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Abstract

In this paper we initiate the study of the AND-OR directed feedback vertex set problem from the view-
point of approximation algorithms. This AND-OR feedback vertex set problem is motivated by a practical
deadlock resolution problem that appears in the development of distributed database’syBitésisrob-
lem also turns out be a natural generalization of the directed feedback vertex set problem. Awerbuch and
Micali [1] gave a polynomial time algorithm to find a minimal solution for this problem. Unfortunately, a
minimal solution can be arbitrarily more expensive than the minimum cost solution. We show that finding
the minimum cost solution is as hard as the directed steiner tree problem (arfd(thyn) hard to ap-
proximate). On the positive side, we give algorithms which work well when the number of writers (AND
nodes) or the number of readers (OR nodes) are small.

We also consider a variant that we cp#rmanent deadlock resolutiomhere we cannot specify an
execution order for the surviving processes; they should get completed even if they were scheduled adver-
sarially. When all processes are writers (AND nodes), we giv@ @og n log log n) approximation for this
problem.

Finally we give an LP-rounding approach and discuss some other natural variants.

1 Introduction

One of the best ways to understand deadlocks in databases is the dining philosophers problem. Say there are
five philosophers sitting on a circular table to eat spaghetti, with a fork between every two of them. Each
philosopher needs two forks to eat. But everybody grabs the fork on the right, hence everybody has one fork
and waiting for another to be freed. This wait will be never ending unless one of the philosophers gave up and
freed up his fork. This never ending is an example déadlock Picking up a philosopher who can give up on

eating the spaghetti is an exampledefadlock resolutionNow suppose that these philosophers have different
likings for the spaghetti and hence different inherent cost of giving up eating it. In this case we want to pick
the philosopher who likes spaghetti the least. This is calledninenum cost deadlock resolutipnoblem.

In databases, philosophers correspond to independent agents e.g., transactions and processes. Forks corre
spond to shared resources, e.g., shared memory. Eating spaghetti corresponds to actions which these indepen
dent agents want to perform on the shared resources e.g., reading or writing a memory location. So in general
besides asking for two forks these philosophers may ask for two spoons too, while they have grabbed only
one each. These spoons and forks can be of different kinds (e.g., plastic or metallic). In general demands for
resources can be very complicated and it can be represented by a monotonic binary functiodeoadied
function A demand function takes a vector of resources as an input and outputs whether it can satisfy the
demand or not.

When a process does not get all the resources to satisfy its demand then it has to wait. Like any other
protocol involving waiting, there is a risk of deadlock. There are ways to avoid deadlock, like putting a total
order on all the resources and telling to the users to ask them in the same order. In big or distributed databases,
such solutions are difficult to implement. Moreover such a solution works when the demand functions consist
of only ANDs. In essence deadlocks do happen and they need to be resolved at a small cost. In practice one
of the convenient solution is to time out on wait, i.e., if it takes too long for a transaction to acquire further
resources then it aborts and frees up the resources held so far. This solution does not have any guarantee on the
cost incurred. For notational convenience, aborting a transaction will also be refekilthgsgt. We assume
that there is an associated cost of killing a process (this cost can also be the cost of restarting it). The cost of
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a solution is the total cost of all the processes killed. For the minimum cost deadlock resolution problem we
want to kill the least expensive set of processes to resolve the deadlock.

An instance of a generalized deadlock detection problem is capturediaiysafor-graph(WFG) on trans-
actions. An old survey by Knapp [19] mentions many relevant models of WFG graphs. In the AND model,
formally defined by Chandy and Misra [6], transactions are permitted to request a set of resources. A transac-
tion is blocked until it gets all the resources it has requested. In the OR model, formally defined by Chandy et
al. [7], a request for numerous resources are satisfied by granting any requested resource, such as satisfying &
read request for a replicated data item by reading any copy of it. In a more generalized AND-OR model, de-
fined by Gray et al. [14] and Herman et al. [17], requests of both kinds are permitted. A node making an AND
request is called an AND node and a hode making an OR request is called an OR node. An advantage of using
both these kinds of nodes is that one can expradstrary demand functions e.g., if a philosopher wants any
one fork and any one spoon then we can create two sub-agents for this philosopher, one responsible for getting
a fork and the other for getting a spoon. This philosopher then becomes an AND node and the two sub-agents
become two OR nodes. From the perspective of algorithm design, detecting deadlocks in all these models is
not a difficult task (see e.g. [12, 23, 27]). The difficult task is to resolve it once detected and that too at a
minimum cost (for some heuristics and surveys on the generalized AND-OR model see e.qg. [1, 4, 5, 16, 25]).
In the next section we formally model the problem as an AND-OR directed feedback vertex set problem.

Often it may not be possible for the deadlock resolving algorithm to specify a schedule for the remaining
processes, and when the cost of calling the deadlock resolution algorithm is large (as one would expect in a
distributed setting), we would like that no matter in what order the surviving transactions are scheduled, they
do not deadlock again. This motivates fhermanent deadlock resolutiggroblem. For the case when the
transactions are all writers (the AND only case), we show a polynomial-time approximation algorithm for the
problem.

