 102, 115], appears to be equal to the node search number minus one (thus, the result on the NP-completeness of pathwidth in [14] gives an alternative way to prove the NP-completeness of node search and mixed search). Another version of searching, namely, strong mixed searching, equivalent to pathwidth, is given by Yang [165]. Next, in [158], Takahashi, Ueno, and Kajitani introduced the proper-pathwidth as a parameter equal to the mixed search number.

The case of a visible and agile fugitive was shown to be equal to the treewidth minus one. Thus, the NP-completeness of this variant follows from its monotonicity and the NP-hardness of treewidth [14]. As proved in [42], the same parameter, is equivalent to the lazy-but-invisible fugitive while the special case of a lazy fugitive of unit speed is equivalent to the degeneracy of a graph (that can be computed in polynomial time). Also, a decomposition based analogue of non-deterministic search was given in [57].

As shown in [86], the monotone version of the Marshals game is equivalent to the parameter of hypertree-width. Grohe and Marx defined a fractional version of hypertree-width, which is related to a fractional Marshals game [88]. The complexity of variations of the Marshals game is discussed in [87].

Let us also mention other graph parameters that can be expressed or are related to some versions of graph searching. Cutwidth is related to edge-searching (on graphs of vertex degree at most 3 these parameters are equal) [111]. Relations between topological bandwidth and node search numbers can be found in [112]. Profile of a graph is equal to the cost of the node-search [58]. Bandwidth and proper pathwidth can be defined via helicopter search problems [54, 56]. A game theoretic approach to the tree-span parameter is given in [61]. For directed graphs, the search interpretation of directed pathwidth, directed treewidth, Kelly-width, DAG-width can be found in [16, 20, 125, 100, 97].

Branchwidth of a planar graph can be expressed via ratcatcher game [150]. The survey of Bodlaender [26] has a part on relations between graph searching and different “width” graph parameters.

To mention all algorithmic and combinatorial results for all above parameters is out of scope of this bibliography. See [8, 44, 45, 67, 66, 57, 60, 151, 158, 160, 162] for results that were directly linked with search parameters. For results on graph searching on special graph classes, see [60, 77, 76, 80, 81, 116, 128, 129, 157, 170]. Minimal (with respect to minors or subgraphs) graphs with small search numbers are characterized in [114, 138]. The problems of enumerating all minimal trees (for different search variants) are solved in [78, 79, 152, 160]. For obstructions or obstruction characterisations of graphs with small search numbers see [150, 160, 149, 64, 22].

The computational complexity of Cop and Robber game is an open question. Determining whether the cop number of a graph on n vertices is at most k can be done by a backtracking algorithm which is polynomial for fixed k [19, 92]. Goldstein and Reingold [72] proved that the version of the game on directed graphs is EXPTIME-complete. Also they have shown that the version of the game on undirected graphs when cops and robbers are given their initial positions is also EXPTIME-complete.

Acknowledgements

We are grateful to all those that provided us with information on graph searching results or helpful comments on earlier versions of this note. We are especially thankful to all the participants of the 1st Graph Searching Theory and Applications Conference (GRASTA, 2006, 9/10/2006 - 12/10/2006, Anogia, Creta, Greece). Their vibrant iteration was crucial for putting together many parts of this field.

References.

[1] I. Adler, Marshals, monotone Marshals, and hypertree-width, J. Graph Theory, 47 (2004), pp. 275–296.

[2] I. Adler, G. Gottlob, and M. Grohe, Hypertree-width and related hypergraph invariants, in 2005 European Conference on Combinatorics, Graph Theory and Applications (EuroComb ’05), Discrete Mathematics and Theoretical Computer Science, 2005, pp. 5–10.

[3] D. Aggarwal, S. K. Mehta, and J. S. Deogun, Domination search on graphs with low dominating-target-number, in Proceedings of the 31st Workshop on Graph Theoretic Concepts in Computer Science (WG 2005), vol. 3787 of Lecture Notes in Comput. Sci., Springer, Berlin, 2005, pp. 28– 37. [4] M. Aigner and M. Fromme, A game of cops and robbers, Discrete Appl.

Math., 8 (1984), pp. 1–11.

[5] S. Alpern and S. Gal, The theory of search games and rendezvous, International Series in Operations Research & Management Science, 55, Kluwer Academic Publishers, Boston, MA, 2003.

[6] B. Alspach, Searching and sweeping graphs: a brief survey, Matematiche (Catania), 59 (2006), pp. 5–37.

[7] B. Alspach, D. Dyer, D. Hanson, and B. Yang, Arc searching digraphs without jumping, in Proceedings of the 1st International Conference on Combinatorial Optimization and Applications (COCOA 2007), vol. 4616 of Lecture Notes in Computer Sci., Springer, 2007, pp. 354–365.

