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Abstract. Temporal reasoning with uncertainty about the ordering of events
is important in a wide variety of applications. Previous research shows that
the associated decision problems are hard even for very restricted cases. In
this paper, we investigate using the temporal locality of events and the spa-
tial locality of state spaces to speed inference. We propose a new perspective
for representing cause-and-effect relationships based on finite state automata.
This perspective exposes the sources of complexity in temporal reasoning more
clearly, and facilitates transforming rule-based temporal reasoning problems
into graph reachability problems. We present both positive and negative re-

sults that provide insight into the complexity of temporal reasoning.

1. Introduction

Given a set of events, a set of ordering constraints on the events, and a description
of the cause-and-effect relationships involving the associated event types, it is
often useful to determine whether a given set of propositions can all be true after
some admissible event sequence. This is the essence of the temporal reasoning
problem considered in this paper. In the corresponding planning problem, the
planner is free to select an arbitrary set of event instances from a fixed set of
event types with no restrictions on the ordering of event instances. In special
cases, temporal reasoning is harder than the corresponding planning problem [10].
This happens because in these special cases the type, number, and order of events
can be controlled by the planner. In most cases, if the events are not under

the planner’s control, however, the problems are computationally equivalent. In
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particular, temporal reasoning with partially ordered event instances and cause-

and-effect relationships described by STRIPS-like propositional operator schemas
is hard [4].

In AI, the cause-and-effect relationships governing the consequences of actions
are typically represented in terms of a set of rules. Each rule is associated with a set
of antecedent conditions (or preconditions) and a set of consequent conditions (or
postconditions). Previous complexity results on temporal reasoning and planning
primarily address problems characterized in terms of rule-based cause-and-effect
descriptions [1] [2] [3] [4] [6]. In this paper, we explore temporal reasoning from a
different perspective; the cause-and-effect relationships involving events are viewed
as state-transition functions of finite automata. The conditions in rules define a
state space where each condition corresponds to a binary state variable. Events
are considered as input symbols. Rules determine how events trigger state transi-
tions in the state space. From this perspective, the task in temporal reasoning is
to determine whether a goal state can be reached, given a set of possible event se-
quences. The possible event sequences are determined by the ordering constraints
on the events. Our results show that the ordering constraints on events, the size
of the state space, and the structure of the state transitions all contribute to the
complexity of temporal reasoning. Temporal reasoning turns out to be hard even
if events are totally unordered and the associated state space is polynomial in
the size of the event set. This result motivates our effort to exploit the structure

inherent in event orderings and state spaces.

The use of localized reasoning to exploit locality in planning has been advo-
cated by Lansky [8], using an event-based approach. In Lansky’s work, locality is
introduced by the group constraints and the element constraints [8]. A group con-
straint bounds the scope of causal effects and simultaneity of a subset of events.
An element constraint requires a subset of events to be totally ordered. In this pa-
per, we study temporal locality introduced by three types of ordering constraints.
Event subsets are hierarchically encapsulated by the Encapsulate constraints and
the Preempt constraints. The Interleave constraints allow the encapsulated event
subsets at the same hierarchical level to be partially ordered as a constant number
of chains. We present an abstraction technique to exploit temporal locality in a
hierarchical way, using a state-based approach. This technique is different from
previous work on abstraction [7] in that we transform encapsulated event subsets
into abstract events, instead of transforming individual operators into abstract
operators. We explore spatial locality where each encapsulated event subset has
local conditions that only appear in the causal rules associated with the events
in the event subset. We show that spatial locality can reduce the sizes of the

state spaces involved in this hierarchical problem solving. More details regarding



the temporal reasoning algorithm, the characterization of spatial locality, and the

complexity analysis are presented in [9].

In Section 2, we formally define the temporal reasoning problem and contrast
the two different perspectives. In Section 3, we demonstrate the complexity trade-
offs of temporal reasoning involving the ordering constraints on events, the size of
the state space, and the structure of the state transitions. In Section 4, we ex-
plore the opportunities for using temporal locality and spatial locality to solve the
temporal reasoning problem. Our techniques can hierarchically reduce temporal
reasoning to graph reachability. Our results do not depend on severe syntactic

restrictions on the causal rules.

