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Abstract

:

Reconfiguration is concerned with relationships among solutions to a problem instance, where the reconfiguration of one solution to another is a sequence of steps such that each step produces an intermediate feasible solution. The solution space can be represented as a reconfiguration graph, where two vertices representing solutions are adjacent if one can be formed from the other in a single step. Work in the area encompasses both structural questions (Is the reconfiguration graph connected?) and algorithmic ones (How can one find the shortest sequence of steps between two solutions?) This survey discusses techniques, results, and future directions in the area.
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1. Introduction


Solving puzzles, planning robot motion, and editing between strings can all be viewed as the transformation between states or configurations, where a configuration can be the arrangement of puzzle pieces, the location of a robot with respect to obstacles in space, or the ordering of symbols to form a string. When configurations are defined as feasible solutions to a problem, such as the coloring of vertices in a graph, a step in a transformation between solutions can be viewed as an adjacency relation between configurations. The area of reconfiguration considers both structural and algorithmic problems on the space of solutions, under various definitions of feasibility and adjacency.



Reconfiguration arises in countless problems that involve movement and change, including problems in computational geometry such as morphing graph drawings [1] and polygons [2], and problems relating to games and puzzles, such as the 15-puzzle (Figure 1a), a topic of research since 1879 [3]. Work on related problems was unified into a common framework in 2011 [4], leading to a widening interest in the area and the types of problems and approaches considered. Reconfiguration is distinct from other approaches to the solution space of problems, such as local search [5,6,7,8] (given a solution to an instance, find a better solution that is close to the input solution), reoptimization [9,10] (given an instance, an optimal solution, and changes to the instance, find an optimal solution to the changed instance), and incremental problems [11] (given a yes-instance, a witness that it is a yes-instance, and changes to the instance, determine if the changed instance is a yes-instance).



The reconfiguration framework is defined in terms of a source problem, an instance of the source problem, a definition of a feasible solution, and a definition of adjacency of feasible solutions. Whereas in principle there are no restrictions on the definitions of feasible solutions and adjacency, for the sake of tractability, adjacency is typically polynomially testible. We can then view the solution space as a reconfiguration graph, in which vertices represent feasible solutions to the given instance of the source problem, and two vertices are joined by an edge if their corresponding feasible solutions are adjacent. In addition to being represented as a graph, the relationship among feasible solutions can be viewed as a process, where two solutions are adjacent if one can be transformed into another by a single reconfiguration step. We will use the graph view and the transformation view interchangeably. For example, a path between two solutions in the reconfiguration graph can be seen as a sequence of reconfiguration steps, or reconfiguration sequence, transforming one into the other. Although the terminology has not yet stabilized, for the sake of readability, consistent terminology is used throughout this paper and, where possible, unnecessary notation will be avoided. We will refer to the framework using the name of the source problem, such as Satisfiability Reconfiguration, with the definitions of feasible solution and/or adjacency omitted when clear from context.



So far, we have not yet specified any problems to solve in the reconfiguration framework; the specification of the problem (as discussed in more detail in Section 2) adds a fifth dimension to the dimensions of source problem, instance, definition of feasible solutions, and definition of adjacency. The multitude of dimensions leads to challenges in specifying problems as well as in organizing this survey. In order to highlight key elements of the area, each section focuses on a few dimensions at a time, often with a focus on a single source problem. In order not to overwhelm the reader, terminology is introduced gradually, and many open problems are raised when the relevant dimension is being considered.



This paper does not attempt to catalog all research results that can be categorized as reconfiguration, but instead focuses on demonstrating the main themes in the area, the scope of the approach, and promising directions for the future. In order to cover a large range of source problems, in many cases, the source problems and their complexity will be mentioned without formal definitions or lemma statements; the reader can find details in standard references on problems and algorithms [12,13]. Various complexity classes will be defined informally, with references provided for those interested in more detail. The goal is to complement, not subsume, other similar work, such as van den Heuvel’s survey [14] and the introduction to Mouawad’s thesis [15], where one can also find details on practical applications of reconfiguration, such as maintaining a firewall in a changing network, assigning frequencies in a changing mobile network, characterizing Glauber dynamics Markov chains in statistical physics, and planning motion, including 3D printing and robot movement.



We first use sliding-block puzzles to introduce problems that arise under the reconfiguration framework, such as reachability, connectivity, diameter, and shortest/bounded transformation (Section 2), as well as to introduce definitions of feasibility and adjacency. Next, we outline general approaches taken to solve the reachability problem for a variety of host problems (Section 3). Thereafter, we use specific source problems as case studies for various aspects of reconfiguration. In Section 4, we consider the dividing line between tractability and intractability of reachability of Independent Set Reconfiguration for different classes of input graphs and different definitions of adjacency. Our examination of the reachability of Independent Set Reconfiguration is continued in Section 5, where parameterized complexity is introduced and applied as well as extended to Vertex Cover Reconfiguration. The problems of connectivity and diameter are considered for k-Coloring Reconfiguration (Section 6), followed by other structural problems for Dominating Set Reconfiguration and other source problems in Section 7, and then by shortest transformation for Flip Distance and Satisfiability Reconfiguration (Section 8). Finally, we come full circle by seeing how work on sliding-block puzzles can inspire future work (Section 9), ending with a summary of other directions for research (Section 10).




2. Specifying and Analyzing Reconfiguration Graphs


Long before the term reconfiguration was used to categorize problems, sliding-block puzzles, such as the 15-puzzle (Figure 1a) were studied by mathematicians. In the reconfiguration framework, each arrangement of the tiles can be seen as a feasible solution, where a reconfiguration step consists of the movement of a single tile into an adjacent hole. Equivalently, the 15-puzzle can be viewed as a graph problem, where each feasible solution is the placement of distinctly labeled tokens on fifteen of the vertices in a    4 × 4    grid graph (corresponding to the placement of the tiles), leaving one vertex uncovered (corresponding to the placement of the hole). For this formulation of the problem, a reconfiguration step consists of moving a token to the uncovered vertex from one of its neighbors in the graph (Figure 1b). Adding further constraints on the feasible solutions gave rise to a variety of source problems with feasible solutions that can be represented as the placement of tokens. In subsequent work, different types of reconfiguration steps were defined by other ways of moving tokens, and eventually to problems for which tokens were not used at all.



Questions that arise in the context of puzzles form the foundation of questions asked about reconfiguration today, such as determining whether one arrangement can be reached from another (reachability) or indeed if all arrangements can be reached from all others (connectivity), and if so, finding the shortest sequence of steps possible (shortest transformation), a sequence of at most a specified length (bounded transformation), or a bound on the number of steps for any pair of arrangements (or, equivalently, on the diameter of the reconfiguration graph, hence diameter). In the remainder of this section, we formalize definitions of feasibility and adjacency (Section 2.1) and definitions of problems in the reconfiguration framework (Section 2.2). We will return to sliding-block puzzles at the end of the paper (Section 9) after briefly noting that the answer to the connectivity problem for the 15-puzzle was shown to be negative more than a century ago [3].