[8] , Lower bounds on edge searching, in Proceedings of the 1st International International Symposium Combinatorics, Algorithms, Probabilistic and Experimental Methodologies (ESCAPE 2007), vol. 4614 of Lecture Notes in Computer Sci., Springer, 2007, pp. 516–527.

[9] T. Andreae, Note on a pursuit game played on graphs, Discrete Appl.

Math., 9 (1984), pp. 111–115.

[10] , On a pursuit game played on graphs for which a minor is excluded, J. Combin. Theory Ser. B, 41 (1986), pp. 37–47.

[11] V. Y. Andrianov and N. N. Petrov, Graph searching problems with the counteraction, in Game theory and applications. Vol. X, vol. 10 of Game Theory Appl., Nova Sci. Publ., Hauppauge, NY, 2005, pp. 1–12.

[12] V. Y. Andrianov and N. N. Petrov, Search under counteraction, Proc.

Steklov Inst. Math., (2005), pp. S16–S24.

[13] R. P. Anstee and M. Farber, On bridged graphs and cop-win graphs, J.

Combin. Theory Ser. B, 44 (1988), pp. 22–28.

[14] S. Arnborg, D. G. Corneil, and A. Proskurowski, Complexity of finding embeddings in a k-tree, SIAM J. Algebraic Discrete Methods, 8 (1987), pp. 277–284.

[15] A. Azamov and K. Norzhigitov, On a minimax dynamic problem of search on graphs, Uzbek. Mat. Zh., (1991), pp. 13–18.

[16] J. Barát, Directed path-width and monotonicity in digraph searching, Graphs Combin., 22 (2006), pp. 161–172.

[17] L. Barrière, P. Flocchini, P. Fraigniaud, and N. Santoro, Capture of an intruder by mobile agents, in Proceedings of the fourteenth annual ACM symposium on Parallel algorithms and architectures (SPAA 2002), ACM Press, 2002, pp. 200–209.

[18] L. Barrière, P. Fraigniaud, N. Santoro, and D. M. Thilikos, Searching is not jumping, in Proceedings of the 29th International Workshop on Graph-Theoretic Concepts in Computer Science (WG 2003), vol. 2880 of Lecture Notes in Comput. Sci., Springer, 2003, pp. 34–45.

[19] A. Berarducci and B. Intrigila, On the cop number of a graph, Adv. in Appl. Math., 14 (1993), pp. 389–403.

[20] D. Berwanger, A. Dawar, P. Hunter, and S. Kreutzer, Dag-width and parity games., in Proceedings of the 23rd Annual Symposium on Theoretical Aspects of Computer Science (STACS 2006), vol. 3884 of Lecture Notes in Comput. Sci., Springer, 2006, pp. 524–536.

[21] D. Bienstock, Graph searching, path-width, tree-width and related problems (a survey), in Reliability of computer and communication networks (New Brunswick, NJ, 1989), vol. 5 of DIMACS Ser. Discrete Math. Theoret. Comput. Sci., Amer. Math. Soc., Providence, RI, 1991, pp. 33–49.

[22] D. Bienstock, N. Robertson, P. Seymour, and R. Thomas, Quickly excluding a forest, J. Combin. Theory Ser. B, 52 (1991), pp. 274–283.

[23] D. Bienstock and P. Seymour, Monotonicity in graph searching, J. Algorithms, 12 (1991), pp. 239–245.

[24] L. Blin, P. Fraigniaud, N. Nisse, and S. Vial, Distributed chasing of network intruders, in Proceedings of the 13th International Colloquium Structural Information and Communication Complexity (SIROCCO 2006), vol. 4056 of Lecture Notes in Comput. Sci., Springer, 2006, pp. 70– 84. [25] H. L. Bodlaender, A linear time algorithm for finding tree-decompositions of small treewidth, SIAM J. Comput., 25 (1996), pp. 1305–1317.

[26] H. L. Bodlaender, A partial k-arboretum of graphs with bounded treewidth, Theoretical Computer Science, 209 (1998), pp. 1–45.

[27] H. L. Bodlaender and D. M. Thilikos, Computing small search numbers in linear time, in Proceedings of the First International Workshop on Parameterized and Exact Computation (IWPEC 2004), vol. 3162 of Lecture Notes in Comput. Sci., Springer, 2004, pp. 37–48.

[28] F.-J. Brandenburg and S. Herrmann, Graph searching and search time, in Proceedings of the 32nd Conference on Current Trends in Theory and Practice of Computer Science (SOFSEM 2006), vol. 3831 of Lecture Notes in Comput. Sci., Springer, 2006, pp. 197–206.

[29] R. Breisch, An intuitive approach to speleotopology, Southwestern Cavers (A publication of the Southwestern Region of the National Speleological Society), VI (1967), pp. 72–78.

[30] G. R. Brightwell and P. Winkler, Gibbs measures and dismantlable graphs, J. Combin. Theory Ser. B, 78 (2000), pp. 141–166.

[31] R. S. Chang, Single step graph search problem, Inform. Process. Lett., 40 (1991), pp. 107–111.