2. Representations and Perspectives

2.1. Temporal Projection and Temporal Reachability

The temporal projection problem was studied by Dean and Boddy [4]. A problem
instance is defined by (1) a set of event types, 7 = {types,types, ..., type,};
(2) a set of conditions, P = {p1,p2,...,pm}; (3) a set of causal rules, R =
{ri,r2,...,1,}, of the form (¢, ¢, a, §) composed of: a triggering event type, t € T ;
a set of antecedent conditions, ¢ C P; a set of added conditions, o C P; a set of
deleted conditions, 6 C P; (4) a set of actual events, £, where Ve € &, type(e) € T;
(5) a set of initial conditions, Z C P; and (6) a partial order < on £.

The task in temporal projection is to determine whether a specified condition
p € P is true immediately following a specified event e € £ in some total order
consistent with the partial order <. When an instance of a given event type
occurs, the status, true or false, of a condition immediately following an instance is
determined as follows. A condition is true immediately following an instance if and
only if either (1) the condition appears in the added conditions of a rule (associated
with the event type) all of whose antecedent conditions are true immediately prior
to the instance, or (2) the condition is true immediately prior to the instance
and it is not the case that the condition appears in the deleted conditions of a
rule (associated with the event type) all of whose antecedent conditions are true

immediately prior to the instance.

Events in £ occur as a sequence. A partial order is a set of ordering constraints
on the events. For example, given e; < e, ¢; must appear before e; in any
possible event sequence. Ordering constraints < on £ determine a set of possible

event sequences. In this paper, we exploit the temporal locality introduced by



three types of ordering constraints: Preempt, Encapsulate and Interleave. We
define the Preempt constraints and the Encapsulate constraints here, and we

shall investigate the Interleave constraints in Section 4.

An event e is preemptible if there exists a Preempt(X) constraint such that
e € X, X C¢&, and there are no Encapsulate(X) constraints such that e € Y,
Y C X, Y # X; otherwise, e is non-preemptible. In other words, each event e
in X is allowed to be preempted by a constraint Preempt(X) without actually
occurring, unless e is encapsulated by another constraint Encapsulate(Y') where
eeY,Y C XY # X. Weassume that given an arbitrary constraint Preempt(X)
or Encapsulate(X) and an arbitrary constraint Preempt(Y) or Encapsulate(Y),
either X and Y are disjoint or one is a proper subset of another.
For a constraint Preempt(X) or a constraint Encapsulate(X) where X C &:
The events not in X can only occur either before or after the events in X. All the
non-preemptible events in X must occur, while the preemptible events in X may
or may nol occur.

We define the following terms regarding event sequences and ordering constraints.

e An event sequence q (of length h) over a set of events £ is a sequence
(e1,€2,...,ep) wheree, € £, 1 <1 < h <|E|,and e; # €;if ¢ # j. Anevent se-

quence ' = (ey, €g,...,ep), k' < h,is a prefix of q = (e1,€2,...,€n,...,€n).

e Given a set of ordering constraints O on &, Q% is composed of the event
sequences over € (1) which are consistent with the ordering constraints in O
and (2) in which all the non-preemptible events occur while the preemptible
events may or may not occur.

Note that in case no Preempt constraints are present in O, Q% is composed
of the event sequences of length |E] over £ which are consistent with the

constraints in O.

o Qg = {q' | 3q € Q% where ¢’ is a prefix of q}. Q5 C Qé

In this paper, we focus on the following temporal reachability problem. The
problem instance is defined by (7,P,R,Z,G,E,O) where (1) T is a set of event
types, (2) P is a set of conditions, (3) R is a set of causal rules, (4) 7 is a set of
initial conditions where Z C P, (5) G is a set of goal conditions where G C P,
(6) € is a set of actual events, and (7) O is a set of ordering constraints on £.
The set of ordering constraints O on £ implicitly defines a set of event sequences
Q5. Given the set of initial conditions P, the task in temporal reachability is to
determine the existence of an event sequence q € Qfo immediately following which

the conditions in G are all true. The following lemma shows that the temporal



reachability problem is closely related to the temporal projection problem.
Lemma 1 Temporal reachability regarding a partial order on events can be reduced
to temporal projection in polynomial time.