Our Results

When all the nodes are OR nodes then the problem can be solved in polynomial time via strongly connected
components decomposition. But the problem quickly becomes at least as hard as the set-cover problem even
in the presence of a single AND node. Our reduction has deadlock cycles of length 3 capturing the special
case mentioned by Jim Gray, who says in practice deadlocks happens because of cycles of length 2 or 3. We
give anO(n, log(n,)) factor approximation algorithm, where, is the number of OR nodes ang, is the
number of AND nodes. On the other hand if all the nodes are AND nodes, the problem is the well-studied
directed feedback vertex set problem. There are approximation algorithms with polylog approximation factor
for this problem due to Leighton-Rao [20] and Seymour [24]. We generalize those algorithms to destroy all the
handlesat a pivot vertex. We define handles later in the paper and there we also show that destroying handles
is a more general problem than destroying cycles. We use this generalization as a subroutine to develop an
O(n, log(ng) loglog(n,)) factor approximation algorithm.

From the hardness point of view, we show that the problem is as hard as the directed Steiner tree problem,
which was shown to be hard to approximate better than a fact@(lof;>~“n) by Halperin and Krauthgamer [15],
and has no known polynomial time polylogarithmic approximation algorithm. One difficulty in designing an
approximation algorithm for our problem is that we do not know any good LP relaxation. The natural LP
relaxation itself is at least as hard as the directed Steiner tree problem, even for the case of one OR node. It
will be interesting to interpret our algorithms in terms of LP rounding. We do that in case there is one (or a
constant number of) OR nodes (see Section 6). The size of this LP is exponential in the number of OR nodes.

For thepermanent deadlock resolutigmoblem, we show that the case with only AND nodes is reducible
to the feedback vertex set problem in mixed graphs. Acyclicity implies schedulability for both undirected and
directed graphs - acyclic undirected graphs have leaves and acyclic directed graphs have sinks. Corresponding
theorem for mixed graphs is not clear. We develop a corresponding theorem for bipartite mixed graphs. This
leads to arO(log n log log n) approximation algorithm for this problem. We leave open the approximability
of this problem in the general case.

This problem was also studied in theoretical computer science by Awerbuch and Micali [1]. In their
paper, they mentioned that the ideal goal is to Kill a set of processes with minimum cost, but the problem is a
generalization of feedback vertex set and seems very hard. Thus they gave a distributed algorithm for finding

2This expression may be of exponential size. See [19] for more models of waits-for-graphs.



a minimal solution. Unfortunately, a minimal solution can be arbitrarily more expensive than the minimum
cost solution. We study this problem from approximation algorithm point of view. We are excited with the fact
that the problem has such a rich mathematical structure. It allows use of many results, which were discovered
after the paper due to Awerbuch and Micali. In this paper we try to find a proper place for the problem in the
vast area of approximation algorithms. We show that this problem blends naturally with feedback vertex and
arc set problems. From hardness point of view it blends naturally with the directed Steiner tree and set cover
problems. In the discussion section (section 6) we mention an alternate approach to design approximation
algorithms for the directed Steiner tree problem. This approach is suggested by interpreting our algorithm
for the case of one OR node in terms of linear programming. This approach does not seem to be based upon
the standard LP for the directed Steiner tree problem, which some researchers suspect to have integrality ratio
worse than polylog.

2 Problem Definition and Preliminary Results

All the graphs in this paper are directed without loops or multiple edges, unless stated otherwise. The reader is
referred to standard references for appropriate background [3, 26]. In addition, for exact definitions of various
undefined NP-hard graph-theoretic problems in this paper, the reader is referred to [13].

Our graph terminology is as follows. A graghis represented b = (V, E), whereV (or V(G)) is the
set of vertices (or nodes) arid (or E(G)) is the set of edges. We denote an edd@®m v to v by (u,v), and
we call it anoutgoingedge foru and anincomingedge forv. We say node, canreachnodev (or equivalently
v is reachablefrom w) if there is a path fromu to v in the graph. We shall use the notation-» v to denote
thatv is reachable from.. We definen to be the number of vertices of a graph when this is clear from context.
We denote the maximum out-degree Avy,; and the maximum in-degree ky;,,. We assume that the node
setV is partitioned into two set§, andV,. Nodes inV,, andV, are referred to as AND nodes and OR nodes
respectively. We let, = |V,| andn, = |V,|. With this terminology we now define the wait-for-graphs
(WFG).