[32] M. Chastand, F. Laviolette, and N. Polat, On constructible graphs, infinite bridged graphs and weakly cop-win graphs, Discrete Math., 224 (2000), pp. 61–78.

[33] V. Chepoi, Bridged graphs are cop-win graphs: an algorithmic proof, J.

Combin. Theory Ser. B, 69 (1997), pp. 97–100.

[34] N. E. Clarke, A game of cops and robber played with partial information, in Proceedings of the Thirty-Fifth Southeastern International Conference on Combinatorics, Graph Theory and Computing, vol. 166 of Congr. Numer., 2004, pp. 145–159.

[35] N. E. Clarke and E. L. Connon, Cops, robber, and alarms, Ars Combin., (to appear).

[36] N. E. Clarke and R. J. Nowakowski, Cops, robber, and photo radar, Ars Combin., 56 (2000), pp. 97–103.

[37] , Cops, robber and traps, Util. Math., 60 (2001), pp. 91–98.

[38] , A tandem version of the cops and robber game played on products of graphs, Discuss. Math. Graph Theory, 25 (2005), pp. 241–249.

[39] , Tandem-win graphs, Discrete Math., 299 (2005), pp. 56–64.

[40] D. Crass, I. Suzuki, and M. Yamashita, Searching for a mobile intruder in a corridor—the open edge variant of the polygon search problem, Internat. J. Comput. Geom. Appl., 5 (1995), pp. 397–412.

[41] R. W. Dawes, Some pursuit-evasion problems on grids, Inform. Process.

Lett., 43 (1992), pp. 241–247.

[42] N. D. Dendris, L. M. Kirousis, and D. M. Thilikos, Fugitive-search games on graphs and related parameters, Theoret. Comput. Sci., 172 (1997), pp. 233–254.

[43] N. Deo and Z. Nikoloski, The game of cops and robbers on graphs: a model for quarantining cyber attacks, in Proceedings of the Thirty-Fourth Southeastern International Conference on Combinatorics, Graph Theory and Computing, vol. 162 of Congr. Numer., 2003, pp. 193–215.

[44] J. Ellis and M. Markov, Computing the vertex separation of unicyclic graphs, Inform. and Comput., 192 (2004), pp. 123–161.

[45] J. A. Ellis, I. H. Sudborough, and J. S. Turner, The vertex separation and search number of a graph, Inform. and Comput., 113 (1994), pp. 50–79.

[46] S. L. Fitzpatrick and R. J. Nowakowski, Copnumber of graphs with strong isometric dimension two, Ars Combin., 59 (2001), pp. 65–73.

[47] P. Flocchini, M. J. Huang, and F. L. Luccio, Contiguous search in the hypercube for capturing an intruder, in Proceedings of the 19th International Parallel and Distributed Processing Symposium (IPDPS 2005) IPDPS, IEEE Computer Society, 2005.

[48] , Decontamination of chordal rings and tori using mobile agents, International Journal of Foundation of Computer Science, 18 (2007), pp. 547–564.

[49] , Decontamination of hypercubes by mobile agents, Networks, (2007), p. to appear.

[50] F. V. Fomin, A search problem on a graph under restriction of the velocity, Vestnik St. Petersburg Univ. Math., 27 (1994), pp. 50–54.

[51] , The search for the evader on 3-minimal trees, Vestnik St. Petersburg Univ. Math., 28 (1995), pp. 56–60.

[52] , Search problem on trees, Vestnik St. Petersburg Univ. Math., 28 (1995), pp. 36–39.

[53] , Almost discrete search programs on graphs, Vestnik St. Petersburg Univ. Math., 30 (1997), pp. 44–49 (1998).

[54] , Helicopter search problems, bandwidth and pathwidth, Discrete Appl. Math., 85 (1998), pp. 59–70.

[55] F. V. Fomin, Note on a helicopter search problem on graphs, Discrete Appl. Math., 95 (1999), pp. 241–249.

[56] F. V. Fomin, A generalization of the graph bandwidth, Vestnik St. Petersburg Univ. Math., 34 (2001), pp. 15–19.

[57] F. V. Fomin, P. Fraigniaud, and N. Nisse, Nondeterministic graph searching: From pathwidth to treewidth, in Proceedings of the 30th International Symposium on Mathematical Foundations of Computer Science (MFCS 2005), vol. 3618 of Lecture Notes in Comput. Sci., Springer, 2005, pp. 364– 375.

[58] F. V. Fomin and P. A. Golovach, Graph searching and interval completion, SIAM J. Discrete Math., 13 (2000), pp. 454–464.

[59] F. V. Fomin, P. A. Golovach, and N. N. Petrov, Search problems on 1- skeletons of regular polyhedrons, Int. J. Math. Game Theory Algebra, 7 (1998), pp. 101–111.

