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ABSTRACT : ' i

An assumption-based truth- maintenance system provides a very general facility for all types of default
reasoning. However, the ATMS is only one component of an overall reasoning system. This paper

presents a set of concerns for interfacing with the ATMS, an interface protocol, and an example of a

constraint language based on-the protocol. The paper concludes with a comparison of the ATMS and
the view of problem solving it entails with other approaches.

L Introductlon

The advantages pr0v1ded by the soundness, completeness and consistency of
the ATMS can be inadvertently lost in the overall reasoning system. This paper
presents a simple and convenient control regime along with a set of con-
ventions which avoids most of the pitfalls. As an'illustration, a constraint
language built within this control regime is presented.

These control mechanisms have. been the basis for most of the problem
solvers built using this ATMS. None of these problem solvers followed these
control regimes exactly. The designer can often take advantage of properties of
the particular search space. This paper should thus be taken only as a
suggestion for how: to control the problem solver and an illustration of the

: .control concerns.:

The remainder of this mtroductory section is a very brlef synopsis of the
ATMS. This paper will be much easier to follow if [4, 5] are read first.
- The overall reasoning:system is viewed as consisting of an ATMS whose task

it'is to detérmine what:is and what is not believed, and a problem solver whose

task it is' to make inferences about the domain. All such inferences are
recorded and communicated to the ATMS as. justifications. Every problem-
solving ‘hypothesis is communicated-to the ATMS as an-assumption. A set of
assumptions is-an environment and the set of all data derivable from the

.-assumptions is. the context of the environment. If false is derivable from the
_ assumptions, theén the environment is inconsistent and is defined not to have a
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context. The ATMS associates with every datum the minimal set of environ-
ments from which it is derivable. This set is the label of a datum. Given the
label, it is very easy to compute the presence of a datum in a context: A datum
is in a context exactly when the assumptions of the context are a subset of any
of the environments of the datum’s label. _

A task involving n assumptions has 2" environments, and at most 2"
contexts. The environment lattice of Fig. 1 illustrates all the possible environ-
ments for a task involving the assumptions, A, B, C, D, and E. The crossed-out
environments, or nogoods, are inconsistent. The vertices enclosed in rectangles
indicate environments whose contexts include the datum x = 1. The label for
x=1 is the set of greatest lower bounds of the hlghhghted vertices:
{{A, C},{D, E}}. ‘

Justifications are written as

a,a,...> B,

where 'dl, ...,B are problem-solver data, assumptions, or falsity 1. A
justification can be interpreted as the material implication:

a;Aa, A >
A datum is in a context if it is propositionally derlvable (using the ]ustlﬁcauons)
from the assumptions of the context. foTm T

The ATMS represents data as nodes:

(datum, label, justifications) .

The above node for x=1is represented b.y'

(x—l {{A €}, {D, E}Ys { }>

’(Justlﬁcatlons are listed only 1f important to the example )

I, represents the assumption x. 7, represents the nonassumption node

associated with problem-solver datum x. 7y, represents the node false L.

However, I adopt this typographically cumbersome notation only on occasion.
In most contexts it is clear whether a datum or a node with that datum is
referred to. Thus, lower-case letters designate nonassumption nodes or prob-
lem-solver data associated with nonassumption nodes. Capital letters designate
assumption nodes or problem-solver assumptions. L designates the node y,

-or falsity. To avoid confusion, these abbreviations are: usually not used for

composite problem-solver expressions, e.g:., I, v,.,. In the usual case where an
assumption justifies a particularnode, the node is designated by alower-case letter
and the assumption by the upper-case of the same letter. For example, assumption

“N, justifies node n;:



{aB.CD} |

{a.B.C} | {A,c,o}? | {A.B,D}. -{A.-B.-E}— {B.C.D}

FiG. 1. Environment lattice.
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N, n,.

This basic ATMS framework is extended in three ways [5].