2.1. Defining Feasible Solutions and Adjacency


For many graph problems, a feasible solution can be represented as a subset of the vertices in the instance, or equivalently as the placement of a set of tokens on a subset of the vertices. Reconfiguration steps can then be described with respect to the placement of the tokens. In token sliding (TS), a step can be seen as the sliding of a token along an edge [16]. Two solutions are adjacent under token sliding if they have the same cardinality, the size of their intersection is one less than the size of the solutions, and the two vertices not in the intersection are connected by an edge. If we remove the constraint that the vertices outside the intersection be connected, the adjacency relationship is known as token jumping (TJ) [17]. More formally, two solutions are adjacent under token jumping if they have the same cardinality and the size of the intersection is one less than the size of the solutions. Both token sliding and token jumping can be viewed as the replacement of a vertex in one solution with a vertex outside the solution.



If we instead allow a token to be either added or removed at each reconfiguration step, we are considering the adjacency relation of token addition/removal (TAR) [4]. Whereas all solutions are of the same size under TS and TJ, under TAR the sizes of solutions can differ. To avoid triviality, sizes are bounded below for maximization problems and bounded above for minimization problems under TAR.



To illustrate the need for bounds on solution sizes, we consider the example of Vertex Cover Reconfiguration under TAR, in which each feasible solution is a vertex cover (a set of vertices containing at least one endpoint of each edge) of any size, and two solutions are adjacent if they differ by a single vertex. As there is no bound on size, one of the solutions, the maximum vertex cover, consists of all the vertices in the graph. Finding a path in the graph between any two vertex covers s and t is then trivial; by adding vertices one by one, we can form a path from any vertex cover to the maximum vertex cover, and by deleting vertices one by one, we can form a path from the maximum vertex cover to any vertex cover. We can then obtain a path from s to the maximum vertex cover to t (Figure 2a). As seen in Figure 2b, placing a bound on the size of a solution may mean that there is no path between s and t.



For solutions that cannot be expressed as subsets of vertices, most definitions of reconfiguration steps entail a single change to a solution. In the source problem Shortest Path, a solution is typically given as a sequence, rather than a set, of vertices forming a shortest path, as there may be more than one shortest path in the graph induced on a subset of vertices [18]; two solutions are adjacent if they differ by a single vertex. For Satisfiability Reconfiguration, each solution is an assignment of variables to the values true and false such that the instance formula evaluates to true; the reconfiguration step is the changing of the value of a single variable. For problems related to coloring of vertices or edges, a solution is an assignment of colors to vertices or edges, and a reconfiguration step involves changing the color of a single entity.



Relatively little work has been done on reconfiguration steps that allow multiple changes at once, such as in Multiple Token Jumping (MTJ) [19] or in coloring multiple vertices at once [20]; the modification with most attention thus far is Kempe changes (Section 6.2). For many source problems with solutions that are represented as sequences, unlike for Shortest Path, solutions will typically differ by more than the replacement of a single item in the sequence. For example, for String Editing, an instance is a pair of strings s and t and each solution is a sequence of edit operations, such as addition, deletion, and changing of symbols, that transforms s into t. Although changing a single edit operation will usually result in a sequence of operations that fails to be a solution for the given instance, in some cases, the order of operations can be changed or a pair of operations can be altered [21]. Determining natural definitions of adjacency for solutions that are sequences would open up the consideration of a larger set of problems, including the reconfiguration of reconfiguration itself [21].



Little attention has been paid to the impact of the representation of solutions. In the reconfiguration of subgraphs [22,23], the complexity of problems may differ depending on whether subgraphs are represented as sets of vertices or sets of edges, whether or not specific vertices are labeled, and whether the subgraph is contained in or isomorphic to the subgraph induced on the subset of vertices. The use of labels to identify parts of solutions, while used extensively in generalizations of sliding-block puzzles, has rarely been considered, as discussed further in Section 9.




2.2. Defining Problems


Viewing reconfiguration as both a sequence of steps and as a path in a graph gives rise to interrelated algorithmic and structural questions. The main focus of algorithmic work has been to determine the existence of paths between solutions in the reconfiguration graph, such as between a starting and ending configuration of the 15-puzzle. More formally, the reachability problem determines whether or not there is a reconfiguration sequence joining two input solutions, sometimes designated as the source solution and target solution; it should be noted that since the reconfiguration graph is undirected, the designation of one input as the source and the other as the target is arbitrary. So prevalent was the focus on the reachability problem that it appears in the literature as the “reconfigurability problem” [17] or simply the “reconfiguration version” of a problem.



There is no need for an algorithm for reachability if one can determine that the reconfiguration graph is connected, and hence that all instances of the reachability problem are yes-instances. For a fixed source problem, instance, definition of feasible solutions, and definition of adjacency, the connectivity problem asks whether the reconfiguration graph is connected. Most work on connectivity focuses on determining properties of the instance that result in the reconfiguration graph being connected rather than the complexity of algorithms used to check those properties.



The shortest transformation problem is an extension of reachability, where the goal is to find a shortest reconfiguration sequence between a pair of input solutions. In the related decision problem of bounded transformation, the input includes both a pair of solutions and a positive integer bound; the problem is to determine whether the solutions are connected by a sequence of length no greater than the bound. Other terms for these problems that appear in the literature include the length-bounded version of reachability, bounded reconfiguration, and shortest path, not to be confused with the source problem Shortest Path. An upper bound on the length of the shortest transformation can be determined by finding a solution to the structural diameter problem, the problem of determining the diameter of the reconfiguration graph (or of its connected components).



Although most of the work on reconfiguration to date has focused on reachability, connectivity, shortest/bounded transformation, and diameter (and, at times, producing an actual reconfiguration sequence, when one exists, typically as a minor extension of the algorithm for the decision problem of reachability), there are also results that consider other structural properties of the reconfiguration graph. We discuss these in more detail in Section 7.



A new direction in algorithmic problems is the optimization variant [24], where the goal is to find an optimal solution reachable from a given solution. Various related problems have been considered for the problem of k-Coloring, starting with an assignment of colors to vertices that may not form a proper coloring (a coloring in which the endpoints of each edge have different colors). In one case, the graphs are directed, and the goal is to reach a particular proper coloring by giving a vertex a color different from that of its neighbors [25]. In Color-Fixing, starting with an assignment of colors to vertices, the goal is to determine the minimum number of vertex recolorings required in order to find any proper coloring [26].



The examination of the role of reconfiguration steps gives rise to further problems of interest. Reconfiguration steps are equivalent for a given source problem if an instance is solvable using one type of reconfiguration step if and only if it is solvable using another type of reconfiguration step. It has been shown that, for Independent Set Reconfiguration, TJ and TAR are equivalent [17], and, for Clique Reconfiguration, TJ, TS, and TAR are equivalent [27]. For most problems, however, such relationships are unknown.



The fact that reachability may be trivial under TAR for unbounded solution sizes leads to the question of the size needed for there to be a path between a source and a target solution. The term reconfiguration index [28] has been used to denote the minimum value of solution size required for a yes-instance; the threshold [19] expresses the same concept in terms of the difference between the largest and smallest solutions in the reconfiguration sequence. As such values are not easy to determine, many of the results have focused on approximations [29]; here, we use the terms inapproximable, approximation algorithm, and polynomial-time approximation scheme (a family of approximation algorithms) without providing details. Results include inapproximability results for Clique Reconfiguration [4], Satisfiability Reconfiguration [4], and Set Cover Reconfiguration [4], approximation algorithms for Power Supply Reconfiguration [4] and Vertex Cover Reconfiguration [28], a polynomial-time approximation scheme for Subset Sum Reconfiguration [30], and a characterization of properties of graphs that result in large thresholds for Independent Set Reconfiguration [19].