[60] F. V. Fomin, P. Heggernes, and R. Mihai, Mixed search number and linear-width of interval and split graphs, in Procceeding of the 33rd International Workshop on Graph-Theoretic Concepts in Computer Science (WG 2007), vol. 4769 of Lecture Notes in Comput. Sci., Springer, 2007, pp. 304–315.

[61] F. V. Fomin, P. Heggernes, and J. A. Telle, Graph searching, elimination trees, and a generalization of bandwidth, Algorithmica, 41 (2005), pp. 73– 87. [62] F. V. Fomin, D. Kratsch, and H. Müller, On the domination search number, Discrete Appl. Math., 127 (2003), pp. 565–580.

[63] F. V. Fomin and N. N. Petrov, Pursuit-evasion and search problems on graphs, in Proceedings of the Twenty-seventh Southeastern International Conference on Combinatorics, Graph Theory and Computing, vol. 122 of Congr. Numer., 1996, pp. 47–58.

[64] F. V. Fomin and D. M. Thilikos, On the monotonicity of games generated by symmetric submodular functions, Discrete Appl. Math., 131 (2003), pp. 323–335.

[65] F. V. Fomin, D. M. Thilikos, and I. Todinca, Connected graph searching in outerplanar graphs, Electronic Notes in Discrete Mathematics, 22 (2005), pp. 213–216. 7th International Colloquium on Graph Theory. Short communication.

[66] P. Fraigniaud, F. V. Fomin, and D. M. Thilikos, Connected branch decomposition and graph searching, in SIAM Conference on Discrete Mathematics, 2006.

[67] P. Fraigniaud and N. Nisse, Connected treewidth and connected graph searching, in Proceedings of the 7th Latin American Symposium on Theoretical Informatics (LATIN 2006), vol. 3887 of Lecture Notes in Comput. Sci., Springer, 2006, pp. 479–490.

[68] , Monotony properties of connected visible graph searching, in Proceedings of the 32nd International Workshop on Graph-Theoretic Concepts in Computer Science (WG 2006), vol. 4271 of Lecture Notes in Comput. Sci., Springer, 2006, pp. 229–240.

[69] P. Frankl, Cops and robbers in graphs with large girth and Cayley graphs, Discrete Appl. Math., 17 (1987), pp. 301–305.

[70] P. Frankl, On a pursuit game on Cayley graphs, Combinatorica, 7 (1987), pp. 67–70.

[71] M. Franklin, Z. Galil, and M. Yung, Eavesdropping games: a graphtheoretic approach to privacy in distributed systems, J. ACM, 47 (2000), pp. 225–243.

[72] A. S. Goldstein and E. M. Reingold, The complexity of pursuit on a graph, Theoret. Comput. Sci., 143 (1995), pp. 93–112.

[73] P. A. Golovach, Equivalence of two formalizations of a search problem on a graph (Russian), Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1989), pp. 10–14. translation in Vestnik Leningrad Univ. Math. 22 (1989), no. 1, 13–19.

[74] , A topological invariant in pursuit problems (Russian), Differentsial^′nye Uravneniya, 25 (1989), pp. 923–929, 1097. translation in Differential Equations 25 (1989), no. 6, 657–661.

[75] , An extremal search problem on graphs (Russian), Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1990), pp. 16–21. translation in Vestnik Leningrad Univ. Math. 23 (1990), no. 3, 19–25.

[76] , Node-search and search number of a combination of graphs, Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1990), pp. 90–91.

[77] , Search number, node-search number and the vertex separator of a graph, Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1991), pp. 110– 111.

[78] , Minimal trees with a given search number, Kibernet. Sistem. Anal., (1992), pp. 25–31, 187.

[79] , Minimal trees with a given vertex-search number, Diskret. Mat., 4 (1992), pp. 52–60.

[80] P. A. Golovach and F. V. Fomin, The search and the node-search number of dual graphs, Vestn. Syktyvkar. Univ. Ser. 1 Mat. Mekh. Inform., (2001), pp. 125–136.

[81] P. A. Golovach and N. N. Petrov, The search number of a complete graph, Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1986), pp. 57–60.

[82] , The k-search number of graphs of regular polyhedra, Vestnik St.

Petersburg Univ. Math., 28 (1995), pp. 6–10.

[83] , Some generalizations of the problem on the search number of a graph, Vestnik St. Petersburg Univ. Math., 28 (1995), pp. 18–22.

[84] P. A. Golovach, N. N. Petrov, and F. V. Fomin, Search in graphs, Proc.

Steklov Inst. Math., (2000), pp. S90–S103.

[85] G. Gottlob, M. Grohe, N. Musliu, M. Samer, and F. Scarcello, Hypertree decompositions: Structure, algorithms, and applications., in Proceedings of the 31st International Workshop on Graph-Theoretic Concepts in Computer Science (WG 2005), vol. 3787 of Lecture Notes in Comput. Sci., Springer, 2005, pp. 1–15.