Each node of a wait-for-grapld; = (V, E'), represents a transaction. An edgev) denotes that trans-
actionu has made a request for a resource currently held by transactidinere are two kinds of nodes.
An AND node represents a transaction which has made an AND request on a set of resources, which are
held by other transactions. An OR node represents a transaction which has made an OR request on a set of
resources. Without loss of generality we assume that a transaction is allowed to make only one request. If a
transaction makes multiple requests then we can create a sub-transaction for each request and put the necessar
dependency edges. Each transaction has an associated weight. We denote the weight of a trabgaction

An AND transaction can be scheduled if it gets all the resources it has requested. An OR transaction can
be scheduled if it gets at least one of the resources it has requested. Once a transaction is scheduled, it gives
up all its locks, potentially allowing other processes to get scheduled. A wait-for-graph isaadldibck free
if there exist an ordering of the transactions in which they can be executed successfully. If no such ordering
exist then we say that the graph has a deadlock. rilinénum cost generalized deadlock resolution problem
(GDR) is to kill the minimum weight set of transactions to free up the resources held by them so that the
remaining transactions are deadlock free. In other words, there exists an order on the remaining transactions
so that for each AND transaction, each of its children is either killed or can be completed before it and for each
OR transaction at least one of its children is either killed or can be completed before it.

Some special cases

We show some simple propositions which give us some intuition about the problem. The reader is referred to
Appendix A to see the proofs.

Proposition 1 The GDR problem when there is no OR node has an approximation algorithm with ratio
O(lognloglogn).

Proposition 2 The GDR problem with all OR nodes can be solved in polynomial time.

In fact, we can strengthen Proposition 2 as follows:

Proposition 3 The GDR problem, when the reachability graph on the AND nodes is a directed acyclic graph,
can be solved in polynomial time.



Proposition 4 The GDR problem with uniform weights aélog n) AND nodes can be solved in polynomial
time.

Using ideas of Propositions 3 and 4, we can show the following theorem (the proof is omitted).

Theorem 5 The GDR problem with uniform weights ang AND nodes has a®(n,)-approximation algo-
rithm.

3 Hardness Results and Natural LP

In this section, we consider the hardness of the GDR problem. First, we show a simple approximation pre-
serving reduction from the set cover problem to this problem. Recall that the set cover problem is to find a
minimum collectionC of sets from a familyF C 2, such that coversU, i.e. UsccS = U. From the results

of Lund and Yannakakis [22] and Feige [11], it follows that no polynomial time algorithm approximates the
set cover problem better than a factorhof, unlessN P C DTIME (n'°81°87), Our reduction then implies a
similar hardness for the GDR problem. To the best of our knowledge, there is no similar inapproximability
result known for the directed feedback vertex set problem.

Theorem 6 There exists an approximation preserving reduction from (unweighted) set cover to GDR with only
one AND node.

Proof :  Consider an instance of set cover problem with a collecflos {Si,---,S,,} of subsets of
S ={e1, - ,en}. For each element; (subsetsS;), we create an OR nodg (S;). In addition, we create one
AND nodea. The set of directed edgésis as follows: the AND node has edges to all the element nodes. An
element node has edges to all set nodes corresponding to sets containing it. Finally all set nodes have edges
to the AND nodez. Formally, E(G) = {(a, e;)|1 <i <n}U{(S;,a)]1 <j<m}U{(e;,S;j)le; € Sj}. The
weight of the AND node iso(or a very large numbel! depending on the instance size) and the weight of all
other nodes is one. It is easy to see that any set cover solution gives a solution to this GDR instance. We kill the
sets in the cover. Since they cover all elements, we can complete all nodes corresponding to elements. Then we
complete the AND node and finally we complete all other non-killed nodes which correspond to non-selected
sets.

Moreover, any solution to this GDR instance gives a solution to the original set cover instance. We cannot
kill the AND node and instead of killing a nods it is better (or at least as good) to kill a node where
e; € S;j. Thus any solution can be converted to one of no larger cost where only sets are killed, and hence leads
to a set cover. O

It is worth mentioning that in the reduction of Theorem 6, there is only one AND node whose weight is
m + 1 and the rest of the vertices are OR nodes with weight one. Moreover, the one AND node of high weight
can be replaced by + 1 AND nodes of unit weight placed “in parallel”. Thus the uniform weight case is also
hard to approximate better than a factofxffog n).

Now the question is that whether it is possible to get a better inapproximability result. To answer this
guestion, we use a recent result of Halperin and Krauthgamer [15] on the inapproximability difettied
Steiner tregoroblem. In the directed Steiner tree problem, given a directed graph(V, E), arootr € V
and a set oferminalsT" € V, our goal is to find a minimum subs&! C FE such that in grapld’’ = (V, E')
there is a path fromr to everyt € T. Halperin and Krauthgamer [15] show that ttieected Steiner tree
problem is hard to approximate better than a factd?@g® n), unlessN P C ZTIME (nP°¥log ), So far, no
polynomial-time polylogarithmic approximation algorithm is known for this problem. We show a similar non-
approximability result in Theorem 7 for GDR by giving an approximation preserving reduction from directed
Steiner tree.

Theorem 7 There exists an approximation preserving reduction from directed Steiner tree to GDR.

Proof :  We consider an instance of directed Steiner tree given by a directed graph'V, ), a set of
terminals7 C V and a root node € V. The goal is to find a minimum cost subdetof edges containing a
path fromr to every terminat € T'. The reduction is as follows. For each veriex V' — {r}, we create an
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Figure 1: Edgee = (u,v) in graphG and its AND-OR gadget in the new instance of GDR

OR nodev of weightoo® in our GDR instance. Far, we create an OR nodeof weight zero. In addition, we
have an AND node of weightoo which has an edgés, ¢) for eacht € 7" and an edgév, a) for eachv € V.