Proof. We first transform an instance of temporal reachability in the following
way. A new condition py and an event instance eg of a new event type ¢y are added.
Event type tg is associated with a unique causal rule ro = (t0,G, {po},G). Event
eo 1s allowed to occur after any event in €. Temporal projection is then applied
to determine whether pg can be true immediately following event e¢y. O

By Lemma 1, the NP-Completeness results for the temporal reachability problem
in section 3 (regarding partial orders on events) can also be applied to the temporal

projection problem.

2.2. A Perspective based on Finite Automata

An alternative perspective on cause-and-effect relationships involves representing
them in terms of state transitions in a finite state space. The causal rules in R and
the event types in T can determine a state transition function A : 27 x T — 2% in
the following way. The set of conditions P = {p1,pa,...,pn} determines a state
space S = 27. A state is represented as a vector u = (1, %9,...,2,) in {0, 1}™.
If condition p; is true at state u, x; = 1; otherwise x; = 0. We say that a rule
r = (t,p,,6) is effective at state u if all antecedent conditions in ¢ are true at
state u. Event instances of type ¢ trigger state transitions at a state u in 27 in the
following ways: transitioning from state u to any state v if there exists an effective
rule r = (¢, ¢, o, 6) at state u where (1) the conditions in « are true at state v, (2)
the conditions in ¢ are false at state v, and (3) the conditions in P — (alJ ) are
true at v if and only if they are true at w; transitioning from state u to state u

itself if there is no effective rule at state u associated with the event type t.

Given an instance (7,P,R,Z,G,E,O), we can construct a deterministic finite
automaton M = (27,7, A, sg, F') where (1) 27 is the state space, (2) the set of
event types 7 is the alphabet of M, (3) A : 27 x T — 27 is the state transition
function determined by the rules in R and the event types in 7, (4) sq is an initial
state in 27 where the conditions in Z are true and the conditions in P — T are
false, and (5) F denotes the set of states in 27 where the conditions in G are all
true. An event e (of type t.) in € is considered as a symbol . from the alphabet
7. In this way, the event sequences in Q% correspond to input strings to the finite
automaton M. Based on this finite automata representation, the task in temporal
reachability can be restated as determining whether there exists an event sequence
qin Qz accepted by M.
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Figure 1: Complexity trade-offs for temporal reachability

3. Complexity Trade-offs

Previous research on the complexity of temporal projection has primarily focused
on the structure of causal rules [4] [10]. Causal rules determine how events trigger
state transitions. In this paper, we show that the ordering constraints on events
and the size of the involved state space also play important roles. Figure 1 depicts
the complexity trade-offs for temporal reachability involving these three factors.
Ordering constraints on events are classified as one of (1) arbitrary partial order,
(2) totally unordered (no ordering constraints), or (3) partially ordered as a con-
stant number of chains. We say that events are partially ordered as a constant
number of chains if (1) events are partitioned into a constant number of disjoint
event subsets, and (2) in each event subset, events are totally ordered (forming a
chain). The size of the state space 27 is specified as one of constant, polynomial, or
exponential, in the size of the event set £. (Namely |P| = O(1), |P| = O(log |&|),
|P| = O(|€|) respectively.) Event types are categorized as simple, double or gen-
eral according to how they trigger state transitions. A simple event type maps
exactly one state to some other state and all others to themselves, which means
that exactly one rule is associated with the event type and the rule is effective at
exactly one state. A double event type maps no more than two states to states
other than themselves, which means that no more than two rules are associated
with the event type and each rule is effective exactly at a (distinctive) state. A
general event type allows arbitrary deterministic state transitions, which means
that we may have an arbitrary number of effective rules for each state. Note that
a simple event type is a special case of the double event types, and that a double
event type is a special case of the general event types. For convenience, we shall

refer to the events of simple (double) event types as “simple events” (“double



events”), and the term “events” is equivalent to “events of general event types”.