[86] G. Gottlob, N. Leone, and F. Scarcello, Robbers, marshals, and guards:

game theoretic and logical characterizations of hypertree width, J. Comput. System Sci., 66 (2003), pp. 775–808.

[87] G. Gottlob, Z. Miklos, and T. Schwentick, Generalized hypertree decompositions: NP-hardness and tractable variants, in Proceedings of the twenty-sixth ACM SIGMOD-SIGACT-SIGART symposium on Principles of database systems (PODS 2007), New York, NY, USA, 2007, ACM Press, pp. 13–22.

[88] M. Grohe and D. Marx, Constraint solving via fractional edge covers., in Proceedings of the 17th Annual ACM-SIAM Symposium on Discrete Algorithms (SODA 2006), New York, NY, USA, 2006, ACM Press, pp. 289– 298.

[89] L. J. Guibas, J.-C. Latombe, S. M. Lavalle, D. Lin, and R. Motwani, A visibility-based pursuit-evasion problem, Internat. J. Comput. Geom. Appl., 9 (1999), pp. 471–493.

[90] G. Hahn, Cops, robbers and graphs, Tatra Mt. Math. Publ., 36 (2007), pp. 1–14.

[91] G. Hahn, F. Laviolette, N. Sauer, and R. E. Woodrow, On cop-win graphs, Discrete Math., 258 (2002), pp. 27–41.

[92] G. Hahn and G. MacGillivray, A note on k-cop, l-robber games on graphs, Discrete Math., 306 (2006), pp. 2492–2497.

[93] Y. O. Hamidoune, On a pursuit game on Cayley digraphs, European J.

Combin., 8 (1987), pp. 289–295.

[94] J. Y. Hsiao, C. Y. Tang, and R. S. Chang, Solving the single step graph searching problem by solving the maximum two-independent set problem, Inform. Process. Lett., 40 (1991), pp. 283–287.

[95] , The summation and bottleneck minimization for single-step searching on weighted graphs, Inform. Sci., 74 (1993), pp. 1–28.

[96] J. Y. Hsiao, C. Y. Tang, R. S. Chang, and R. C. T. Lee, Single step searching in weighted block graphs, Inform. Sci., 81 (1994), pp. 1–29.

[97] P. Hunter and S. Kreutzer, Kelly decompositions, games, and orderings, in Proceedings of the 18th Annual ACM-SIAM Symposium on Discrete Algorithms (SODA 2007), New York, NY, USA, 2007, ACM Press, pp. 637–644.

[98] P. W. Hunter, Complexity and infinite games on finite graphs, PhD thesis, University of Cambridge, Computer Laboratory, 2007.

[99] R. Isaacs, Differential games. A mathematical theory with applications to warfare and pursuit, control and optimization, John Wiley & Sons Inc., New York, 1965.

[100] T. Johnson, N. Robertson, P. D. Seymour, and R. Thomas, Directed tree-width, J. Combin. Theory Ser. B, 82 (2001), pp. 138–154.

[101] V. O. Kapilevich and N. N. Petrov, Search problems in graphs with counteraction, Vestnik St. Petersburg Univ. Math., 36 (2003), pp. 28–33.

[102] N. G. Kinnersley, The vertex separation number of a graph equals its path-width, Inf. Process. Lett., 42 (1992), pp. 345–350.

[103] L. M. Kirousis and C. H. Papadimitriou, Interval graphs and searching, Discrete Math., 55 (1985), pp. 181–184.

[104] , Searching and pebbling, Theoret. Comput. Sci., 47 (1986), pp. 205– 218.

[105] A. LaPaugh, Recontamination does not help to search a graph, tech.

rep., Electrical Engineering and Computer Science Department, Princeton University, 1983.

[106] A. S. LaPaugh, Recontamination does not help to search a graph, J.

Assoc. Comput. Mach., 40 (1993), pp. 224–245.

[107] S. M. Lavalle, B. H. Simov, and G. Slutzki, An algorithm for searching a polygonal region with a flashlight, Internat. J. Comput. Geom. Appl., 12 (2002), pp. 87–113.

[108] F. Luccio, L. Pagli, and N. Santoro, Network decontamination in presence of local immunity, International Journal of Foundations of Computer Science, 18 (2007), pp. 457–475.

[109] S. V. Lunegov and N. N. Petrov, Some graph search problems, Vestnik St. Petersburg Univ. Math., 35 (2002), pp. 9–12.

[110] M. Maamoun and H. Meyniel, On a game of policemen and robber, Discrete Appl. Math., 17 (1987), pp. 307–309.

[111] F. Makedon and I. H. Sudborough, On minimizing width in linear layouts, Discrete Appl. Math., 23 (1989), pp. 243–265.

[112] F. S. Makedon, C. H. Papadimitriou, and I. H. Sudborough, Topological bandwidth, SIAM J. Algebraic Discrete Methods, 6 (1985), pp. 418–444.