3. Tools for Proving the Complexity of Reachability


By considering reconfiguration as a framework that highlights the commonality of a large variety of source problems, often studied in isolation, it becomes possible to devise general approaches and detect patterns. In the initial results obtained on reachability, the dividing line between tractable and intractable problems followed the dividing line for the source problems. Typically an intractable source problem is NP-complete and an intractable reachability problem is PSPACE-complete, where the class PSPACE includes all problems that can be solved using polynomial space [12]. Polynomial-time reachability algorithms have been developed for tractable source problems such as 2-Coloring [31,32,33], Matching [4], Minimum Spanning Tree [4], and 2-Satisfiability [34]. Reachability has been shown to be PSPACE-complete for many NP-complete source problems, such as Clique [4], 4-Coloring [35], Independent Set [4,17], 3-Satisfiability [34], Vertex Cover [4], Dominating Set [4], List Edge-Coloring [36], List    L ( 2 , 1 )   -Labeling [37], Integer Programming [4], Steiner Tree [38], and Set Cover [4].



As was conjectured early on [4], there are exceptions to the general pattern. One such exception is 3-Coloring [33], for which the source problem is NP-hard but the reachability problem is solvable in polynomial time. The problem Shortest Path is an example that breaks the pattern in the opposite direction, as the source problem is solvable in polynomial time but the reachability problem is PSPACE-complete [39]. What remains unclear is which properties of source problems result in their deviating from the general pattern of NP-hard source problems resulting in PSPACE-hard reachability problems; further work is needed on this question.



Many of the reductions used in proving PSPACE-hardness results mimic NP-hardness reductions on the source problems. The basis for these hardness results is the reconfiguration of the Nondeterministic Constraint Logic (NCL) machine, an undirected graph with integer weights on vertices and edges [16]. Reconfiguration on the NCL machine uses as solutions orientations of the edges such that the weight of each vertex is no greater than the sum of the weights of incoming edges; a reconfiguration step is the changing of the direction of a single edge. By forming substructures that behave like OR and AND gates (Figure 3), the problem was shown to be PSPACE-complete by a reduction from Quantified Boolean Formula [12]. The result on NCL Reconfiguration was then used as the basis for proving the PSPACE-completeness of sliding tokens on a graph [16], which in turn became the basis for many of the known PSPACE-completeness results for reconfiguration. In subsequent work, NCL has been generalized to include neutral, undirected edges; a new type of gadget has been used to complete the classification of reachability for List Edge-Coloring Reconfiguration to be solvable in polynomial time for at most three colors and PSPACE-complete otherwise [40].



As yet, there are few general algorithmic paradigms for reachability. Many algorithms in fact solve the connectivity problem as well, as they consist of identifying a canonical configuration for a particular instance and then showing that there is a reconfiguration sequence between any input solution and the canonical configuration (and hence a sequence from the source solution to the target solution that goes through the canonical configuration).



When reachability is intractable, possible approaches include an analysis using parameterized complexity (as discussed in detail in Section 5) and determining the dividing line between classes of instances for which the problem is tractable and those for which it is not (as discussed in Section 4 for the source problem Independent Set). For a specific problem, a natural starting point is to determine whether the dividing line for reachability is the same as the dividing line for the source problem. For a more general result, such as on graph problems, one might try to identify a class of graphs for which reachability is tractable for a large class of source problems. Formal definitions of graph classes and properties mentioned without accompanying citations can be found in a textbook on graph theory [41].



As many results are more easily obtained on simple graphs such as paths and trees, one approach is to try to generalize results by considering classes of graphs that contain paths and trees (Figure 4). Paths and trees are bipartite (properly colorable using two colors), planar (embeddable on the plane without any edges crossing), and chordal (containing no induced cycle on more than three vertices). Various graph classes are characterized by various width measures, such as pathwidth and treewidth (measures of how path-like or tree-like a graph is); one can generalize from paths (with pathwidth one) and trees (with treewidth one) to graphs of pathwidth k or treewidth k for a given constant k. Such graphs retain useful properties, such as the solving of various problems using dynamic programming. Other graph parameters to be discussed later include bandwidth (the minimum over all mappings f of the vertices to the set of natural numbers of the maximum of    | f ( u ) − f ( v ) |    over all edges    u v    in the graph), and modular-width [42].



The contracted solution graph method has been proposed as a general method for developing algorithms by compacting the information in the reconfiguration graph and then applying dynamic programming, using tree decompositions. The method has been used for algorithms for Shortest Path Reconfiguration on planar graphs [43], List Coloring Reconfiguration on caterpillars [44], and k-Coloring Reconfiguration on    ( k − 2 )   -connected chordal graphs [45]. The technique led to a conjecture that treewidth could be exploited to obtain algorithms. Instead, a general technique was developed to show the PSPACE-hardness of reachability for instances of bounded bandwidth. Because a graph of bandwidth b has pathwidth and treewidth at most b [46], the use of treewidth in forming algorithms is limited. Bonsma noted that dynamic programming has also been effectively used in solving reachability of Independent Set Reconfiguration for cographs [42]; as these are graphs of bounded modular-width, there may be a general method possible for graphs of bounded modular-width. It remains to be seen whether general results on reachability are possible for particular classes of graphs.



The result on bandwidth was proved using H-Word Reconfiguration, where given an alphabet and a binary relation between symbols, an H-word is a word in which each pair of consecutive symbols is in the relation. Wrochna [47] proved the PSPACE-completeness of the reachability problem, where the reconfiguration step is changing a single symbol, based on the classic proof of undecidability for general Thue systems [48]. Using this result, the following reachability problems were shown to be PSPACE-complete for graphs of bounded bandwidth: Shortest Path [47], k-Coloring [47], List Coloring [47], Independent Set [47], Vertex Cover [49], Feedback Vertex Set [49], Odd Cycle Transversal [49], Induced Forest [49], Induced Bipartite Subgraph [49], and Dominating Set [50]. In investigations of the parameterized complexity (defined in Section 5) of NCL under the parameters treewidth, maximum degree, and length of the reconfiguration sequence, H-Word Reconfiguration has been used to strengthen the framework to remain PSPACE-complete for graph of bounded bandwidth [51]. Moreover, H-Word Reconfiguration has been generalized to Even/Odd Word Reconfiguration, in which even and odd positions can be treated independently; this variant has been used for proving the PSPACE-completeness of reachability for Independent Set Reconfiguration under TS for bipartite graphs [52].




4. Analysis Using Graph Classes for Independent Set


In this section, we focus on the complexity of reachability of Independent Set Reconfiguration for various choices of graph classes and reconfiguration steps. The problem was proposed as a natural extension of token-sliding puzzles with the added constraint that all tokens form an independent set (a subset of the vertices such that there is no edge between any pair of vertices in the set) [16]. Early results established the PSPACE-completeness of the problem under TS [16] and TAR [4]. Moreover, it was shown that there exists a reconfiguration sequence under TJ using k tokens if and only if there exists a sequence under TAR for bound    k − 1   , proving the equivalence of TJ and TAR for both reachability and shortest transformation [17].