The temporal reachability problem is in NP. Since state transitions are deter-
ministic, we can determine the state that is reached immediately after a given
event sequence applied at an initial state. We can then veritfy whether the set of
goal conditions are all true at the state in polynomial time. In the following, we
provide proofs and algorithms to justify the claims in Figure 1. These proofs and
algorithms are all based on the state-transition perspective regarding the cause-
and-effect relationships. First, we define the following terms. An event sequence
q is coherent from state s to state ¢ regarding an instance of the temporal reacha-
bility problem if (1) starting from state s each event maps a state u to a state v’
(u # u'), and (2) state t is reached after the last event, and (3) the event ordering
in q is consistent with the ordering constraints on the events. The trajectory of a
coherent event sequence q is the sequence of states visited when the events trigger

state transitions.

Theorem 1 Temporal reachability regarding double events, totally unordered, in
a state space of polynomial size is NP-Complete.

Proof. Given a directed graph with a set of forbidden pairs of arcs, the forbidden
pairs (of arcs) problem [5] determines whether there is a path between two nodes
without using both arcs in any forbidden pair of arcs. It is NP-Complete even if
all the forbidden pairs are disjoint. An instance of the disjoint forbidden pairs of
arcs problem can be reduced to an instance of the temporal reachability problem
where there is only a final state. Given an instance of disjoint forbidden pairs, the
non-isolated nodes in the directed graph are considered as states. Each directed
edge (u,v) in the graph corresponds to state transition from u to v triggered by
some event. We map each forbidden pair of arcs to the state transitions involving
a distinct double event, and each of the remaining arcs to the state transition
involving a distinct simple event. Note that the number of non-isolated nodes
(states) is polynomial in the size of the number of edges (events). The initial
node and the goal node are mapped to the initial state sy and the final state
f respectively. If we can find a coherent event sequence from the initial state
Sg to the final state f, then the answer to the forbidden pairs problem is yes.
Since an event corresponds to a forbidden pair of edges, it can only map one of
its two possible state transitions. The trajectory of the coherent event sequence
then corresponds to a feasible directed path from sy to f. Similarly, a directed
path from sg to f without using both arcs in any forbidden pair corresponds to a

coherent event sequence from sg to f O

Theorem 2 Temporal reachability regarding simple events, totally unordered, in
a polynomial-size state space, or regarding general events, totally unordered, in a

constant-size state space are both solvable in polynomial time.



Proof. We derive a directed graph in the following way by (1) considering states
as nodes, (2) considering a state transition (u,v) as a directed edge for every (u,v)
appearing in the state transition function determined by the given event type. In
the case of simple events, a simple event then corresponds to a directed edge in
the graph. Temporal reachability regarding simple events in a polynomial-size
state space can be directly reduced to graph reachability, since a coherent event
sequence from the initial state sg to a final state f corresponds to a directed path
from sq to f and vice versa.

In the case of general events, there is only a constant number of simple directed
paths from the initial state sq to a final state f, given the constant-size state space.
For each directed path, we determine whether there is an event sequence which
can trigger state transitions along such a trajectory path. This problem is then
reduced to the bipartite matching problem regarding the set of directed edges in a
given simple directed path and the given set of events. Since the events are totally
unordered, an event can match a directed edge (u,v) iff the event can trigger a
state transition from state u to state v. The answer is yes if we can match distinct

events to the directed edges in the simple directed path. O

Nebel and Béckstrom [10] prove the NP-Completeness of a special case of the
temporal projection problem by a reduction from the forbidden pairs of arcs prob-
lem on directed acyclic graphs [5]. Their proof is adapted to prove the following
theorem.

Theorem 3 Temporal reachability regarding simple events with an arbitrary par-
tial order on events, in a polynomial-size state space is NP-Complete.

Proof. The forbidden pairs of arcs problem on directed acyclic graphs is NP-
Complete [5]. An instance of the forbidden pairs of arcs problem on a directed
acyclic graph can be transformed to an instance of the temporal reachability prob-
lem where there is only a final state. The non-isolated nodes in the given directed
acyclic graph are considered as states. Each arc is mapped to a unique simple
event. Note that the number of non-isolated nodes (states) is polynomial in the
size of the number of edges (events). For each forbidden pair of arcs (eq, ez) assign
precedence e; < ey if there is a directed path with arc e, preceding arc e;. Other-
wise, assign precedence e; < e if there is a directed path with arc e; preceding arc
e9. Since the graph is acyclic, the precedence relation among events is a partial
order. The trajectory of a coherent event sequence from the initial state sg to
the final state f never contains both arcs of a forbidden pair. Such a trajectory
corresponds to a feasible directed path from sg to f. Similarly, edges in a feasible
directed path from sy to f correspond to a coherent event sequence from sq to f.
O

Corollary 1 Temporal reachability regarding general events with an arbitrary par-



tial order on events, in an exponential-size state space is NP-Complete.