[113] F. Mazoit and N. Nisse, Monotonicity of non-deterministic graph searching, in Proccedings of the 32th International Workshop on Graphs (WG07), vol. 4769 of Lecture Notes in Comput. Sci., Springer, 2007, pp. 33–44.

[114] N. Megiddo, S. L. Hakimi, M. R. Garey, D. S. Johnson, and C. H.

Papadimitriou, The complexity of searching a graph, J. Assoc. Comput. Mach., 35 (1988), pp. 18–44.

[115] R. H. Möhring, Graph problems related to gate matrix layout and PLA folding, in Computational graph theory, vol. 7 of Comput. Suppl., Springer, Vienna, 1990, pp. 17–51.

[116] M. Moscarini, R. Petreschi, and J. L. Szwarcfiter, On node searching and starlike graphs, in Proceedings of the Twenty-ninth Southeastern International Conference on Combinatorics, Graph Theory and Computing, vol. 131 of Congr. Numer., 1998, pp. 75–84.

[117] S. Neufeld and R. Nowakowski, A game of cops and robbers played on products of graphs, Discrete Math., 186 (1998), pp. 253–268.

[118] S. Neufeld and R. J. Nowakowski, A vertex-to-vertex pursuit game played with disjoint sets of edges, in Finite and infinite combinatorics in sets and logic (Banff, AB, 1991), vol. 411 of NATO Adv. Sci. Inst. Ser. C Math. Phys. Sci., Kluwer Acad. Publ., Dordrecht, 1993, pp. 299–312.

[119] S. W. Neufeld, A pursuit-evasion problem on a grid, Inform. Process.

Lett., 58 (1996), pp. 5–9.

[120] Nisse, Connected graph searching in chordal graphs, Discrete Appl. Math., (To appear).

[121] N. Nisse and D. Soguet, Graph searching with advice, in Proceedings of the 14th Colloquium on Structural Information and Communication Complexity (SIROCCO 2007), vol. 4474 of Lecture Notes in Comput. Sci., Springer, 2006, pp. 51–65.

[122] R. Nowakowski and P. Winkler, Vertex-to-vertex pursuit in a graph, Discrete Math., 43 (1983), pp. 235–239.

[123] R. J. Nowakowski, Search and sweep numbers of finite directed acyclic graphs, Discrete Appl. Math., 41 (1993), pp. 1–11.

[124] R. J. Nowakowski and N. Zeh, Boundary-optimal triangulation flooding, Internat. J. Comput. Geom. Appl., 16 (2006), pp. 271–290.

[125] J. Obdržálek, Dag-width: connectivity measure for directed graphs, in Proceedings of the 17th Annual ACM-SIAM Symposium on Discrete Algorithms (SODA 2006), New York, NY, USA, 2006, ACM Press, pp. 814– 821.

[126] T. D. Parsons, Pursuit-evasion in a graph, in Theory and applications of graphs, vol. 642 of Lecture Notes in Math., Springer, Berlin, 1978, pp. 426–441.

[127] , The search number of a connected graph, in Proceedings of the Ninth Southeastern Conference on Combinatorics, Graph Theory, and Computing, vol. XXI of Congress. Numer., Utilitas Math., 1978, pp. 549– 554.

[128] S.-L. Peng, C.-W. Ho, T.-s. Hsu, M.-T. Ko, and C. Y. Tang, Edge and node searching problems on trees, Theoret. Comput. Sci., 240 (2000), pp. 429–446.

[129] S.-L. Peng, M.-T. Ko, C.-W. Ho, T.-s. Hsu, and C. Y. Tang, Graph searching on some subclasses of chordal graphs, Algorithmica, 27 (2000), pp. 395–426.

[130] N. N. Petrov, A problem of pursuit in the absence of information on the pursued, Differentsial^′nye Uravneniya, 18 (1982), pp. 1345–1352.

[131] , Some extremal search problems on graphs, Differentsial^′nye Uravneniya, 18 (1982), pp. 821–827.

[132] , Problems of pursuit on the 1-skeleton of a cube, Differentsial^′nye Uravneniya, 23 (1987), pp. 908–911.

[133] , Pursuit of an invisible moving object, Differ. Uravn., 32 (1996), pp. 1563–1565, 1583.

[134] , Search problems on graphs of regular polyhedra, Diskret. Mat., 8 (1996), pp. 108–116.

[135] N. N. Petrov and A. V. Chumanova, On certain search problems with counteraction, Vestnik St. Petersburg Univ. Math., 36 (2003), pp. 48–52.

[136] N. N. Petrov and F. V. Fomin, Discrete search programs on graphs, Vestnik St. Petersburg Univ. Math., 32 (1999), pp. 27–32.

[137] N. N. Petrov and N. N. Petrov, The “Cossack-robber” differential game, Differentsial^′nye Uravneniya, 19 (1983), pp. 1366–1374.

[138] N. N. Petrov and S. A. Starostina, Minimal graphs with a search number that is less than four, Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1989), pp. 105–106.