Subsequent (and ongoing) research has focused on the question of the boundaries between tractability and intractability for the source problem based on various graph classes, both to determine whether the boundaries are the same for the source problem and for reachability, and to determine whether the boundaries for reachability are the same for both TS and TAR/TJ. Analyses of this type have also been considered for other problems for which reachability is PSPACE-complete on general graphs, including Clique Reconfiguration [53], Cluster Vertex Deletion Reconfiguration [53], Dominating Set Reconfiguration [50], and Vertex Cover Reconfiguration (discussed in more detail in Section 5).



Figure 5 and Table 1 represent the results known so far. For both TS and TAR/TJ, there exist classes of graphs (such as perfect graphs and graphs of bounded bandwidth) for which the source problem can be solved in polynomial time, but reachability is PSPACE-complete. Although this makes clear that the dividing lines are not the same for the source problem and for reachability, it remains to be determined exactly where and why the boundaries diverge. Similarly, the result on bipartite graphs shows that boundaries are not identical for TS and TAR/TJ, but still leaves open the underlying cause of the difference, as well as its extent. Restriction to even-hole-free graphs is also of interest, as the complexity is unknown for both the source problem and under TS, but polynomial-time algorithms are possible under TAR/TJ.



Results on Independent Set Reconfiguration have not been confined to reachability. Polynomial-time algorithms have been developed for shortest transformation under TS for proper interval graphs, trivially perfect graphs, and caterpillars [58] (though NP-hard in general for all reconfiguration steps [17]), for connectivity under TS for interval graphs [56] and under TAR for cographs [55], and for finding an actual reconfiguration sequence under TS for trees (as an extension of the reachability algorithm) [59]. It has also been shown that there is an infinite family of instances on paths for which the length of the reconfiguration sequence is at least quadratic in the number of vertices [59]; in contrast, for every yes-instance of reachability on cographs, there is a bound on the length of the reconfiguration sequence [42] as well as a bound on the diameter for claw-free graphs [57]. In other work, the idea of reconfiguration of independent sets in graphs has been extended to reconfiguration of independent sets in matroids [64].




5. Parameterized Complexity (Independent Set and Vertex Cover)


Parameterized complexity offers a way of distinguishing among intractable problems by identifying situations in which the running time is tied to one or more parameters of the problem or instance. A problem is fixed-parameter tractable (or in the class FPT) if it can be solved in time    f  ( p )   n  O ( 1 )     , for n the size of the input, p a parameter, and f a computable function [65]. A parameterized algorithm makes it possible to associate the non-polynomial part of the running time with a parameter. Problems that are intractable with respect to fixed-parameter complexity are    W [ ℓ ]   -hard for some    ℓ ≥ 1   .



Choosing the size of the solutions or a property of an instance (such as its treewidth or degree) as a parameter allows us to compare the parameterized complexity of reconfiguration with the parameterized complexity of the source problem. A further motivation for considering parameterized complexity follows from the observation that, in many cases, there appears to be a correlation between the diameter of the reconfiguration graph and the complexity of reachability. When polynomial diameter is associated with polynomial-time reachability algorithms and exponential diameter with PSPACE-completeness for reachability, it is natural to wonder whether the length of the shortest reconfiguration sequence (for which the diameter is an upper bound) plays a role in the complexity. Certainly, a bound on diameter implies a bound on the length of a reconfiguration sequence, which perhaps would imply a bound on the time to determine if one exists. This suggests that parameterizing by the length of the reconfiguration sequence might result in fixed-parameter algorithms for instances even when the diameter is not guaranteed to be polynomial. Prior to its use in reconfiguration, length was used to parameterize a problem by the number of moves in a solution to a puzzle (which can, in fact, be viewed as a reconfiguration sequence) [66].



With respect to classical complexity, results for Independent Set Reconfiguration and Vertex Cover Reconfiguration are interchangeable: we simply reinterpret the placement of tokens on vertices to indicate the subset of vertices not in the solution (recall that each edge has at least one endpoint in a vertex cover, so that the remaining vertices form an independent set). More precisely, for a given instance G, the reconfiguration graphs for G for Independent Set and Vertex Cover will be isomorphic under TJ and TS, as well as under TAR when the bound on the size of solutions to one problem is k and the bound on the size of solutions to the other problem is    | V ( G ) | − k   . The difference in the size of solutions required to translate between reconfiguration graphs of the two problems, while insignificant under classical complexity, reveals a more fundamental difference between the source problems with respect to fixed-parameter complexity. With respect to reachability there is a dividing line between the parameterized version of Independent Set, which is    W [ 1 ]   -hard, and Vertex Cover, which is in FPT, and is so amenable to algorithmic approaches that it has earned the moniker of “Drosophila” of fixed-parameter algorithmics [67]. Consequently, it would not be surprising to find a significant difference in the complexities of reachability for the two problems.



The relationship between Independent Set and Vertex Cover can be characterized in terms of a hereditary property (a property of a graph that is also a property of any of its induced subgraphs). The subset problem for hereditary property π is the problem of finding a subset    V ′    of the vertices such that the subgraph induced on    V ′    has property   π  ; thus, Independent Set is the subset problem for   π   being the absence of edges. For any hereditary property   π  , we can define reconfiguration in terms of either a set of vertices U of size at most k such that the subgraph induced on U has property   π   (  π   Subset Reconfiguration) or a set of vertices U of size at most k such that the subgraph induced on all vertices except those in U has property   π   (  π   Deletion Reconfiguration). For   π   the absence of edges,   π   Subset Reconfiguration is Independent Set Reconfiguration and   π   Deletion Reconfiguration is Vertex Cover Reconfiguration.



General results have been found for hereditary properties that satisfy certain conditions, relating the complexity of   π   Subset Reconfiguration and   π   Deletion Reconfiguration under TAR to the complexity of the subset problem for   π  . Determining if there is a reconfiguration sequence of length at most ℓ for   π   Subset Reconfiguration parameterized by    k + ℓ    or for   π   Deletion Reconfiguration parameterized by ℓ is at least as hard as the source subset problem [68]. Subsequent work focused on connected hereditary properties, considering the reconfiguring of induced trees [69]. Due to the    W [ 1 ]   -hardness of Independent Set, reachability is    W [ 1 ]   -hard for Independent Set Reconfiguration parameterized by    k + ℓ    and for Vertex Cover Reconfiguration parameterized by ℓ. Although this does not immediately imply a difference in the parameterized complexity of the two problems, further results, discussed later, do.



One of the common algorithmic paradigms for fixed-parameter algorithms, kernelization, has been adapted to form a reconfiguration kernel, used to obtain fixed-parameter reachability algorithms for Bounded Hitting Set Reconfiguration, Vertex Cover Reconfiguration, and Feedback Vertex Set Reconfiguration under TAR, all parameterized by the solution size [70]. Although every problem in FPT can be shown to have a kernel, because kernels often represent only minimal or maximal solutions to the problem, whereas a reconfiguration sequence under TAR may make use of non-optimal solutions, the translation is not immediate [70]. In fact, it has been shown that there exists a source problem (Cluster Graph Reconfiguration) which, although in FPT when parameterized by k, is    W [ 1 ]   -hard for reachability even when parameterized by both k and ℓ [70] (a hardness result on multiple parameters immediately implies hardness on a smaller number of parameters).