For each edge € F, we put an AND-OR gadget shown in Figure 1, with the weight of each node as shown in
the figure. Recall that is the global AND node introduced before amdanda. are new OR and AND nodes
corresponding te respectively. Intuitively, using an edgen the Steiner tree corresponds to killing the OR
nodeo,. in this gadget.

Next we show that the cost of an optimum Steiner tree is equal to the minimum cost of nodes to be killed
such that the remaining graph is deadlock-free. First consider a Steingf tre€. We kill all OR nodes
corresponding to edges % For each edge = (u,v) € S, killing o, allowswv to be complete aftes. Thus,
first complete node, then complete nodes according to the directed Steiner tree. Since the steiner tree solution
contains a path to each terminal, we can complete all terminals. Now, after completing all terminals, we can
complete the global AND nodeand then complete every other node in the graph.

On the other hand, since the only nodes with finite weight are the OR nodes corresponding to edges and
the node corresponding to rootany feasible solution of finite weight for GDR kills only such nodes. It is
easy to check that the set of edges for which the OR nodes are killed contain a directed Steiner treél

Again, we might replace each node of weightwith several nodes of unit weight, sgi/(G)|, in order to
reduce the directed Steiner tree problem to the uniform weighted case.

Natural LP and hardness

We end this section by considering a natural LP for the GDR problem, which is a generalization of the LP for
feedback vertex set (see e.g. [10]). We say a set of nBdiesms aMinimal Deadlocked Structure (MD$)

1. Forany OR node: € H, all its outneighbors are i#.

2. For any AND node: € H, at least one of its outneighbors isfh

3. H is minimalt amongst sets satisfying (1) and (2).

We now write a linear program (callédP 1) is as follows:
minimizez Wy Ly

veV
such that

z z, >1 foranyMDSH
veH
T, >0 YoeV

3As usual, thexo weights can be replaced by a (polynomially) large weight.
4with respect to set inclusion



Clearly an integral solution to this linear program is a feasible solution to the underlying GDR instance and
hence this is a relaxation. However, this linear program can potentially have exponentially many constraints.
Note that if the graplts does not have any OR node, MDSs are exactly the minimal directed cycles and our
LP is the same as the LP considered in [20, 24, 10] for applying region growing techniques for the feedback
vertex set problem. In this special case of feedback vertex set, this LP has a simple separation oracle which
enables us to solve it using Ellipsoid method. However, we now show that even the separation oracle for LP 1
is as hard as the directed Steiner tree problem.

Theorem 8 The separation oracle for LP 1 is as hard as solving the directed Steiner tree problem.

Proof : A separation oracle for LP 1 solves the following problem: given a vegtpis there an MDSH
forwhich} " _, », < 1. We shall reduce the directed steiner tree problem to this problem

We consider an instance of directed Steiner tree: given arrantl a set of terminalf in a directed graph
G = (V, E), is there is steiner tree of weight at most 1 (by scaling). Without loss of generality we assume
G is a directed acyclic graph (DAG), since the directed Steiner tree problem on DAGs is as hard as the one
on general directed graphs (see e.qg. [8]). Also without loss of generality assume we have weights on vertices
instead of edges (again the two problems are equivalent). Now we are ready to demonstrate the reduction. For
each vertex € V, we place an AND node with z,, equal to its weight in the Steiner instance. For each edge
(u,v) in G, we place an edg@, u) in our new graph. In addition, we add an OR node with= 0 which has
an outgoing edgéo, t) for each terminat € 7" and an incoming edge-, o) (r is the root node). Call the new
graphG’. It is easy to check thall U {o} is an MDS inG’ if and only if H is a directed steiner tree .
Hence the claim follows. O

As shown by Jain et. al. [18], for these kinds of problems optimizing LP 1 is equivalent to solving the sep-
aration oracle problem. Furthermore, these reductions are approximation preserving. Thus if we can optimize
LP 1 within some factor then we can solve its separation oracle for the same factor. Hence by Theorem 8, we
can solve the directed Steiner tree problem within the same factor.

Corollary 9 Optimizing LP 1 is at least as hard as the directed Steiner tree problem.

Finally, we note that finding the integrality gap of LP 1 is an interesting open problem.

4  Approximation Algorithm

In this section, we give af®(min{n, logn,n,lognloglogn}) algorithm for this problem, where, is the
number of AND nodes and, is the number of OR nodes in the instance. Thus, when eithef, of n, is
small, the problem is well approximable.

In subsection 4.1 we show how to use region growing to solve a slight generalization of feedback vertex
set. We use this to get afl(n, lognloglogn) algorithm in subsection 4.2. In subsection 4.3, we give an
O(n4 log n) approximation algorithm for the problem. The better of the these two algorithms thus gives the
performance guarantee claimed.