[139] , On some problems in guaranteed search, Vestnik S.-Peterburg.

Univ. Mat. Mekh. Astronom., (1994), pp. 114–116.

[140] N. N. Petrov and M. A. Teteryatnikova, Some problems of the search on graphs with retaliation, Vestnik St. Petersburg Univ. Math., 37 (2004), pp. 37–43.

[141] N. N. Petrov and I. Ture, A pursuit problem on a graph, Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1990), pp. 12–18.

[142] , Determination of the minimal number in a search group on a graph, Vestnik Leningrad. Univ. Mat. Mekh. Astronom., (1991), pp. 47–49.

[143] A. Quilliot, Problémes de jeux, de point fixe, de connectivité et de représentation sur des graphes, des ensembles ordonnés et des hypergraphes, (1983).

[144] A. Quilliot, A short note about pursuit games played on a graph with a given genus, J. Combin. Theory Ser. B, 38 (1985), pp. 89–92.

[145] , Some results about pursuit games on metric spaces obtained through graph theory techniques, European J. Combin., 7 (1986), pp. 55–66.

[146] D. Richerby and D. M. Thilikos, Graph searching in a crime wave, in Procceeding of the 33rd International Workshop on Graph-Theoretic Concepts in Computer Science (WG 2007), vol. 4769 of Lecture Notes in Comput. Sci., Springer, 2007, pp. 21–32.

[147] N. Robertson and P. D. Seymour, Graph minors—a survey, in Surveys in combinatorics 1985 (Glasgow, 1985), vol. 103 of London Math. Soc. Lecture Note Ser., Cambridge Univ. Press, Cambridge, 1985, pp. 153– 171.

[148] B. S. W. Schroeder, The copnumber of a graph is bounded by ⌊^3_2 genus (G)⌋ + 3, in Categorical perspectives (Kent, OH, 1998), Trends Math., Birkhäuser Boston, Boston, MA, 2001, pp. 243–263.

[149] P. D. Seymour and R. Thomas, Graph searching and a min-max theorem for tree-width, J. Combin. Theory Ser. B, 58 (1993), pp. 22–33.

[150] P. D. Seymour and R. Thomas, Call routing and the ratcatcher, Combinatorica, 14 (1994), pp. 217–241.

[151] K. Skodinis, Construction of linear tree-layouts which are optimal with respect to vertex separation in linear time, J. Algorithms, 47 (2003), pp. 40– 59. [152] J. D. H. Smith, Minimal trees of given search number, Discrete Math., 66 (1987), pp. 191–202.

[153] K. Sugihara and I. Suzuki, Optimal algorithms for a pursuit-evasion problem in grids, SIAM J. Discrete Math., 2 (1989), pp. 126–143.

[154] K. Sugihara, I. Suzuki, and M. Yamashita, The searchlight scheduling problem, SIAM J. Comput., 19 (1990), pp. 1024–1040.

[155] I. Suzuki, Y. Tazoe, M. Yamashita, and T. Kameda, Searching a polygonal region from the boundary, Internat. J. Comput. Geom. Appl., 11 (2001), pp. 529–553.

[156] I. Suzuki and M. Yamashita, Searching for a mobile intruder in a polygonal region, SIAM J. Comput., 21 (1992), pp. 863–888.

[157] A. Symvonis and S. Tragoudas, Searching a pseudo 3-sided solid orthoconvex grid, Internat. J. Found. Comput. Sci., 4 (1993), pp. 325–353.

[158] A. Takahashi, S. Ueno, and Y. Kajitani, Mixed searching and properpath-width, Theoret. Comput. Sci., 137 (1995), pp. 253–268.

[159] X. Tan, Sweeping simple polygons with the minimum number of chain guards, Inform. Process. Lett., 102 (2007), pp. 66–71.

[160] D. M. Thilikos, Algorithms and obstructions for linear-width and related search parameters, Discrete Appl. Math., 105 (2000), pp. 239–271.

[161] R. Tošić, On cops and robber game, Studia Sci. Math. Hungar., 23 (1988), pp. 225–229.

[162] E. Wanke, Bounded tree-width and LOGCFL, J. Algorithms, 16 (1994), pp. 470–491.

[163] M. Yamashita, I. Suzuki, and T. Kameda, Searching a polygonal region by a group of stationary k-searchers, Inform. Process. Lett., 92 (2004), pp. 1–8.

[164] M. Yamashita, H. Umemoto, I. Suzuki, and T. Kameda, Searching for mobile intruders in a polygonal region by a group of mobile searchers, Algorithmica, 31 (2001), pp. 208–236.

[165] B. Yang, Strong-mixed searching and pathwidth, J. Comb. Optim., 13 (2007), pp. 47–59.

[166] B. Yang and Y. Cao, Searching digraphs: Monotonicity and complexity, Tech. Rep. TR 2006-06, Department of Computer Science, University of Regina, Canada, 2006.

