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The NP-Completeness Column: An Ongoing Guide
DAVID S. JOHNSON

Bell Laboratories, Murray Hill, New Jersey 07974

This is the eighth edition of a quarterly column the purpose of which is to provide con-
tinuing coverage of new developments in the theory of NP-completeness. The presenta-
tion is modeled on that used by M. R. Garey and myself in our book ‘‘Computers and In-
tractability: A Guide to the Theory of NP-Completeness,”” W. H. Freeman & Co., San
Francisco, 1979 (hereinafter referred to as “‘[G&J]’’; previous columns will be referred to
by their dates). A background equivalent to that provided by [G&J] is assumed, and,
when appropriate, cross-references will be given to that book and the list of problems
(NP-complete and harder) presented there. Readers who have results they would like
mentioned (NP-hardness, PSPACE-hardness, polynomial-time-solvability, etc.), or open
problems they would like publicized, should send them to David S. Johnson, Room 2C-
355, Bell Laboratories, Murray Hill, NJ 07974, including details, or at least sketches, of
any new proofs (full papers are preferred). In the case of unpublished results, please state
explicitly that you would like the results to be mentioned in the column. Comments and
corrections are also welcome. For more details on the nature of the column and the form
of desired submissions, see the December 1981 issue of this Journal.

1. INTRODUCTION

This month’s column continues the discussion of parallel computing begun in
the last issue. Last time I concentrated on the complexity issues involved in get-
ting the most computation for your money out of parallelism, both by clever par-
allel algorithms and by the efficient scheduling of parallel processors. This col-
umn focuses on the lower-level question of how to coordinate collections of
concurrent processes so that they may share resources while still avoiding dead-
lock and incorrect results.

Although personal computers, with their own dedicated disks, printers, etc.,
are becoming ever more popular, problems involving shared resources are un-
likely to go away. Economic considerations still make it necessary for users to
share certain resources, such as phototypesetters and high speed ‘‘number
crunchers.”” Other resources, such as common databases, are of value precisely
because they are shared. Moreover, I would like to be able to run more than one
program at a time on my personal computer, with all the sharing of internal re-
sources that this would entail (by processes that are at least conceptually



parallel).

I begin in Section 2 with general problems of resource sharing and the poten-
tial for deadlock that this implies. Section 3 then specializes this to the case of
shared databases, where the maintenance of database consistency also becomes
an issue. In contrast to the wide-ranging nature of past columns, this will be a
tour of a relatively narrow area, encompassing a concentration of closely inter-
related results. (In fact, the column can be viewed as an expansion and update
on just three entries in [G&J].) As researchers have continued to explore the is-
sues involved in resource sharing, proposing new models, new protocols, etc.,
they have obtained more and more detailed complexity results. In order to pre-
sent these results in a comprehensible fashion, I shall try, where possible, to pro-
vide motivation for the underlying models and to explain some of the basic is-
sues involved. The column can thus be viewed as a tutorial on deadlock preven-
tion and concurrency control, biased of course toward those questions that lend
themselves to complexity analysis; tutorials with different biases can be found in
[3,15]. Readers interested in further information on this active area of research
are directed to these and to the other papers cited in this column’s references.
(Readers who decide that the column already provides far more than they will
ever want to know about the subject are directed to the paragraph before the ref-
erences, where I say something about future, less specialized columns.)

2. LIVING WITH DEADLOCK

One of the most basic problems arising from shared resources is that of
DEADLOCK AVOIDANCE ([SS22] in [G&J]). If a resource must be shared,
then sometimes processes must wait for access to it. A waiting process may in
turn hold just enough of another resource to block other processes from pro-
ceeding. In this way we could end up with a collection of processes, each wait-
ing on the others and none able to proceed, a situation commonly called dead-
lock (or, in certain New York City vehicular applications where the resources
are street intersections, gridlock). As the description of the above problem in
[G&J] was only slightly less vague than the preceding sentence, I shall begin by
presenting the problem over again, this time with the details spelled out.

In the basic model for this and most of the remaining problems, a process is
viewed as a sequence of steps, and processes are made concurrent by interleav-
ing their steps. For convenience in this first problem, we shall view the steps of
a process as the vertices of a directed graph, that graph being a simple path with
the first step as its root and the last step as its (only) leaf. Associated with each
vertex v is a resource allocation vector a(v) = <a(v),...,a,,(v) >, where m is
the number of resources in the system. If a;(v) is positive, this means that when
step v is performed, a;(v) units of the jth resource are allocated to the process
containing v, which will retain exclusive use of them until it returns them at a
later step (if it ever does). A negative a;(v) indicates the deallocation or return



of that many units of the resource to the common pool, where they will be avail-
able to other processes.