4.1 Handle removal algorithm

In this section, we consider the following handle removal problem which plays an important role in the algo-
rithm for the case of few OR nodes (see Section 4.2): Given a directed ¢gfaphd a designated vertex
delete the smallest number (weight) of vertices such that the remaining graph has no cycles reachable from
For ease of exposition, we shall replace each vertex by a pair of vertices joined by an edge, and transfer the
weight to this edge. The edges in the original graph are given an infinite weight. The problem then reduces to
finding the smallest cost set of edges whose removal eliminates all cycles reachabte from

We shall write this problem as an integer program, and consider its linear programming relaxation. We
first formally define ehandle

Definition 10 . Let H = (r = wo,u1,...,u;) be a simple path iz. We call H a handleif for some
p: 0 < p <k, there is an edgéus, u,). We refer tou, as thepivot of the handlef{. The edges on the path
along with the edgé¢uy, u,} constitute the edges of the handle.



Let H be the set of all handles i@. We can write the following linear programming relaxation for this
problem:

minimizez WeTe
ecE
such that

> @ >1 VHeH
ecH
ze >0 VeeF

Note that the above linear program has an exponential number of constraints. The separation oracle for
this LP requires us to find a violated handle in a given fractional solution. Note that we can find in polynomial
time, for eachu € V, the smallest cycle passing throughand the shortest path fromto u. The shortest
handle in the graph is then just the minimum, overalbf the sum of the above two quantities. Thus the LP
has a polynomial time separation oracle, and hence can be solved by Ellipsoid method.

Given a solution to this linear program, we shall now argue that the techniques used by Seymour [24]
and Even et.al. [10] for the feedback arc set problem apply here to gig&lag n log log n)-approximation
algorithm to the problem. Given a gragh and a non negative length functiep on the edges, we can define
the shortest path functiod, on the vertices of5. A modification of the algorithm of Seymour implies the
following theorem:

Theorem 11 Given a weighted graplr, a special vertex and non-negative length function, let W =
> . wexe. There exists a set of edg€ssuch that:

® > ccwe < O(lognloglogn) - W
e For any vertexy with d, (r,v) > %, C'is anr-v cut.
e For any pair of vertices: andv such thatd,, (u, v) > %, C contains either a-v cut or av-u cut.

The reader is referred to Appendix A to see the proof of Theorem 11.
We now argue that the rounding described in the theorem applied to a feasible LP solution, gives a feasible
solution to the handle removal problem.

Claim 12 Letzx be a feasible solution to the linear program above arak the shortest path function defined
accordingly. Then for any handlg with pivotu,

e Eitherd(r,u) > 1,

e Orthere existy € H such thatd(u,v) > 1.

Proof:  Assume the contrary. Lét be a handle such thafr,u) < ; andd(u,v) < 1 forallv € H, and

let H be the shortest such handle. Without loss of generality, we assyﬁ_q% for any edge: (or else we can

round such an edge to 1, i.e. include it in our solution, paying only a constant factor more than what the LP
pays for this edge). Consider the path formed by using the shortest path foomand following the cycle in

H. Itis easy to see that this set of edges contains a hdidl&ince H was the shortest handl&,’ must be

H itself, and hencé{ is made up of the path fromto « and the cycle including.

Sincez is a feasible solution to the linear prograpn,. . ; . is at least 1. Sincé(r,u) is at mosti the
cycle containing: must have length at Iea%t By an argument similar to above, we can show that the path in
the cycle fromu to uy, is the shortestu, ux) path. Thusd(uy,u) is at least. Since(uy,u) is an edge, this
contradicts our assumption that it has length at réoﬂence the claim follows. O

From the above claim, and theorem 11, it follows that the handle removal problem is approximable within
a factor ofO(log nloglogn).



4.2 Few OR nodes algorithm

Using the algorithm for the handle removal problem in section 4.1, we are now ready to prove the following
theorem.

Theorem 13 There is anO(n, log(n,) loglog(n,))-approximation algorithm for the Generalized Deadlock
Resolution Problem.

Proof :  We first assume that the OR nodes in the graph have infinite cost, and thus are all scheduled. We
shall give arO(an, ) solution where is the approximability of the handle removal problem.

Let u be the first OR node to be scheduled. Since this node is scheduled, one of its outneighbors, say
v, is killed/scheduled before any other OR node. Since no cycle of AND nodes can be scheduled, no such
cycle reachable from survives in the optimum solution. OPT thus includes a solution to the handle removal
problem with rootw. Let O, be the optimum of the handle removal problem with ropivhen all OR nodes
are removed. Hena@ PT' > minyev,, min,(y e Ou-

Our algorithm is as follows. Using anm-approximation algorithm for the handle removal problem, we
compute solutions to handle removal problems rooteat(u,v) € E,u € Vp}. We pick the cheapest of
these and kill the nodes in this solution. The cost of killing these nodes is ati®d3f". Now the OR node:
can be scheduled, and consequently some more nodes can be scheduled. We remove all such nodes along witl
their incoming edges, and recur. In the base case, when there are no OR nodes, we have the feedback vertex se
problem, which is also approximable within(by a simple reduction to the handle removal problem). Thus
we get ann, + 1)« approximation to this problem.