The results on Vertex Cover Reconfiguration and Independent Set Reconfiguration mentioned above indicate a difference in complexity when parameterized by the solution size, as the former is in FPT using a reconfiguration kernel and the latter is    W [ 1 ]   -hard using the general result on hereditary properties. Further work on Vertex Cover Reconfiguration has demonstrated that although it is    W [ 1 ]   -hard when parameterized by ℓ [70] (by the general result on hereditary properties), it is in FPT when parameterized by ℓ and the treewidth of the instance [49]. As Vertex Cover is fixed-parameter tractable on general graphs, one might imagine that the boundary between tractability and intractability of the source problem could predict the parameterized complexity of reachability on various graph classes, parameterized by ℓ. To the contrary, although Vertex Cover is NP-complete when restricted to planar graphs, reachability is in FPT parameterized by ℓ for planar graphs [49] and graphs of degree at most d,    d ≥ 4    [54]. In contrast, despite the polynomial-time algorithm for Vertex Cover on bipartite graphs, reachability is    W [ 1 ]   -hard when parameterized by ℓ [54].



The parameterized complexity of Independent Set Reconfiguration has been considered under both TS and TAR/TJ; as in the case of classical complexity, TAR and TJ are equivalent. By the general result for subset problems with hereditary properties, it is    W [ 1 ]   -hard parameterized by    k + ℓ    for TAR, and hence parameterized by k [70]; the result carries over for TJ, and was also shown directly [71]. The problem has been shown to be in FPT when restricted to graphs of bounded degree [71] and planar graphs (or, stated more generally, graphs excluding    K  3 , d     as a subgraph, for any fixed    d ≥ 3   ) [72]. The latter result was further generalized to graphs forbidding    K  ℓ , ℓ     as a minor for fixed    ℓ ≥ 3    [73], and the results both on graphs of bounded degree and on planar graphs are implied by an FPT algorithm for the class of nowhere dense graphs [74]. An FPT algorithm was also developed for the incomparable class of graphs of bounded degeneracy, where the degeneracy (or coloring number)     col  ( G )    of G is the maximum over all subgraphs H of G of the minimum degree of H [74]. In addition, under TS, reachability has been shown to be not only co-NP-hard but also co-W[2]-hard on split graphs [56].



Parameterized complexity has also been used to analyze the problems Dominating Set Reconfiguration [74] and List Coloring Reconfiguration [75]; the results on nowhere dense graphs have also been applied to the more general problems of Distance-r Independent Set Reconfiguration and Distance-r Dominating Set Reconfiguration [76].




6. Connectivity and Diameter for   k  -Coloring


Inspired by an application of coloring related to the rapid mixing of Markov chains, connectivity of the reconfiguration graph for k-Coloring has been studied extensively under the name k-Mixing [77]; each solution is an assignment of each vertex to one of k colors such that each edge has endpoints with different colors, and a reconfiguration step is the changing of a color of one vertex. We first focus on connectivity, diameter, reachability, and shortest transformation in Section 6.1, thereafter considering variants on problems and reconfiguration steps in Section 6.2.



6.1. k-Coloring Reconfiguration


To get a sense of the importance of the choice of k for connectivity and diameter, we consider both large and small values of k. When k is sufficiently large, the reconfiguration graph is connected and has diameter linear in the number of vertices: each vertex is first recolored to a distinct color not used in either the source or target solution, and then is recolored to its target color. At the other extreme, consider an even cycle and    k = 2   ; in this case, k is equal to    χ ( G )   , the chromatic number of G (the smallest number of colors for which it is possible to find a coloring of G); no vertex of the cycle can be recolored.



Early results in the area focused on the difference between small and large values of k, such as by showing that for    2 ≤ χ ( G ) ≤ 3   , the reconfiguration graph is not connected for    k = χ ( G )    [31]. This left open the question of connectivity of bipartite graphs (   χ ( G ) = 2   ) for    k = 3   ; the yes-instances were characterized, and it was shown that the problem of deciding connectedness for bipartite graphs is coNP-complete, but restricted to planar bipartite graphs can be solved in polynomial time [78]. For    k = 3   , it was shown that the diameter is in    O ( | V  ( G )   | 2  )    for each connected component (and that this bound is tight, as there exist configurations at distance    Ω ( | V  ( G )   | 2  )   ), and that both reachability and shortest transformation can be solved in polynomial time [32]. In contrast, for    k ≥ 4   , there are both yes-instances and no-instances for connectivity [31], and there exists a family of graphs and a    k ≥ 4    such that for every graph in the family there exist components of diameter superpolynomial in    | V ( G ) |    [35]. Moreover, for    k ≥ 4   , reachability is strongly NP-hard [79] and PSPACE-complete, even for bipartite graphs, planar graphs for    4 ≤ k ≤ 6   , and bipartite planar graphs for    k = 4    [35].



We can consider the relationship between k and various properties of the instance, related to but distinct from the chromatic number. One choice is the maximum degree,    Δ ( G )   , as it is known that the chromatic number of G is at most    Δ ( G )    unless G is a complete graph or a cycle with an odd number of vertices [80]. Recall that the degeneracy,     col  ( G )   , is the largest minimum degree of any subgraph of G; the degeneracy of G is an upper bound on its maximum degree, and the treewidth of G,    t w ( G )   , is an upper bound on     col  ( G )   . More precisely, for any connected graph that is not regular,     col  ( G ) = Δ ( G ) − 1    [81], and the chromatic number is at most one greater than the degeneracy. Yet another property of use is the Grundy number,     χ g   ( G )    , defined as the largest possible number of colors used by a greedy coloring of G;     χ g   ( G )  ≤ Δ  ( G )  + 1   . It has been shown that for every graph, the reconfiguration graph is connected when    k ≥ Δ ( G ) + 2    [82], and in fact for    k ≥  col  ( G ) + 2    [83]. Investigations into c-color-dense graphs proved that the reconfiguration graph is connected for chordal and chordal bipartite graphs [84], subsequently generalized to hold for any    k ≥ t w ( G ) + 2    [85] and    k ≥  χ g   ( G )  + 1    [85].



So far, there are no known families where the reconfiguration graph is connected and of superpolynomial diameter; in fact, Cereceda [77,78] conjectured that for    k ≥  col  ( G ) + 2   , the diameter of the reconfiguration graph is in    O ( | V  ( G )   | 2  )   , and showed that the conjecture is true for the values    k = 1    and    k = Δ ( G )    [77]. The results on connectivity also showed quadratic bounds on diameter, including a lower bound on diameter for chordal graphs, culminating in the proof of the conjecture for    k ≥ t w ( G ) + 2    [85]. Subsequently, the conjecture was proved for    k = Δ ( G ) + 1    and    Δ ( G ) ≥ 3   ; in this case, the reconfiguration graph consists of isolated vertices and one more component, with diameter    O ( | V  ( G )   | 2  )    [81]. It was further observed that by increasing the number of colors, it is possible to obtain linear diameter, in particular, for every    k ≥ 2  col  ( G ) + 2    [86].