Proof. Note that simple events and double events are the special cases of general
events, and we can add in redundant conditions to augment a polynomial-size
state space into an exponential one. Therefore the reductions in Theorem 1 and
Theorem 3 still hold in this case, and this implies the NP-Completeness of the

temporal reachability problem in its general form. O

The temporal reachability problem regarding events partially ordered as chains
can be solved using the following procedure. Temporal reachability is reduced
to graph reachability in this case. This procedure is also used in Section 4 for
hierarchically solving the temporal reachability problem.

Procedure MultiChain(&, O, 1)

input: (1) £, a set of events; (2) O, a set of ordering constraints on £ where events are partially
ordered as chains; (3) I, a set of initial states.

output: (1) the set of states reached after the event sequences in 62, (2) the set of states
reached after the event sequences in Q%5; (3) the sets of states that we may reach immediately

before a specific event e occurs, for all e in £.

e Suppose events are partially ordered as ¢ chains with [; events in the ith chain. Construct
the following directed acyclic graph G = (V, E).

— Each state s in S is expanded into [, ¢;<.(1 4 ;) nodes of the form (s, z1, 22, ..., z.)
where 0 < z; < ;. These nodes compr_isg the vertex set V of G.
Reaching a node (s, 1, q, ..., 2;) has the semantics that the state s may be reached
immediately after the first z; events in the ith chain have occurred for every i.

— Construct a directed edge from (s, &1, @2, ..., &¢5—1,.. ., 2z) to (t,z1, 29, ..., Tp, ..., Tc)
if the zjth event in the kth chain can trigger a state transition from s to ¢t. These

edges comprise the edge set V of G.
e We apply the standard graph reachability algorithms to derive the sets of states we want.

— State t is reachable from state s (s € I) after an event sequence in 6(89 if and only if

there exists (¢, 1, a,...,z.) reachable from (s,0,0,...,0) in G.

— State ¢ is reachable from state s (s € I) after an event sequence in Qé if and only if

(t, 11, 1a,...,1.) is reachable from (s,0,0,...,0) in G.

— Suppose € is the rth event in the kth chain. Immediately before event e occurs, we
can reach state ¢ from state s (s € I) if and only if there exists

(t,z1,22,...,25 =r—1,... z.) reachable from (s,0,0,...,0) in G.

Theorem 4 Temporal reachability regarding events partially ordered as a constant
number of chains in a polynomial-size state space can be solved in polynomial time.
Proof(Sketch). We apply MultiChain(&, O, {s¢}) to determine the set of states
reachable after the event sequences in Qfo The number of nodes in the graph
constructed by procedure MultiChain is equal to |S|[];<i<.(1 + [;) where [S] is

the size of the state space and [; is the number of events in the 2th chain. Since



l; = O(|€|) and ¢ is a constant, the graph G is polynomial in the size of £. Graph

reachability and thus temporal reachability is solvable in polynomial time. O

4. Exploiting Locality
4.1. Temporal Locality in Event Ordering

As shown in Section 3, temporal reachability regarding general events is hard if
the events are totally unordered and the state space is polynomial in the size of
the event set £. When totally unordered, events can occur in arbitrary order.
However, there is temporal locality in event ordering if the occurrences of events
or subsets of events closely relate to one another. For example, a subset of events
may always occur as an atomic unit, such that all the other events either occur
before or after the subset of events. Similarly, several atomic units may always
occur as an atomic unit. In this way, temporal locality can be introduced at many
levels. Suppose we have a set of events £. The Encapsulate and Preempt types
of ordering constraints defined in Section 2 can introduce temporal locality in an
event subset X = {e1,€3,...,¢x} in E. We say that X is a local event subset in & if
X is constrained by the constraints Encapsulate(X) or Preempt(X). The event
set £ and each event in £ are local event subsets in &, since they are implicitly
constrained by the encapsulation constraints. For any two local event subsets X
and Y in &, we require either that X and Y are disjoint or that one is a proper
subset of the other. Suppose X is a subset of Y. We say that X is mazimal in
Y it X is not a proper local event subset of any other local event subset in Y. In

this way, the local event subsets in &€ form a hierarchy.