We now show how to remove the assumption about OR node removal. To each OR moithe graph,
we add a new outneighbay, which is an AND node with cost equal to the original OR node. We add another
AND nodew of infinite cost to the graph, with edges to all the original vertices of the graph. Finally, we add
an edge fromy,, to the vertexv, and increase the costs of all OR nodes to infinity.

For any solution to the original instance that kills an OR nodee can get a solution to the new instance
by killing «,. This lets us scheduleinstead of killingu. Moreover, after scheduling/killing all original nodes,
the nodev can be scheduled, after which any unkiltedcan be scheduled. Finally, the cost of the new solution
is the same as the original one.

A solution to the new instance immediately gives a solution to the original instance: kill ORwode
whenever the new solution killed,. It is easy to see that this transformation preserves feasibility and@ost.

4.3 Few AND nodes algorithm

In this section, we present ai(n, log n)-approximation algorithm for this problem. We note that in the
reduction of set cover to generalized deadlock resolution (mentioned in Theorem 6), we have only one AND
node and thus our result is tight in this case. However, in the reduction of directed Steiner tree to this problem,
the number of AND nodes is linear and the best non-approximability resul€1élig? n).

The algorithm is as follows. We start with the original graghand in each iteration we update it. More
precisely, if in an iteration grapfi’ does not have any AND node, we can obtain the optimal solutio6 floy
the procedure mentioned in Proposition 2 (and thus we stop). Otherwise, for each ANDwbdse outgoing
edges aréa, 1), (a,c2), -, (a,ca,,,) in graphG and all¢;’s, 1 < i < A,,, are OR nodes, we construct
the following hitting set instance (note that the hitting set problem is the dual of the set cover problem). For
eache;, 1 < i < A,yut, We form a setS; which contains all OR nodes reachable via OR nodes ftp(ne.
paths frome; to S; do not use any AND nodes). Now, the collecti@reontains all sets; C S, whereS'is
the set of all OR nodes. Using tlié + In A,,;) = O(logn) approximation for hitting set, we obtain a set
Sx of weightw? of OR nodes which hit every set. L&, = min{w,,w}} (w, is the weight of node).
Choose the AND node with minimumW,, over all AND nodes. Kill AND node: or all the OR nodes in the
corresponding hitting set solution (the one with minimum weight). Clear gfgple., remove every AND/OR
node which can be completed after killing the aforementioned nodes, and repeat the above iter&tidrntor
final solution contain all AND/OR nodes killed during the iterations.

We finish by showing that

Theorem 14 The above algorithm kills a set of AND/OR nodes such that the remaining graph is deadlock free
and the weight of the solution is at m@$t+ In A,,1)n, + 1 = O(n, logn) times optimum.
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Proof :  The correctness of the solution can be easily seen from the description of the algorithm. Thus,
we only show the approximation factor here. To this end, we prove that in each iteration, except the case in
which there is no AND node, we kill nodes of total weight at mdst In A,,,;) times optimum weight for the
updated graplds in that iteration. In the last iteration, we kill nodes of total weight at niestI" according

to the description of the algorithm. Using these facts and@haf’ in each iteration is at most the original
optimum, we obtain the desired approximation factor.

Consider an optimum solution and tebe the first AND node which is completed or killed in the optimum
resolution. Thus either we have killedor we have completed by killing at least one OR node from the OR
nodes reachable from each of its children. Hence for at least one AND node, the weight of the solution to the
corresponding hitting set instance is at most the weight of optimum. Since the approximation factor of hitting
setisl + In A,,+ and we try all AND nodes and then take the minimum, the total weight of the killed nodes is
at most(1 + In A,,;) times optimum, as desired. O

5 Permanent Deadlock Resolution

Here we consider another version of the deadlock resolution problem where it is not possible for the algorithm
to specify a feasible schedule on the remaining processes. In particular, we want to kill enough processes, such
that if the remaining processes try to acquire locks in any order, they cannot deadlock. We then say that the
remaining processes aadversarially schedulable

We consider the special case of this problem when all processes are writers (AND nodes). In this case,
we show that this problem can be reduced to the feedback vertex set problem on mixed graphs (i.e. graphs
with both directed and undirected edges). Since this problem yields to the same techniques as those used for
feedback vertex set of directed graphs, we gabDélog n log log n)-approximation.

We are given a set of resourcBsand a set of processés each holding a lock on some subset of resources,
and waiting to get locks on another subset of resources. We construct a bipartite mixed graph as follows: create
a vertexwv, for every resource with infinite cost, and a vertex, for every procesg. Whenever process
holds the lock on resourcg we add a directed edge from to v,. Moreover, we add an undirected edge
betweery, andv,» whenever processis waiting to get a lock on resourecé

Theorem 15 An instance is adversarially schedulable if and only if the corresponding graph is acyclic.