A partial schedule for a collection P of processes is a sequence
S = <uy,u,,...,ur> obtained by taking a prefix (initial segment) S, of each
process p, in P and shuffling them together, so that each S is a (not necessarily
contiguous) subsequence of S. Given a collection of resource bounds B 1,...,B,,,
S is a legal partial schedule if it obeys the resource constraints, i.e., for each j,
1<j<m,andforalls, 1 <¢t<T,0< Zﬁzl aj(u;) < B;. (In what follows, we

make the reasonable stipulation that each process p is legal, i.e., is such that the
partial schedule consisting of p; by itself is legal.) A legal partial schedule is a
(total) schedule if it contains all vertices of all processes. A legal partial sched-
ule S = <uy,...,ur> is a deadlocked schedule if (a) there is some process that
is not entirely contained in S and (b) for each process p, not entirely contained
in S, the first vertex v of p thatis not in § satisfies a;(v) + Y iT:] a;j(u;) > B;
for some j.
We are now ready to state our first problem.

[1] DEADLOCK AVOIDANCE

INSTANCE: Set {R;,...,R,} of resources with integer resource bounds
B,,...B,, set P={pq,...,p,} of legal processes having resource allocation
vectors a(v) for each vertex v, and a legal partial schedule S for P.

QUESTION: Can S be extended to a total schedule for P, i.e., is there a total
schedule for P which has § as a prefix?

Reference. Araki, Sugiyama, Kasami, and Okui [1,31] and Gold [7]. Trans-
formation from 3SAT.

Comment. NP-complete even if all resources are ‘‘unit resources’ (all B;
equal 1) and there are no ‘‘joint allocations’” (no a(v) contains more than one
non-zero entry) [1]. Solvable in polynomial time if there are no joint allocations
and the allocations and deallocations in each process are ‘‘well-nested.”” (Al-
though the NP-completeness proof in reference [7], implies the current result, it
actually concerns a slightly more complicated model, in which processes can
create as well as use resources. For a discussion of the model and its
polynomial-time solvable subcases, see [7].)

The problem as described here models the dilemma faced by an ‘‘on-line
scheduler’ or ‘‘resource manager,”’ a character that will play a major role in
some of the later problems presented in this column. Such a scheduler is in
charge of deciding which processes get access to the resources, and in which or-
der. Whenever a process is ready to go on to its next step (next vertex v), it
sends a request to the scheduler for permission to proceed. The scheduler then
can either grant the request (thus causing the allocations and deallocations of



a(v) to be made) or put the request on hold (thus delaying the process). It can
also choose to grant an earlier request that was previously put on hold. At all
times, the sequence of granted requests must form a legal partial schedule (the
resource constraints must be obeyed). We assume the scheduler knows in ad-
vance the structure of all the processes, but not the order in which their requests
will arrive.

An on-line scheduler can easily avoid deadlock if it is allowed to have control
from the beginning, when all processes are waiting to execute their roots. For
instance, the scheduler could just forget about concurrency and execute process
p; to completion, then p,, etc. More sophisticated schedulers exist, ones that
run in polynomial time and do allow some concurrency while guaranteeing free-
dom from deadlock (e.g., see [20,33]). However, these still limit concurrency
by delaying requests according to pre-specified rules, whether the delay is abso-
lutely necessary or not. Ideally, a scheduler should never delay a request unless
granting the request would either violate a resource constraint or else make
deadlock unavoidable, i.e., yield a partial schedule that is not extendable to a to-
tal schedule. The current NP-completeness result tells us that, like other ideals,
this one is (for all practical purposes) unattainable.