For     mad  ( G )   , defined to be the maximum average degree of a non-empty induced subgraph of G,     col  ( G ) ≤  mad  ( G ) ≤ 2  col  ( G )    [86], it has been shown that, for every integer    d ≥ 1    and every    ϵ > 0   , there exists    c = c ( d , ϵ ) ≥ 1    such that for every G such that     mad  ( G ) ≤ d − ϵ    and every    k ≥ d + 1   , the diameter is in    O ( | V  ( G )   | c  )    [86]. As a consequence of the result on maximum average degree, since every planar graph has     mad  ( G ) ≤ 6   , the diameter is polynomial for every    k ≥ 8    [86], providing support for the planar graph version of Cereceda’s conjecture, which states that, if G is planar, then for any    k ≥ 7   , the diameter is polynomial [85].



Algorithmic results focus on both reachability and finding a reconfiguration sequence. For bounded-degree graphs, reachability can be solved in constant time when    Δ ( G ) ≤ k − 2   , linear time when    k ≥ 3    and    Δ ( G ) = k − 1   , and quadratic time when    k = 3    and    Δ ( G ) ≥ 3    [81]. With respect to parameterized complexity, the problem is fixed-parameter tractable when parameterized by    k + ℓ    (where ℓ is the length of the reconfiguration sequence) [79,87] but    W [ 1 ]   -hard when parameterized by ℓ alone [79]. The problem of finding a path for    k = Δ ( G ) + 1    was shown to be solvable in quadratic time for any G such that    Δ ( G ) ≥ 1    and     col  ( G ) = Δ ( G ) − 1    [80]; by a recent result applying to    Δ ( G )   -regular graphs, the result was extended to hold for any connected graph with    Δ ( G ) ≥ 3    [88].




6.2. Variants of Coloring


We first consider an alternate choice of reconfiguration step, and then consider related problems using coloring. Instead of recoloring a single vertex at one step, a Kempe change, introduced by Kempe in his attempted proof of the Four Color Theorem [89], consists of exchanging the colors of all vertices in a connected component in the subgraph induced on vertices using a particular pair of colors. Such recolorings have been used in the proof of the Five Color Theorem, Vizing’s Edge-Coloring Theorem, in theoretical physics, and in the determination of timetables [90].



The reconfiguration graph under Kempe changes is connected for the following cases:    k = 4    for Eulerian triangulation of the plane [91],    k = 5    for planar graphs [92], generalized to    k ≥ χ ( G )    for planar graphs [93] and    k = 5    for    K 5   -minor free graphs [94], and all colorings of a perfectly contractile graph [95]. Edge-coloring has also been considered under the same reconfiguration rule [93,96,97].



When restricted to k-regular graphs, Mohar conjectured that the reconfiguration graph is connected for    k ≥ 3   , except when the instance is a clique on    k + 1    vertices [93], and although it was shown to be false for    k = 3    for the triangular prism [14], further investigations have focused on finding cases in which it holds. The conjecture was proved for    k ≥ 4    [98], and eventually it was shown that the triangular prism and    K 3    are the only 3-regular graphs for which the reconfiguration graph for    k = 3    is not connected [99].



In List Coloring Reconfiguration [35], a generalization of k-Coloring Reconfiguration, each vertex v is supplied with a list    L ( v )    of allowable colors. Early results in the area were obtained by generalizing results on k-Coloring Reconfiguration: the polynomial-time reachability algorithm for    k ≤ 3    can be extended to this variant [32], and the reconfiguration graph is connected when the size of each list is at least     col  ( G ) + 2    [83]. The reachability problem for List Coloring Reconfiguration has been shown to be PSPACE-complete for graphs of bounded bandwidth [47] as well as for complete split graphs (with modular-width zero) [44], and to be    W [ 1 ]   -hard parameterized by size of minimum vertex cover [75]. Fixed-parameter algorithms have been found when parameterized by    k + ℓ    (where ℓ is the length of the reconfiguration sequence) [79,87], parameterized by k and modular-width of the input graph (and hence for cographs when parameterized by k) [75], and for shortest transformation, parameterized by k and the size of the minimum vertex cover (and hence for split graphs parameterized by k) [75]. Other variants for which reconfiguration has been studied include List Edge-Coloring [36,40,100], List(2,1)-Labeling [37], Circular Coloring [101,102], Acyclic Coloring [103], and Equitable Coloring [103]. The problem of k-Coloring Reconfiguration can also be seen as a special case of Homomorphism Reconfiguration [101,104] and Constraint Satisfaction Reconfiguration (Section 8).





7. Other Structural Problems


In other work, various properties of reconfiguration graphs have been investigated, both towards an understanding of connectivity or diameter (such as the characterization of isolated vertices [105], also known as frozen configurations [31]) and in their own right. Most work on such questions has focused on Dominating Set Reconfiguration and k-Coloring Reconfiguration, including variants in which j vertices can be colored in a single reconfiguration step [20] as well as one in which only canonical colorings, non-isomorphic colorings that are lexicographically least under an ordering of the vertices, are considered [106]. Results have also been obtained for Shortest Path Reconfiguration [107], Independent Set Reconfiguration [108], and Token Sliding [109], as defined in Section 9.2. Examples of properties that have been studied include chromatic number [109], Hamiltonicity [20,106,109,110,111,112], and girth [107,113], often in service of determining limits on the classes of graphs represented by reconfiguration graphs [108,113,114,115]. For a source problem in which the instance is a graph, one can also identify when the reconfiguration graph for an instance is isomorphic to the instance itself [114,115].



In the remainder of this section, we focus on Dominating Set (the problem of determining a set of vertices such that each vertex in the graph is either in the set or the neighbor of a vertex in the set); its wide applicability and amenability to variants has led to significant interest in reconfiguration graphs and their structure. Two different graphs with similar names have been based on the domination number, where    γ ( G )    is the minimum cardinality of a dominating set of G and a γ set is a dominating set of minimum cardinality. The graph    γ · G    [116] uses    k = γ ( G )    under TJ, whereas the   γ  -graph of G uses    k = γ ( G )    under TS [117], later considered for different variants such as the total dominating number, paired domination number, and connected dominating number [118]. Work on both the TJ model [119,120,121,122,123,124,125] and the TS model [126] has focused on characterizing which graphs are gamma graphs under the various definitions.



Haas and Seyffarth considered a reconfiguration graph in which solutions are not limited to minimum cardinality dominating sets; their k-dominating graph is a reconfiguration graph under TAR in which each solution is a dominating set of size at most k [114]. For    Γ ( G )   , the upper domination number (the maximum cardinality of a minimal dominating set of G), the connectivity of the k-dominating graph has been shown for the following cases:




	
   k ≥ min { | V ( G ) | − 1 , Γ ( G ) + γ ( G ) }    [114],



	
bipartite and chordal, when    k ≥ Γ ( G ) + 1    [114],



	
   k = n − μ    and there is a matching of cardinality at least    μ + 1    [127],



	
   k = Γ ( G ) + 1    for certain classes of well-covered graphs [128],



	
   k = Γ ( G ) + 1    for graphs that are both perfect and irredundant perfect [128].