First, the ATMS is augmented to incorporate the notion of default assump-
tion. In this view the maximal consistent vertices of the environment lattice
correspond to the contexts that the problem solver is interested in. These
contexts are equivalent to the extensions of default logic [19]. Their charac-
terizing environments are interpretations. The 1nterpretat10ns of Fig. 1 are:
{A, B, C, D}, {A, C, D, E}, {B, C, D, E}}. :

Second, the ATMS is extended to allow the problem solver to express
disjunctions of assumptions. Given the ability to encode disjunction, any
propositional expression can be represented in terms of justifications and
disjunctions of data.

Third, the ATMS is extended to accept nonmonotonic justifications. Al-
though most applications of nonmonotonic. ]ustrﬁcatlons are handled by the
multrple context facility of the basic ATMS, a few applications require the
explicit mtroductnon of nonmonotonic. justifications. ' As nonmonotonic
justifications are inherently nonproposmonal a specral 1mprovement isrequiredto
treat them correctly.

‘2.‘ Basic P’ri‘nc‘iple's

2.1, Justlﬁcatlons

For the ATMS to perform as expected the problem solver must supply
“correct” justifications. The ATMS:is far more sensitive to such errors than
‘conventlonal TMSs or direct search. Defining what “‘correct” means in this
framework is problematic and requires further research. Roughly speaking, the
designer has defined the problem solver and ‘its mterface according to some
intent. For all problem. solvers there is always the questlon of whether the
actual 1mplementatron meets this intent. A special instance of problem-solving
failure mamfests 1tself as ]ustrﬁcatrons Wl’llCh do not achleve what the designer
intended. RN :

If the problem solver falls to lrst all the antecedents to a justification, then

the labels of the consequent will be too general Thus, some nodes will be in’

contexts they should not be,. ~and. some contexts will be incorrectly marked
inconsistent. Suppose the problem solver recorded a = 1 instead of the correct
a, b= 1.-Any context contammg a is now inconsistent, which is incorrect. The
overall problem solver will miss solutions as parts of the solution space have
become unreachable (if parts of the search space become unreachable, exhaus-
tivity is violated). : :

If the problem solver lists too many antecedents to a justification, then the
labels of the consequent will be too specific. Thus, some nodes will not be in
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- contexts they should be, and some contexts will be incorrectly marked con-
sistent. Suppose the problem solver recorded a, b > ¢ instead of -a = c. The
datum ¢ will not hold in all contexts where it should, i.e., those contexts
containing a but not b. If c > 1, then the ATMS will find solutions including a

» which do not correspond to true solutions to the problem-solving task.

% In a more conventional reasoning strategy the addition of arbitrary ante-
+. cedents to an inference rule does not affect the correctness of the rule. On the
.+ other-hand, for the ATMS, adding arbitrary antecedents causes serious prob-
- lems as it forces the ATMS to consider far more contexts than the designer
intended. : ’ '

2.2. Control

Most interface problems concern control. How much does the problem solver
have to tell the ATMS before the extensions correspond to the solutions of the
task? In what order should the problem solver work through the search space?
Poorly thought -out control structures are the leadmg cause of problem-solver
“ difficulties. If the problem solver is doing srmple antecedent driven breadth-
- first search, then exhaust1v1ty 1s assured However most problem solving tasks
require far more control. ‘

The problem posed by control is best illustrated by an example. Suppose the
problem solver is written in LISP (possible, but not preferable) and the ATMS
provides the function (in? x) which returns T if the node x has a nonempty label
and NiL otherw1se Allowing the designer to write (if (in? x)...) potentially
destroys exhaustlvrty Unless the desngner has been very careful, a failure of
this test will not be recorded $O that 1f X lS later discovered, the relevant code is
not run.