The ideal becomes even further out of reach if we generalize the notion of
process to include processes with conditional branches. These can be modeled
by out-trees (the branch points correspond to the vertices with out-degree ex-
ceeding 1). Here a partial schedule consists of a shuffling together of directed
paths from the process roots, and is a total schedule if all the paths end in leaves.
If, given a partial schedule, we wish to know whether it can be extended to a to-
tal schedule, no matter what choices are made at the remaining branch points,
we face a PSPACE-complete problem, as does our poor on-line scheduler, if it
wishes to guarantee that deadlock will be avoided, even though it does not know
what choices the processes may make in the future [20]. This holds even if all
resources are unit resources. However, if the allocations and deallocations are
““‘well-nested’” and there are no joint allocations, then even this branching prob-
lem can be solved in polynomial time [1]. Also, efficient on-line schedulers
again exist if we are allowed to start from the empty partial schedule and sacri-
fice a bit of concurrency [20].

Given that guaranteeing freedom from deadlock seems to be impossible with-
out either substantial computational effort or else loss of concurrency, one might
be tempted to try a scheduler that emphasizes concurrency and simply ignores
the possibility of deadlock, hoping that Murphy’s famous Law* will not apply.
The next two problems relate to this approach. The first concerns the scheduler
that grants each request as received, so long as it does not violate the resource
constraints. The question now is not ‘‘Can deadlock be avoided?’’ but rather

* ““If anything can go wrong, it will’” (and if you had to read this footnote, it already has).



““Is it possible that deadlock may occur?’’

[2] DEADLOCK POTENTIAL
INSTANCE: As in the previous problem.

QUESTION: Can the partial schedule S be extended to a deadlocked schedule
for P, i.e., is there a deadlocked schedule for P that contains S as a prefix?

Reference. Minoura [20]. Transformation from 3SAT.

Comment. In NP even for branching processes, and NP-complete even for
straight-line processes and even if the specified partial schedule is the empty
(initial) schedule (in which case the DEADLOCK AVOIDANCE problem was
polynomial even for branching processes, as deadlock could always be avoided
by clever scheduling). Moreover, the above holds even if each process obeys
the ‘‘two-phase locking’’ discipline, i.e., consists of a ‘‘locking phase,”” in
which all allocations are made, followed by an ‘‘unlocking phase,”” during
which all resources are deallocated [33]. Can be solved in polynomial time by a
clever geometric approach if only unit resources are allowed and there are just K
(straight-line) processes, for any fixed K [19,22,28,32,35]. Deadlock prediction
can also be accomplished in polynomial time for the following variant of the
given problem [10]: each process p is represented by a vector m(p), where
m;(p) < B; is the maximum amount of resource R; that process p can ever use
at one time. At any time process p can deallocate some of the resources it holds
or request additional amounts, so long as granting the request will not cause the
process to exceed any of its maxima. The scheduler must grant the request if
the resource is available; otherwise it ‘‘blocks’’ the process, and the process
cannot make any further steps until the resource is available and is given to it.
Deadlock occurs if there is a non-empty set of blocked states that will remain
blocked even if all non-blocked states return all the resources currently allocated
to them.

One need not be able to solve the DEADLOCK POTENTIAL problem in or-
der to use the ‘‘grant any grantable request’ scheduler we have just been dis-
cussing. However, since we also haven’t solved the DEADLOCK AVOID-
ANCE problem, the following may well be relevant.

[3] DEADLOCK RECOVERY

INSTANCE: Set {R;,...,R,} of resources with integer resource bounds
Bi,...,B,, set P of blocked processes, each process p having a non-negative in-
teger cost c(v), a vector r(p) of currently allocated resource amounts, and a
vector a(p) of current requests satisfying (a) r;(p) + a;j(p) <Bj, 1 <j<m,



and (b) for some j, 1 < j<m, a;(p) + ZpeP ri(p) > Bj, and an overall cost
bound K.

QUESTION: Is there a subset P” € P with ZPE o ¢(p) £ K such that if all

processes in P’ are aborted and their resources returned to the common pool,
then the remaining processes in P — P’ can all proceed, i.e., such that for all j,

1<j<m, ZpeP_P, ri(p)+ ZPGP_P, aj(p) <B;?
Reference. Leung and Lai [18]. Transformation from 3-PARTITION.

Comment. NP-complete in the strong sense if the number m of resources is
arbitrary; NP-complete but solvable in time pseudo-polynomial in K if m = 1
[17]. Note, however, that the deadlock could possibly be broken more cheaply
if we did not require that all unaborted processes be able to proceed immedi-
ately, but only required that at least one of them be allowed to proceed, in hopes
that the others might later become unblocked. Minimizing cost for this type of
recovery is, of course, also NP-complete [9].