In contrast, the k-dominating graph can be disconnected for    k = Γ ( G ) + 1   , even for planar, bounded tree-width, or b-partite for    b ≥ 3    [127]. In addition, there is an infinite family of graphs with exponential diameter for    γ ( G ) + 1    [127].



Under TAR, the reachability problem is PSPACE-complete even for graphs of bounded bandwidth, split graphs, planar graphs, and bipartite graphs [50], whereas linear-time algorithms have been developed for cographs, trees, and interval graphs [50]. Although    W [ 1 ]   -hard when parameterized by k, the problem is fixed-parameter tractable when parameterized by k when the input graph does not contain large bicliques (including bounded degeneracy and nowhere dense graphs) [74].




8. Shortest Transformation


Shortest transformation is a logical direction for investigation for problems once reachability has been solved, or as an outgrowth of work on reachability. We can find a lower bound on the length of a reconfiguration sequence in a simple way: we focus only on the type of reconfiguration step, and determine the number of steps required to change the source solution to the target solution, ignoring the feasibility of solutions as well as the source problem. For example, under TAR, the minimum number of steps is the number of vertices in the source solution but not the target solution (all of which need to be removed) plus the number of vertices in the target solution but not the source solution (all of which need to be added). For TS or TJ, the minimum number of steps is the number of vertices that differ in the source and target solutions. More generally, we refer to the parts of the solution that differ in the source and target solutions as the symmetric difference. Many of the algorithmic results on shortest transformation for special graphs classes result from the observation that reachability can be solved by changing only the symmetric difference. This raises the question of whether shortest transformation is possible in situations where it is necessary to change parts of the solutions outside of the symmetric difference.



The question is answered in the analysis of Satisfiability Reconfiguration, for which we consider the dividing lines between tractability and intractability of the source problem as well as for reachability and shortest transformation. Given that Satisfiability is NP-complete, it is not surprising to discover that reachability of Satisfiability Reconfiguration is PSPACE-complete [34]. To determine the dividing line between tractable and intractable classes of formulas for reachability, researchers have built on Schaefer’s dichotomy theorem [129] for the classical problem of Satisfiability. Schaefer [129] introduced a framework for expressing formulas in terms of Boolean relations, and proved the problem is in P for instances built from Schaefer relations and NP-complete for all other formulas in the framework.



In work by Gopalan et al. [34], later corrected by Schwerdtfeger [130], an analogous dichotomy theorem was obtained for the reachability problem. By defining the class of tight relations, a superset of the Schaefer relations, the authors were able to show that reachability is in P for formulas built from tight relations and PSPACE-complete for all other formulas in the framework. Moreover, they proved a dichotomy theorem for the connectivity problem, where the problem is in coNP for formulas built from tight relations and PSPACE-complete for all other formulas in the framework, and showed that the diameter of connected components is linear for tight relations but can be exponential otherwise. Subsequent work showed that reachability is co-NP-complete for some of the Schaefer relations (Horn and dual Horn) [131], that connectivity can be solved in polynomial time given a characteristic set of Horn relations [131], and that there is an exact algorithm for connectivity [132].



Mouawad, Nishimura, Pathak, and Raman [133] considered shortest transformation, and obtained a trichotomy, based on both tight relations and navigable relations, a subset of tight relations. They showed that the problem is in P for formulas built from navigable relations, NP-complete for formulas built from relations that are tight but not navigable, and PSPACE-complete otherwise. Of particular significance is the fact that the shortest transformation result holds even though more than the symmetric difference of the source and target solutions may need to be changed in the reconfiguration sequence.



Work on Satisfiability Reconfiguration was later generalized by Gharibian and Sikora to a quantum version [134] and by Wrochna to constraint satisfaction [47], where a constraint satisfaction problem consists of a set of variables and a set of constraints and a solution to the problem is an assignment of values to variables that satisfies all the constraints. Constraint satisfaction reachability was shown to be in FPT when parameterized by    k + ℓ    [79].



We have already seen how parameterized complexity has been used to handle the length of a reconfiguration sequence (Section 5). Not surprisingly, there have also been investigations into approximation algorithms that, instead of returning the length of the shortest sequence, determine a length that approximates the optimal. Such results have been found for Token Swapping (to be discussed in Section 9.2). As another example, we consider various results that involve the reconfigurations of triangulations (such as for polygons or sets of points in the plane), where the reconfiguration step is the flipping of a diagonal of a quadrilateral (Figure 6). After it was shown that the reconfiguration graph is always connected and the diameter quadratic [135], the focus has been on the shortest transformation (or Flip Distance) problem, which has been shown to be NP-complete [136] and inapproximable [137] but fixed-parameter tractable when parameterized by the length of the reconfiguration sequence [138].




9. Labels and Colors on Tokens


We return, at last, to the 15-puzzle, interpreted as a graph problem. In the years since it was first considered, curiosity about the problem has resulted in generalizing the problem, starting with problems using     n 2  − 1    tiles arranged in a    n × n    square and moving to arbitrary arrangements represented as graphs. The problem has since been generalized further and has been applied to various scenarios, such as sorting [139] and robot motion [140,141]. Other variants have considered different ways of defining reconfiguration steps, including the sliding of a token any distance along a path unoccupied by tokens [142], the movement of a token along a path by a sequence of swaps [143], and the sliding and rotation of squares [144], as well as the consideration of directed graphs [141].



In the remainder of our discussion, we focus on undirected graphs and the movement of a token along an edge in a single reconfiguration step. In Section 9.1, we explore in more detail various generalizations of the 15-puzzle, and, in Section 9.2, we investigate problems in which tokens are placed on all vertices. The results in this section should serve as an indication of the wealth of research directions possible when problems are generalized and when different definitions of feasible solutions are considered. Although the representation of feasible solutions as tokens on vertices has been used in the investigation of most source graph problems, most such research considers only the case of indistinguishable tokens. Labeled solutions have been considered for the reconfiguration of triangulations of point sets in the plane [145] as well as for the reconfigurations of subgraphs [22] and minors [146]. While using distinct or colored tokens does not apply to all source problems, there remains substantial scope for further investigations in this direction.



9.1. Generalizing the 15-Puzzle


The literature on generalizations to the 15-puzzle is a study in the evolution of a problem and in the use of labeled tokens; as a rare example of a problem studied in such depth, it serves as a model for investigations of other source problems. Here, we focus on developments rather than details of results, which are summarized in Table 2 and discussed in van den Heuvel’s survey [14]. Quantities for algorithmic problems indicate running times, and for diameter indicate bounds on diameter.



When the 15-puzzle was reinterpreted as a problem on graphs, investigations expanded from grids to general graphs, and instead of requiring exactly one vertex without a token (a hole), multiple holes were allowed. The column for Type in the figure indicates variants where, in addition to viewing each token as distinct (type “distinct”), tokens have been labeled as a single robot and indistinguishable obstacles (type “robot”), considered as indistinguishable (type “same”), or assigned colors such that tokens with the same color are indistinguishable (type “color”).




9.2. Placing Tokens on All Vertices


Inspired by sorting networks, further research has considered the case in which the number of tokens is equal to the number of vertices in the graph. In this case, the reconfiguration step swaps tokens on a pair of adjacent vertices with distinct labels. Research in the area considers two variants: one in which all tokens are distinct, and one in which each token has a specified color, where the number of colors can be smaller than the number of vertices.