Proof: We first argue that greedily schedulability implies acyclicity. Assume the contrary, and let the graph
have a cycley, r1,p2, 72, ..., Pk, 7k, p1. NOW consider the schedule in whiphgrabs a lock om; (or already

holds it, in case the edge is directed). Note thatvaits for a lock onr;_; andp; waits onry. this entails a

cyclic dependency amongst procesges . ., pi: p; cannot finish unlesg; ; finishes and releases ;. This
configuration is therefore deadlocked. Since we have shown how to reach a deadlocked state from the initial
state, the initial state was not adversarially schedulable, which contradicts the assumption. Hence the claim
follows.

Now suppose that the graph is acyclic. We claim that the initial configuration is adversarially schedulable.
Suppose not. Then there is a sequence of lock acquisition that lead to a deadlocked configuration. Clearly,
a deadlocked configuration corresponds to processes, . . . , pxr such that;, ; is waiting for p; to release
some resource;. Sincep; holdsr; in this configuration(p;, ;) must be directed/undirected edge in the graph.
Moreover, sincep; 1 is waiting forr;, (r;, p;+1) is an undirected edge in the graph. However, we have just
shown thatp,, 1, p2, 72, . .., Pk, Tk, p1 IS @ cycle inG, which contradicts the acyclicity a@f. Thus the claim
follows. O

Theorem 16 The permanent deadlock resolution problem for AND nodes has(&sg n log log n) approxi-
mation algorithm.

6 Discussion and Further Results

In this section, we consider a flow-based LP and some natural variants for the GDR problem and mention our
results for them. We omit most proofs from this extended abstract.



6.1 Flow LP and LP rounding

According to Corollary 9, solving the LP 1 is equivalent, in terms of approximation factor, to the directed
Steiner tree problem. The algorithm in Section An interesting special case of the one considered in Section 4.2
is when the graph has only one OR node, with infinite cost, and this OR node is involved in all the minimal
deadlocked structures. 4.2 becomes a polylog factor for this special case. The algorithm in this section can
be thought of (at leagtost priori) as a rounding algorithm on a flow LP (based on multicommodity flow)
described below. The solution found in section 4.2 is a feasible solution for LP 1. In case the following flow
LP and LP 1 are within polylog factor of each other, we get a polylog factor approximation for the directed
Steiner tree problem. A point to note is that this algorithm may not use the standard LP of the directed Steiner
tree problem, which may have a high integrality gap.

In general the flow LP can be of size exponential in the number of OR nodes. In case the number of OR
nodes is constant it is of polynomial size. For convenience we describe the flow LP only for the case when
there is only one OR node, and that too with infinite weight and defer the general case to the journal version.

Since the weight of this OR node is infinite, this OR node cannot be removed. Further, since this OR node
is involved in all the minimal deadlock structures, once this node is scheduled everything else could also be
scheduled. To check whether this OR node is scheduled we give this node an initial total flow of one unit.
Any AND node which is picked to be killed has a potential of sinking 1 unit of flow. In case an AND node
is picked fractionally to an extent, then it can sink up tg units of flow. Supposesi,as,--- ,ag, are the
immediate children of the OR node. This OR node sends flows,0f, - - - , fi towards these AND nodes.
These flows are considered flows of different commodities. Intuitively, these flow track the cause of getting
the OR node scheduled. In an integral solution, one of the flow should be one. But fractionally the sum of the
flows is one, i.e.fi + fa + --- + fr = 1. These flows of different commodities will be routed independently
of each other except for the fact that if an AND node is picked to the extefitloén it can sink a total flow
of at mostf. Besides these aggregate constraints, these flows are independent and satisfy the following rules
at every AND node. The total flow of a commodity received at an AND node is the maximum flow received
of that commaodity at an incoming edge. The AND node may sink some flow of this commodity subject to
the aggregate constraint mentioned above. The remaining flow is copied to all the outgoing edgex (and
conserved). If all the flow is sinked i.e., no flow circulates back to the OR node we have a feasible solution. (In
the general case, also an OR node may sink some flow of the commodities and the remaining flow is distributed
among the outgoing edges with flow conversation.)

6.2 Undirected case: generalizations of vertex cover and feedback vertex set

The first undirected version of the problem is as follows. Given an undirected graiphwhich each vertex

is either an AND node or an OR node, our goal is to remove a set of vertices of minimum weight such that all
nodes of the remaining graph can be executed. Here all neighbors of an AND node and at least one neighbor
of an OR node should be killed or executed in order to execute that node. One can easily observe that if all
nodes are OR nodes, we should kill a node of minimum weight from each connected component. If all nodes
are AND nodes, then we should Kill at least one endpoint of each edge, which is the vertex-cover problem.
For the case in which we have both AND nodes and OR nodes, we can show that the problem is equivalent to
dominating set and set cover and thus we have approxima®ilityg n) for this problem.