3. DATABASE CONCURRENCY

Let us now turn to the case where the ‘‘shared resources’’ are the entries in a
common database. In this case we would like not only to avoid deadlock, but
also to maintain the consistency of the database (under the unlikely assumption
that databases are consistent in the first place), and to ensure that the transac-
tions have, in some sense, the ‘‘correct’” effect. If we restrict ourselves to
straight-line processes and to the terminology of database theorists, then the pro-
cesses of the previous section become transactions, the vertices become actions
or steps, and schedules are sometimes called histories. In addition, actions are
viewed as affecting (and being affected by) the shared resources, which in this
case are the database variables. The basic actions are read(x), which reads the
variable x and stores its value for future reference, and write(x) which changes
the variable to a new value. We will sometimes, however, consider combina-
tions of these basic actions as atomic steps, such as read(X), where X is a set of
variables. We view the resources (i.e., variables) as allocated only during the
steps, not between them, so that no transaction can hold resources while waiting
to proceed. Deadlock is therefore not a problem in the model so far elaborated
(but just wait a page or two). The notions of ‘‘consistency preservation’’ and
“‘correctness’’ are captured by the concept of a *‘serializable schedule.”

A schedule S is a serial schedule if it corresponds to a permutation
Tr1yse»Tr(ny of the transactions, with all the steps of T'r;, preceding all the
steps of Tr(; 41y, 1 £i < n. If the individual transactions preserve consistency
and yield correct results, one would expect a serial schedule to do likewise. A
schedule S is serializable if there is some serial schedule that yields the same



final values for the variables as S does, assuming that the result of each write de-
pends on the values of all variables that have previously been read by the trans-
action containing the wrife, and no matter how it depends on those values. (This
assumption also underlies the other definitions of ‘‘equivalence’” we shall be
encountering). Note that this is essentially a syntactic definition that makes no
use of any information about the purposes of the transactions or the semantics of
the database contents. It is thus clearly appropriate for database systems de-
signed with multiple applications in mind. However, it is not unreasonable to
use it even in situations where the database semantics are known. (Using such
semantic information might lead to a less-restrictive consistency criterion, but
the path is treacherous, with undecidability, not just NP-completeness, lurking
around every corner.) See [21,23] for further discussions and justifications.

In general, testing for serializability is NP-complete, even if each transaction
is a ‘“‘two-step’’ transaction, i.e., consists of an atomic read(X) followed by an
atomic write(Y), where X and Y are possibly distinct sets of variables [21,23].
(See also SERIALIZABILITY OF DATABASE HISTORIES [SR33] in [G&J].)
Note that although NP-completeness continues to hold if each atomic read(X) is
replaced by a sequence of read(x)’s for the variables x € X and similarly for the
write(Y)’s, splitting the atoms in this way gives rise to a wider variety of possi-
ble schedules, since now the sub-actions of the read(X)’s and write(Y)’s may
interleave. Testing whether such a schedule is equivalent to one in which the
atoms are not split is itself NP-complete, according to [5].

Returning to questions of equivalence to serial schedules, let us consider some
variants on the basic notion, determined by different notions of ‘‘equivalence.”’
A recently studied variant, having the same complexity breakdown as the origi-
nal notion, is the more restrictive ‘‘view serializability,”” where two schedules,
to be equivalent, must agree not only on all final values, but also on all read’s as
well [34]. Another important variant of serializability is the still more restrictive
conflict serializability (sometimes called D-serializability), based on the notion
of “‘conflict equivalence’” [21,29]. Two schedules S and S’ are conflict equiva-
lent if and only if each variable x receives the same sequence of values in both §
and S’. This is the same as saying that S can be obtained from S’ simply by a se-
quence of interchanges involving non-conflicting actions (read’s do not conflict
with other read’s, and a write(X) conflicts with a read(Y) or a write(Y) only if
X N Y # ). Conflict serializability can be tested in polynomial time even if ar-
bitrary atomic combinations of read’s and write’s are allowed, it being equiva-
lent to the absence of a cycle in an appropriately defined directed graph [34].
(The related concept of ‘‘live conflict serializability’’ can be tested in polyno-
mial time using a similar approach [34].) It should be noted that if no transac-
tion writes a variable before it reads it, then all the notions of serializability dis-
cussed in this column become polynomial-time testable, and all but ordinary se-
rializability become identical to conflict serializability [24]. The next two prob-
lems concern two further variants of serializability, each of which raises

LX)



different issues.