Given a local event subset Y, the following Interleave type of ordering con-
straint introduces a partial order on the maximal local event subsets in Y. These
event subsets are partially ordered as chains.

Interleave((X], X3,.. ), (X3, X3,.. ), ... (XL X2 .. )): XZ‘?"S are the maximal
local event subsets in Y. Vi, Xij < XFifj <k (X}, X? ...) forms a chain where

the events in XZ-j must occur before the events in X¥ if j < k.

Figure 2 shows the following ordering constraints on ten events where
X = {eq,e3,eq,e5}) and Y = {eq, €7, €5,e9}: Preempt(X),
Interleave({{es}, {es}), ({ea}, {es})), Encapsulate(Y),
Interleave({{es}, {er}), ({es}, {e9})), Encapsulate({e:} UX UY U{e1o}),
Interleave({{e1}, X),(Y,{e10})). X,Y,{e1},{e10} are the maximal local event
subsets in the event set composed of these ten events. The events in X always

occur together, but they can be preempted. In X, e3 never occurs before e, and
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Figure 2: Temporal locality in local event subsets

e5 never occurs before e4. The events in Y always occur together. In Y, eg always
occurs before e7. eg always occurs before eg. ¢; always occurs before the events in

X. ey always occurs after the events in Y.

4.2. Hierarchical Problem Solving

Given a local event subset X, a set of ordering constraints O on X, and a subset
of conditions V (V C P), X can be abstracted as an abstract event ¢%. Suppose
that we can reach a state v in 2¥ from a state u in 2 after an event sequence
q € Q. Then the abstract event €% may trigger a state transition from u to v.
This describes a state-transition relation since we may reach another state v’ from
state u after another event sequence q' € QX. In other words, €% summarizes
the possible state transitions in 2V caused by the events in X as a whole. In this

subsection, we assume V = P and abbreviate ¢ as ex.

When the ordering of events is governed by the Encapsulate, Preempt, and
Interleave ordering constraints, the temporal reachability problem can be solved
hierarchically. In hierarchical problem solving, local event subsets correspond to
abstract events. For example, temporal reachability regarding events in Figure 2
can be solved in two levels. At the top level, we determine the possibility of
reaching any goal state, given (abstract) events eq,e10,ex,ey. If the answer is
negative, it shows that the goal states can neither be reached before nor after the
events in X (Y) occur. In this case, we first determine the possible states that
we may reach immediately before the events in X (V) occur. Then at the second
level, we determine the possibility of reaching any goal state when the events in X

(Y') occur, given the possible states that we may reach immediately before events

in X (Y).



In the following, the procedure MultiChain in Section 3 is used as a subroutine
in hierarchical problem solving. The following procedure recursively derives the
abstract events for the local event subsets in a set of events.

Procedure Event-Abstraction(&,0)
input: (1) &, a set of events; (2) O, a set of ordering constraints on £.

output: the abstract events for the local event subsets in £.

e For each maximal local event subset X in £, we call Event-Abstraction(X, Ox) to derive
the abstract events for the local event subsets in X where Ox is composed of the ordering

constraints on X, Ox C O.

e Let A be composed of the abstract events for the maximal local event subsets in £. Let <
be the partial order on .4 introduced by the Interleave ordering constraint on the maximal

local event subsets in £. We derive the abstract event eg for £ as follows.

— For each state s, the abstract event eg can trigger a state transition from state s
to (1) any state reachable after the event sequences in Qf if £ is constrained by an
Encapsulate ordering constraint, (2) any state reachable after the event sequences in
—A . . . . .

Q_ if £ is constrained by a Preempt ordering constraint. We call
MultiChain(A, <, {s}) to determine this state-transition relation.

The following procedure recursively decomposes the temporal reachability prob-
lem and then solves it level by level.
Procedure Problem-Decomposition(&,0, I, G)
input: (1) &, a set of events; (2) O, a set of ordering constraints on &;
(3) I, a set of initial states; (4) G, a set of goal states.
output: yes if there exist sin I, ¢ in G, q in 6(89 such that ¢ can be reached from s after the

event sequence q; no, otherwise.