The second undirected version is very similar to the first one. The only difference is for an AND node,
which can also be executed if all but one of its neighbors are killed or executed. Hence the problem with all
OR nodes can be solved as mentioned before. Interestingly, the problem with all AND nodes is exactly the
undirected feedback vertex set problem (since the minimal subgraphs having deadlock are cycles). However,
still we can reduce set cover and directed Steiner tree problems to this variant of the GDR problem and thus we
have inapproximability2(log? n) for this problem. It is worth mentioning that when we reduce the set cover
problem to this variant, the number of AND nodes and OR nodes are linear, in contrast to the directed variant
in which we had a linear number of OR nodes but only one AND node. Again we can solve the problem
exactly for undirected uniform weighted graphs in which the number of AND nodegliglig n). If we have
nq, AND nodes in the graph, one can show that the minimum size of a deadlock subgrah(is,in Then
using the primal-dual algorithm of Bar-Yehuda et al. [2], we can obtaif?@n,) approximation algorithm for
the problem (in contrast t0(n, log n) approximation algorithm for the directed version).
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7 Open Problems

The main open problem is that whether we can obtain a polylogarithmic or evér{s&n approximation
algorithm for the GDR problem. We note that since we have an approximation preserving reduction from
the directed Steiner tree problem to the GDR problem, any polylogarithmic approximation algorithm for the
latter gives a polylogarithmic approximation algorithm for the former. By following our theorem for the
small number of OR nodes, we suspect that such a polylogarithmic approximation algorithm for GDR should
use some generalization of “region-growing” technique of Leighton and Rao [20]. More precisely, the current
region growing technique uses some kind of BFS algorithm for each node. We think in the generalized version,
we still should use BFS algorithm for AND nodes, however we need some kind of DFS algorithm for OR
nodes. Another direction is trying to extend thén) approximation algorithm for directed Steiner tree due

to Charikar al. [9] to the one for the GDR problem.

It would be interesting to know how general the GDR problem is. One step in this direction is trying to
reduce the other hard covering problems such as the directed multicut problem [9] or the generalized directed
Steiner tree problem [8] to the GDR problem. We note that existence of such reductions would make obtaining
polylogarithmic approximation algorithm for the GDR problem much more challenging.

Obtaining better approximation algorithms for the GDR problem on special graphs like planar graphs
would be instructive. In fact, using Separator theorem of Lipton and Tarjan [21], we can show that the di-
rected uniform weighted planar case has an approximation algorithm with a¢{or). Considering general
weights and improving the approximation factor is an open question.

Finally, we re-enforce the open problem posed by Even et al. [10] which asks whether there is an ap-
proximation algorithm with ratio better than(log n log log n) for the directed feedback vertex set. Such an
algorithm is likely to improve directly some of the algorithms mentioned in this paper
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A Some Omitted Proofs

Proof : [of Proposition 1] The GDR problem with all AND nodes is equivalent to the directed feedback
vertex set problem which can be approximated with the aforementioned ratio [24, 10]. O

Proof : [of Proposition 2] First, we decompose the graph into strongly connected components. We observe
that removing the node with minimum weight from each strongly connected component which does not have
any outgoing edges to other components is necessary and sufficient. Note that if an OR transaction does not
have any outgoing edge then it means that the transaction is waiting for a resource which is not held by any
transaction, i.e., either that OR transaction should not have been waiting and if it is then it is waiting for a
non-existent resource. So this transaction must be killed. This is exactly what our algorithm will do with such
an OR node. O

Proof : [of Proposition 3] Without loss of generality, we assume the graph does not have any node which
can be executed. Suppose the graph has a strongly connected confpaoetdining only OR nodes without

any outgoing edges. The optimum solution should kill a node of minimum weight fpand then we can
execute the whol€' and all OR nodes which can reach By repeating this argument, we can assume that
each OR node in the graph can reach at least one AND node. Now consider an AND node which can not reach
any other AND node in the graph. Also, this AND node can not have any outgoing edge to an unfinished OR
node in the graph. This means that we can execute this AND node. By induction, we can show that one can
execute all other AND/OR nodes in the graph. O

Proof : [of Proposition 4] First we note that in the uniform case if there is a path of OR nodes from an OR
node to an AND node then always it would be better (or at least equivalent) to kill the AND node instead of the
OR node. Now, using this fact, the algorithm is as follows. First we choose%, #t{AND nodes that should

be killed (the number of such selections is polynomial, since the number of AND no@¥jsn)). Then

we remove all AND nodes and all OR nodes which can reach an AND node via paths of OR nodes. Then we
find the optimal solutiorb, to the remaining graph using Proposition 2. Now, we tdke S, U S, and check
whetherS' is a feasible solution to GDR or not. Our optimal solution is a feasible soltiaith minimum

number of nodes. O

Proof : [of Theorem 11 (sketch)] Using standard techniques, we first find a good cut in the breadth first
search tree rooted af at distance at moit. By the standard region growing argument, we can find such a cut
of cost at mosO (W logn). Next we scale up distances by a factor of 4, and run the rounding algorithm for
Feedback arc set on the cluster containind his has cost at mo€2(W log W log log W). Moreover, using
standard techniques, we can assume Wtias at mostO(n?), and hence the overall cost can be bounded by
O(W lognloglogn). |
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