[4] STRICT SERIALIZABILITY

INSTANCE: Schedule S for a set {T,...,T,} of database transactions, where
the actions are atomic read(X)’s and write(X)’s.

QUESTION: Is S strictly serializable, i.e., is it equivalent to a serial schedule S’
such that for any pair of transactions 7 and 7", if all actions of T precede all ac-
tions of 77 in S, then they also do so in §7?

Reference. Sethi [25,26]. Transformation from 3SAT.

Comment. Remains NP-complete for two-step transactions, as with ordinary
serializability. However, solvable in polynomial time for two-step transactions
if we consider only schedules having no ‘‘useless’” actions (i.e., every variable
value that is written by a transaction either survives to the end of the schedule or
else is read by some other transaction) [26]. If useless actions are allowed, NP-
completeness returns, as it does if multistep transactions are allowed [26]. Note
that the presence or absence of useless actions does not alter the NP-
completeness of the original version of serializability.

The next version of serializability arises from the following scheme to help
databases maintain their long-term consistency [2,4,16,24,30]. Let us return to
the assumption that the atomic actions are simply read(x)’s and write(x)’s. The
idea is to save old values of variables along with the updated ones, and to supply
each read(x) action with the past value of x that most promotes serializability.
In this framework, a schedule can have a variety of interpretations, where an in-
terpretation is an assignment to each read(x) action of either the output of some
earlier write(x) action or else the original value of x. (In the standard interpre-
tation, only the most recent values are used.)

[S] MULTIVERSION SERIALIZABILITY

INSTANCE: Schedule S for a set {T';,...,T, } of database transactions, the read
and write actions of which access only single variable sets.

QUESTION: Is S multiversion serializable, i.e., is there an interpretation for S
that yields the same collection of final variable values as does the standard inter-
pretation of some serial schedule S”?

Reference. Papadimitriou and Kanellakis [24] (see also [4]). Transformation
from POLYGRAPH ACYCLICITY, for which see [21] (and my upcoming col-
umn on the complexity of lie detection).

Comment. NP-complete. There is actually a hierarchy of serializability



notions, k-multiversion serializability, 1 < k < o, depending on the maximum
number of versions of any one variable that may be retained at any one time.
This is a strict hierarchy, with the number of schedules that are ‘‘serializable’’
increasing with k. Ordinary serializability is the kK = 1 case, multiversion serial-
izability is the k = oo case, and all cases are NP-complete when a write(x) need
not be preceded by a read(x) [24]. The hierarchy collapses (all notions become
equivalent) if the actions are all of the form update(x), an atomic combination
of read(x) followed by write(x), in which case testing is once again polynomial
[24].

Note that testing a given schedule for serializability (of any sort) is a different
matter from devising an on-line scheduler that will guarantee it (the analog for
deadlock problems would simply be testing whether one’s current state is dead-
locked). To guarantee serializability, practitioners have developed such strate-
gies as ‘‘two-phase locking’’ [6], “‘tree locking’ [8,27], and others [13,32].
According to specified rules, these add lock(x) and unlock(x) actions to the
transactions, thus allowing a transaction to prevent other transactions from ac-
cessing a variable, even though the first transaction is not currently accessing
the variable itself. (Lock’s are thus like allocations of the previous section, and
unlock’s are like deallocations.) The basic idea is to add lock’s and unlock’s in
such a way that, given a simple-minded on-line scheduler that immediately
grants any request not violating a lock, one can only generate serializable sched-
ules. In this case we say we have a safe locking policy. The above-mentioned
locking policies are all safe (note that I am using the term ‘‘policy’’ to refer both
to a general strategy for introducing locks and to a specific strategy as applied to
a particular transaction system). For more on the theory of locking policies, see
the cited references and especially [32,33], where a unifying theory in terms of
hypergraphs is developed.

As with allocations and deallocations, lock’s and unlock’s limit the possibili-
ties for concurrency in the system. Ideally, one would like to maximize concur-
rency by locking variables only when absolutely necessary to insure serializabil-
ity, given the current set of transactions. Unfortunately, one is faced with the
following analog of the DEADLOCK POTENTIAL problem. (For simplicity
we shall state the problem in its most restrictive form, where all actions are
atomic ‘‘updates’’ as described in the comments to the previous problem, and
hence testing for serializability is easy.)