¢ We call Event-Abstraction(&,0) to derive the abstract events for all the local event

subsets in &.

e Let A be composed of the abstract events for the maximal local event subsets in £. Let <
be the partial order on 4 introduced by the Interleave ordering constraint on the maximal
local event subsets in £. At the top level, we call MultiChain (A, <, I) to determine the

set of states reachable after the event sequences in 6<.

o If we can reach states in GG at this level, the answer to the problem is yes. Otherwise, we call
MultiChain(.A, <, I) to determine Iy, the set of states that we may reach immediately
before ex occurs (Vex € A). Ix corresponds to the states that we may reach immediately

before any event in X occurs.

e At the next level, we call Problem-Decomposition(X, Ox, Ix, G) for each maximallocal

event subset X in & where Ox is composed of the ordering constraints on X, Ox C O.
4.3. State Space Reduction in Temporal Reachability

In subsection 4.2, the procedure Problem-Decomposition deals with the global

state space 2”. However, spatial locality in local event subsets may enable us to



Figure 3: Spatial locality in local event subsets

deal with local state spaces in the form of 2¥ where V is a proper subset of P,
rather than the global state space 2. We say that event e involves condition p
if p appears in a causal rule associated with the event type of e. In Figure 3,
eleven conditions are involved. Event e; involves the conditions a,b,¢,j. The
events in X = {ey, €3, €4, €5} involve the conditions a,b,d, e, f. The events in Y =
{es, €7, €5, €9} involve the conditions a, b, g, h,i. Event €19 involves the conditions
b,c,7, k. We want to determine whether we can reach a state where the subset
of conditions G = {a, b, c} are all true. Let # = {a,b,d,¢e, f},V = {a,b,g,h,i},
W ={a,b,c gk}, Z ={a,b}, and P = {a,b,c,d,e, f,g,h,t,5,k}. It turns out
that we only need to deal with local state spaces 24, 2V, 2V rather than the global

state space 27,

At the second level, a local state space 24 (2V) where V = {a,b,d, ¢, f} (U =
{a,b,g,h,1}) is considered for deriving the abstract event e% (ef) where Z =
{a, b}, since only conditions in ¢ (V) are involved in X (Y). At the top level, we
deal with the events €1, €10, €%, €2 in the local state space 2"Y. This works, because
(1) the conditions d,e, f (g, h,t) are only locally involved in X (Y), and (2) the
effects of conditions d,e, f (g, h,?) only propagate to eq, e19 through the possible
status changes of the conditions Z = {a, b} caused by the events in X and Y.

At the top level, if we can reach a state in 2"Y where the conditions «, b, ¢ are all
true, the answer to the problem is yes. Otherwise, we must examine the possibility
that (1) ¢ is made true at the top level by ey, e19,e%,¢2, and (2) a, b are made true
at the second level by the events in the event subsets X or Y. This is because the
status of condition ¢ cannot be changed by the events in X (V). We determine
the possible statuses of the conditions in ¢ = {a,b,d,e, f} (V = {a,b,g,h,t})
immediately before the events in X (Y) occur in the following way. First, we

derive the set of states in 2" possibly reached at the top level immediately before



e% (ef). Second, we find out the possible statuses of the conditions in Z = {a, b}

at these states, given that the condition ¢ must be true at these states too. The
statuses of the conditions d, e, f (g, h, %) are the same as their initial statuses, since
they are only locally involved in the event subset X (Y). At the second level, we
determine whether a, b, ¢ may all be true when the events in X (V') occur, given the
possible initial statuses of the conditions in & = {a,b,d, e, f} (V ={a,b,g,h,i}).

5. Conclusion

In this paper, we describe an alternative perspective on temporal reasoning, rep-
resenting the cause-and-effect relationships as finite state automata. We show
that the ordering constraints on events, the size of the state space, and the state-
transition rules all contribute to the problem complexity. Our results indicate that
we have very limited ability to deal with general events if there is no temporal or
spatial locality at all. We characterize the temporal locality induced by interleav-
ing, encapsulating, and preempting subsets of events, and provide an algorithm

that takes advantage of the locality in events in performing temporal reasoning.
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