[167] , Digraph strong searching: Monotonicity and complexity, in Proceedings of the 3d International Conference on Algorithmic Aspects in Information and Management (AAIM 2007), vol. 4508 of Lecture Notes in Computer Sci., Springer, 2007, pp. 37–46.

[168] , Directed searching digraphs: Monotonicity and complexity, in Proceedings of the 4th International ConferenceTheory and Applications of

Models of Computation (TAMC 2007), vol. 4484 of Lecture Notes in Computer Sci., Springer, 2007, pp. 136–147.

[169] B. Yang, D. Dyer, and B. Alspach, Sweeping graphs with large clique number, in Proceedings of the 15th International Symposium on Algorithms and Computation (ISAAC 2004), vol. 3341 of Lecture Notes in Comput. Sci., Springer, 2004, pp. 908–920.

[170] B. Yang, R. Zhang, and Y. Cao, Searching cycle-disjoint graphs, in Proceedings of the 1st International Conference on Combinatorial Optimization and Applications (COCOA 2007), vol. 4616 of Lecture Notes in Computer Sci., Springer, 2007, pp. 32–43.

[171] W. C. K. Yen and C. Y. Tang, The searchlight guarding problem on weighted split graphs and weighted cographs, Networks, 35 (2000), pp. 195– 206.

[172] A. B. Zelenevskaya and N. N. Petrov, Search problems in graphs with retaliation, Vestnik St. Petersburg Univ. Math., 37 (2004), pp. 18–25.

List of Participants

Isolde Adler

University of Bergen/Goethe Universitaet Frankfurt am Main

Isolde.Adler@ii.uib.no

Nancy Clarke

Acadia University, Wolfville, Nova Scotia, CANADA

nancy.clarke@acadiau.ca

Zdeněk Dvořák ITI

rakdver@kam.mff.cuni.cz

Fedor Fomin

University of Bergen

fomin@ii.uib.no

Pierre Fraigniaud

CNRS and University Paris Diderot

pierre.fraigniaud@liafa.jussieu.fr

Robert Ganian

Faculty of Informatics, MU, Brno

99352@mail.muni.cz

Archontia Giannopoulou

National and Kapodistrian University of Athens

arcgian@math.uoa.gr

Petr Golovach

University of Bergen

Peter.Golovach@ii.uib.no

Arvind Gupta

Simon Fraser University

arvind@mitacs.ca

Dimitrios G. Zoros

National and Kapodistrian University of Athens

dzoros@math.uoa.gr

Paul Hunter

Oxford University

paul.hunter@comlab.ox.ac.uk

Marcin Kamiński

Université Libre de Bruxelles

Marcin.Kaminski@ulb.ac.be

Athanassios Koutsonas

National and Kapodistrian University of Athens

akoutson@math.uoa.gr

Jan Kratochvíl

Charles University, MFF, KAM

honza@kam.mff.cuni.cz

Stephan Kreutzer

Oxford University

kreutzer@comlab.ox.ac.uk

Frédéric Mazoit

LaBRI/Université Bordeaux I France

Frederic.Mazoit@labri.fr

Carsten Moldenhauer

University of Alberta

carsten.moldenhauer@ualberta.ca

Geňa Hahn

Universite de Montreal

hahn@iro.umontreal.ca

Nicolas Nisse

MASCOTTE, INRIA, I3S

nicolas.nisse@sophia.inria.fr

Jan Obdržálek

Faculty of Informatics, MU, Brno

obdrzalek@fi.muni.cz

Sebastian Ordyniak

Oxford University

sordyniak@googlemail.com

Daniel Paulusma

Durham University

daniel.paulusma@durham.ac.uk

Pawel Pralat

West Virginia University

pralat@math.wvu.edu

Ondřej Suchý

Charles University, MFF, KAM

suchy@kam.mff.cuni.cz

Jiří Fiala

Charles University, MFF, KAM

fiala@kam.mff.cuni.cz

Ignaz Rutter

Universität Karlsruhe (TH)

rutter@ira.uka.de

Ignasi Sau

Mascoote project, INRIA/CNRS-UNS

ignasi.sau@gmail.com

Tomáš Gavenčiak

Charles University, MFF, KAM

gavento@kam.mff.cuni.cz

Joachim Spoerhase

University of Wuerzburg, Germany

spoerhase@informatik.uni-wuerzburg.de

Konstantinos Stavropoulos

National and Kapodistrian University of Athens

kstavro@math.uoa.gr

Dimitrios M. Thilikos

National and Kapodistrian University of Athens

sedthilk@math.uoa.gr

Tomáš Valla

Charles University, MFF, KAM

valla@kam.mff.cuni.cz

Martin Vatshelle

University of Bergen

martinv@ii.uib.no

Boting Yang

University of Regina

boting@cs.uregina.ca

Pawel Zylinski

University of Gdansk

pz@inf.univ.gda.pl