When the tokens are all distinct, the reconfiguration graph is connected and has diameter in    O (  n 2  )    [155]. Determining the shortest transformation sequence, Token Swapping, is NP-complete [156], even on graphs of treewidth at most two [157],    W [ 1 ]   -hard with respect to the length of the reconfiguration sequence [157], and inapproximable [156]. Algorithmic results include polynomial-time solutions on paths [82], cycles [82], complete graphs [158], stars [159], complete bipartite graphs [139], and complete split graphs [160], as well as approximation algorithms for squares of paths [161], trees [139,156], and general graphs [156], fixed-parameter algorithms for nowhere dense graphs, which include planar graphs and graphs of bounded treewidth [157], and exact algorithms (with matching lower bounds) [156].



In a variant, others consider the problem of shortest transformation when all vertices have tokens, tokens can have different colors, but tokens of the same color are indistinguishable. In contrast to Token Swapping, for which no general hardness result is known, here the problem is NP-complete for at least three colors even for connected planar bipartite graphs of maximum degree four. A polynomial-time algorithm has been found for the case with two colors, and a linear-time algorithm for trees [162]. In addition, it has been shown that the reconfiguration graph is connected when there are at least three colors, G is not a cycle, and G has no    ( n −  n r  )   -isthmus (where    n r    is the size of the largest color class), and the number of connected components has been determined for various cases [163]. In “parallel” variants, swapping is allowed on non-adjacent edges at the same time; the problem of determining the minimum number of swaps needed has been shown to be NP-complete, with a polynomial-time approximation algorithm for paths, and NP-complete for colored tokens, even with as few as two colors [164]. Various results have been shown for a “subset” variant, in which each token has a set of possible destinations [157].





10. Further Research Directions


Reconfiguration provides fertile ground for further research, both in general understanding of the framework and on specific source problems. For example, general algorithmic approaches remain elusive, with one of the current sources of algorithms being the generalization of problems known to have polynomial reachability algorithms, such as Matching Reconfiguration, which has been generalized to specifying upper and lower bounds on each vertex [23] as well as by allowing edges to be chosen more than once [165]. Although there is partial progress in determining dividing lines between tractable and intractable instances for reachability, further work is needed to determine the reasons behind differences in the dividing lines, as well as between dividing lines for different definitions of adjacency and different graph classes.



For many source problems, most of the reconfiguration problems, especially structural ones, have received little attention. In addition, only a few problems have been approached using the tools of approximation and parameterized complexity; for the latter, a greater variety of parameters can be considered, as has been done so far only for List Coloring Reconfiguration [75]. As sparse as the work in considering different definitions of adjacency may be, the work on different definitions of feasible solutions is even more meager.



Another direction for further research is the consideration of a wider range of source problems. Although much of the work has focused on graph problems, already work has considered other domains, such as matroids [4,64,166]. In many cases, the barrier to considering the reconfiguration of a problem stems from the difficulty in determining how to define feasible solutions or adjacency. When a solution represents a class of possible graphs, reconfiguration can be used to consider graph editing problems [167]. Particularly challenging are solutions that can be defined as sequences, such as in String Editing; results in the reconfiguration of sequences would permit the reconfiguration of reconfiguration sequences, and hence reconfiguration itself [21].
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Figure 1. (a) one arrangement of tiles of the 15-puzzle; (b) the puzzle represented as a graph. 






Figure 1. (a) one arrangement of tiles of the 15-puzzle; (b) the puzzle represented as a graph.



[image: Algorithms 11 00052 g001]







[image: Algorithms 11 00052 g002 550] 





Figure 2. (a) Vertex Cover Reconfiguration under TAR with no limit on solution size; (b) Vertex Cover Reconfiguration under TAR with solutions of size at most two. 
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Figure 3. OR and AND gates in an NCL machine. 
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Figure 4. Arrows depict inclusion relations among classes of graphs. 
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Figure 5. Complexity of reachability for Independent Set Reconfiguration; graph classes are divided by complexity for the source problem (solid lines), TAR/TJ (dotted lines), and TS (dashed lines). The dotted-and-dashed line is a dividing line for both TAR/TJ and TS. 
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Figure 6. (a) A triangulation, with one diagonal of a quadrilateral highlighted; (b) an adjacent triangulation, resulting from the reconfiguration step of flipping the diagonal. 
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Table 1. Results on reachability for Independent Set Reconfiguration; question marks indicate problems for which there are no known complexity results.






Table 1. Results on reachability for Independent Set Reconfiguration; question marks indicate problems for which there are no known complexity results.





	Class
	Source
	TS
	TAR/TJ





	planar (of degree 3)
	NP-complete
	PSPACE-complete [17]
	PSPACE-complete [17]



	even-hole-free
	?
	?
	P [17,28,54]



	perfect
	P
	PSPACE-complete [17]
	PSPACE-complete [17]



	cograph
	P
	P [17]
	P [42,55]



	chordal
	P
	?
	P (since even-hole-free)



	split
	P
	co-NP-hard [56]
	P (since even-hole-free)



	interval
	P
	P [56]
	P (since even-hole-free)



	claw-free
	P
	P [57]
	P [57]



	proper interval
	P
	P [58]
	P (since even-hole-free)



	caterpillar
	P
	P [58]
	P (since even-hole-free)



	tree
	P
	P [59]
	P (since even-hole-free)



	bipartite
	P
	PSPACE-complete [52]
	NP-complete [52]



	bipartite permutation
	P
	P [60]
	?



	bipartite distance hereditary
	P
	P [60]
	?



	block
	P
	P [61,62]
	?



	bounded treewidth
	P
	PSPACE-complete [47]
	PSPACE-complete [47]



	bounded pathwidth
	P
	PSPACE-complete [47]
	PSPACE-complete [47]



	bounded bandwidth
	P
	PSPACE-complete [47]
	PSPACE-complete [47]



	cactus
	P
	P [61,63]
	P [54]
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Table 2. Results on the 15-puzzle and generalizations.
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	Class
	Holes
	Type
	Problem
	Result
	Citation





	   4 × 4    grid
	1
	distinct
	connectivity
	not connected
	 [3]



	   n × n    grid
	1
	distinct
	connectivity
	characterized
	 [147]



	   n × n    grid
	1
	distinct
	diameter
	   Ω (  n 3  )   
	 [148]



	   n × n    grid
	1
	distinct
	shortest
	NP-complete
	 [149]



	any
	1
	distinct
	connectivity
	characterized
	 [147]



	any
	1
	distinct
	shortest
	NP-complete
	 [150]



	any
	any
	distinct
	reachability
	   Θ ( | V  ( G )   | 3  )   
	 [151]



	tree
	any
	distinct
	reachability
	   O ( | V ( G ) | )   
	 [152]



	any
	any
	distinct
	diameter
	   O ( | V  ( G )   | 3  )   
	 [151]



	tree
	any
	robot
	shortest
	P
	 [140]



	any
	any
	robot
	shortest
	NP-complete
	 [140]



	any
	any
	colors
	reachability
	   O ( | V ( G ) | )   
	 [153]



	any
	any
	same
	shortest
	P
	 [154]



	any
	any
	colors
	connectivity
	characterized
	 [154]
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