[6] UNSAFE LOCKING POLICY

INSTANCE: Set X = {x,...,x,,} of variables and a set T,...,T, of transac-
tions, each consisting of a sequence of steps of the form lock(x), update(x), and
unlock(x), where each update(x) occurs between a lock(x)-unlock(x) pair (al-
though not necessarily contiguous to either), and no transaction contains more
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than one lock(x)-unlock(x) pair for any x € X.

QUESTION: Is there a ‘‘legal’’ schedule for the transactions that is not serializ-
able, i.e., is there a non-serializable schedule S such that between any two oc-
currences of lock(x) in S (for any x € X), there is an occurrence of unlock(x)?

Reference. Papadimitriou [22] and Yannakakis [32] (see also [35]). Trans-
formation from 3SAT.

Comment. Solvable in polynomial time if there are just K transactions, for
any fixed K [22,32], and under other, more complex restrictions [22,32]. If
there are no locks, but separate read and write actions are allowed, the problem
is also NP-complete. The NP-hardness is an old result (see [21,23] and the
SAFETY OF DATABASE TRANSACTION SYSTEMS [SR34] problem in
[G&J]), but membership in NP has only recently been shown [34]. This latter
problem can be solved in polynomial time, however, if ‘‘serializability’’ is re-
placed by the stronger notion of ‘‘view serializability’’ [34]. As an aside, sup-
pose we are given a set T of transactions without locks or unlocks. Each safe
locking policy L for T defines a set of serializable schedules S, for T+ just delete
the locks and unlocks from the schedules that are legal under L. Given a sched-
ule S and a locking policy L, testing whether S € S, is, of course, easy. Surpris-
ingly, given S, testing whether there exists an L such that S € §; is NP-complete
[34].

As soon as we introduce locking into the model, we introduce the potential for
deadlock. An on-line scheduler following a safe locking policy is not guaran-
teed to avoid deadlock; all that is guaranteed is that if a total schedule is gener-
ated, then that schedule will be serializable. In fact, the question of whether
there is a potential for deadlock is, in general, NP-complete. See the comments
about ‘‘two-phase locking’” under DEADLOCK POTENTIAL.

There is an alternative method for guaranteeing serializability that avoids such
dangers by using precedence constraints instead of locks. Given a set T of trans-
actions, we construct a partial order < on the set of all actions in 7 such that all
the actions of any one transaction are totally ordered (in the order specified by
the transaction) and such that any total order consistent with <; represents a se-
rializable schedule. The scheduler then need only delay a ready action A when
one of A’s predecessors under <7 has not yet finished.

A straightforward way of generating an appropriate partial order, suggested in
[14], starts with a serial schedule S for 7. Given S, we construct a directed
graph G(S) with the actions of T as vertices and with an arc from action u to ac-
tion v if u precedes v in S and the two actions ‘‘conflict’’ (as in the definition of
“‘conflict serializability’’). G(S) then induces our desired partial order, which I
shall denote by <g7,. All total orders consistent with <gr, will be conflict seri-
alizable (in fact, conflict equivalent to S). Given this scheme, it now becomes
sensible to consider certain explicit measures of (potential) concurrency, and try
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to optimize for them, which is precisely what the next problem attempts to do.

[7] MINIMUM DEPTH D-SERIALIZABLE PARTIAL ORDER
INSTANCE: SetT = {T,,...,T,} of transactions, positive integer K.

QUESTION: Is there a serial schedule S for T such that no directed path in the
partial order <gr, has length exceeding K?

Reference. Krishnamurthy and Dayal [14]. Transformation from GRAPH
3-COLORABILITY.

Comment. Also NP-complete is the related problem where the cost criterion
is the number of arcs in <g(7,. If the cost criterion is the number of total orders
consistent with <gr,, the problem is NP-hard, but not known to be in NP.

Our next problems concern the maintenance of consistency in distributed da-
tabases, and extend the use of partial orders to both the transactions and the
schedules themselves. In this model the variables are partitioned into sets
X1,....X,,, Where each set X, resides at a different site, which we shall identify
with the set. Because of uncertainties in communication delays, it is no longer
appropriate to view a transaction as simply a sequence of actions. Although all
the actions of transaction T at site X may be assumed to be performed in the or-
der requested by 7, there is less certainty about the relative starting times of two
actions at different sites, unless we are prepared to accept the communication
delays required to be sure that one action is finished before we request the other.
To avoid such delays when they are unnecessary, we generalize the notion of a
transaction from a sequence of actions to a partially ordered set T = (A,<) of
actions, subject to the constraint that the actions involving variables at each indi-
vidual site are totally ordered. A schedule is then a partial order on all the ac-
tions in all the transactions that is consistent with each of the individual partial
orders and that, for each site X, induces a total order on the actions involving
variables at X. A serial schedule is one that induces an ordinary serial schedule
at each site, and such that the induced total orders on the transactions at the vari-
ous sites are all consistent with each other. Given this definition of ‘‘serial
schedule,”’ the definition of serializability is analogous to that for single-site da-
tabases.

For a first result about this model, let us restrict our attention to schedules that
are total orders. Then the previous problem, UNSAFE LOCKING POLICY,
which was polynomial-time solvable if there were just two (single-site) transac-
tions, remains so if the two transactions each involve two sites, but becomes
NP-complete if an arbitrary number of sites is allowed in each transaction [12].

For a second result about the model (and for the last result of this column), we
come full circle with the following rough analog of DEADLOCK AVOID-
ANCE, this month’s first problem. In this final problem, ‘‘deadlock’ is
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replaced by ‘‘non-serializability,”” a central scheduler is replaced by a collection
of distributed schedulers, and the possibility of conditional branches whose
choices are unpredictable is replaced by the need for minimizing inter-process
communication when delays are unpredictable. Furthermore, having taken one
look at the phrase ‘‘NON-SERIALIZABILITY AVOIDANCE,’ I think I shall
use the following problem name instead.

[8] DISTRIBUTED SERIALIZABILITY ASSURANCE

INSTANCE: Pair X, X, of sites, set T = {T,...,T,} of transactions (partial
orders in the sense mentioned above), each action of which is of the form
update(x) for some variable x € X; U X,, positive integer K.

QUESTION: Is there a pair of ‘‘optimistic’’ on-line scheduling strategies
STRAT, and STRAT,, one for each site, that is guaranteed to construct a serial-
izable schedule while sending K or fewer inter-site messages, no matter what the
order of arrival at each site of requests from the transactions (assuming that the
requests arrive in an order consistent with the partial orders of the individual
transactions) and no matter what the communication delays for the messages
sent from site to site? A strategy is a sequential process that can receive re-
quests from a transaction to perform an action, grant such requests, send mes-
sages to other sites, receive such messages, and do local computation. By ‘‘op-
timistic’” I mean that if the requests arrive in the order induced by a serializable
schedule and all communication delays are 0, then each request must be granted
as soon as it is received. This qualification is introduced in order to promote
concurrency by preventing unnecessary delays in granting requests.

Reference.  Kanellakis and Papadimitriou [11]. Transformation from
QUANTIFIED BOOLEAN FORMULAS [LO11].

Comment. PSPACE-complete even if in each transaction the actions at dif-
ferent sites are totally unrelated. NP-complete if K = 0 (no communication al-
lowed). Solvable in polynomial time if both restrictions hold [11]. A related
question concerns the existence of general schedulers, pairs of strategies for
which the set T of transactions is itself an input, and which then guarantee seri-
alizability as above while being appropriately ‘‘optimistic.”” In [11] it is shown
as a corollary of the above PSPACE-completeness result that, if NP # PSPACE,
no general scheduler can both run in polynomial time (as a function of the size
of T) and always send the minimum possible number of messages. (If we do not
require communication optimality, polynomial-time schedulers do exist.) In the
non-distributed case, similar questions can be asked [21], although now the defi-
nition of ‘‘optimistic’’ is tightened to require that requests be granted in the or-
der received, so long as there is some serializable schedule that has the current
sequence of requested actions as a prefix. The likelihood of a general scheduler
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existing depends both on the notion of serializability being used and the type of
actions considered. If arbitrary read(X)’s and write(X)’s are allowed, then a
general polynomial-time scheduler guaranteeing ordinary serializability can ex-
ist only if P = NP, although polynomial-time schedulers do exist for conflict-
serializability as well as a number of other classes [21].

This last problem introduces the issue of coordinating the communication be-
tween processes, a topic that has a large and varied literature of its own, and to
which I shall return in the near future. However, the next column marks our
second anniversary, and so deserves special treatment. I shall take it as an op-
portunity to update many of the results presented during the first two years (and
correct a few), as well as to celebrate with a variety of other fun and games. Be
sure to invite your friends.
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