3. Consumers

The problem solving procedure must' be encoded as a collectlon of unit steps
called consumers ‘(which are much like rules, demons, noticers, antecedent
theorems, etc., but are sufficiently different to- warrant another name). A
consumer is a rule which does some problem-solving work on the datum.
Consumiers are attached to nodes run when appropr1ate and then never run
“again for that node. : Lo : : o ,

That' consumers - dlsappear after they are run:- may. seem unusual, but is
central to the ‘consumer architecture.: As the consumer-runs it performs a
- sequénce of actions solely based on the data of its -antecedent nodes. As the
consumer only examines data, rerunning the consumer cannot have any effect
as the data of nodes cannot change. Running a consumer is like a compilation
process: the consumer is compiled into a set of justifications. Rerunning the
consumer is as absurd as recompiling an unchanged procedure. .

The consumer may do an arbitrary amount of computation, constructmg new
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data, adding consumers, generating contradictions, etc. If for some reason a
consumer causes its own ‘antecedent to be contradicted, it is allowed to finish,
but the remaining consumers of that node are not processed until the node
- receives a nonempty label again. By convention, the consumer should obey
four additional restrictions. First, the consumer should only examine the data
of nodes. Second, the consumer should only examine nodes which were
antecedents to the consumer. Third, the antecedents to every justification it
adds must include all the consumer’s antecedents, no more and no less. (It may
include additional assumptions in these justifications, but-Section 5.2 describes a
better way to do that.) If this restriction poses difficulty, then the consumer should
be divided into smaller pieces. Finally, the consumer may not have any internal
state’. These restrictions ensure that a consumer cannot make control decisions
about which the ATMS is not informed.

If this protocol is followed, then it w1ll not-, matter, formally, whether the
body is executed when the datum holds in some consistent environment or not.
For efficiency, the ATMS guarantees that each consumer’s antecedent holds in
some consistent environment when started. ThlS is analogous to delaying the
compllatlon of a procedure until it is first called.

A basic consumer F is attached to a single node When appropnate F is
invoked on one argument, the node it is attached to. The same basic consumer
can be attached to many nodes. The consumer is executed once’ per node.

A con]unctwe consumer is attached to a list of nodes. The consumer is
~executed only when the con]uncnon of its antecedent nodes holds in a
- _consistent environment. This consumer is permrtted to access the data of all
its antecedent nodes. A conjunctive consumer is attached to a node list which,
when appropriate, is invoked on one argument, the list of antecedents. No new
machinery is necessary to implement this consumer. A new temporary node is
created, and given a Justlﬁcatlon whose antecedents are the consumer’s ante-
cedents and whose informant is F. A standard basic consumer G is attached to
" the new temporary node. The function G accesses the single justification of its
‘antecedent node, obtains F from its informant and invokes F on itself and the
list of antecedents of the justification.
Commonly, a collection of consumers encodes a smgle piece of knowledge It
- makes no sense to trigger the input of one consumer on the output of another
consumer of the same collection. This problem becomes acute for consumers
- which implement a constraint. Therefore, all.consumers have an optional rype.
A consumer will not execute until it receives a valid justification with another type.
All typed consumers record their type in the informants of the justifications they
produce. For example, suppose we encode the problem-solving rule a = b with two

!This is relevant because the same consumer can be attached to multiple nodes. This restriction
requires that a consumer cannot make any decisions- based on internal state changed in previous
executions. : : PR
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consumers (the informal notation x,, x,, ...~ [w] indicates a consumer of
X, X, ... which evaluates w):

P la>b], b[b= al.

If a label is found for a, then the first consumer will install a justificaticn for b.
However, the second consumer will-not install a justification for a based on 5

. -because - that. would not convey ‘any new information. This is purely an

efficiency consideration as installing the second justification immediately would
have no effect on node labels.

Every node has a list of consumers waiting to be executed. A very simple
(but inefficient) scheduling algorithm suffices: There is no necessity for a
separate stack or agenda as it is implicit in the database of nodes. The set of
nodes with pending consumers and nonempt) labels constitute the agenda.
The’ problem solver pxcks a consumer of one of these nodes, executes it, and
dlscards it. This process repeats until there are no nodes with pendmo con-
sumers and nonempty labels -

31 Unouting° solved

The outstandlng unoutx..b protlem is what the problem solver should do about
multiple justifications for the same node which contribute subset or disjoint
environments to its label. The consumer architecture autcmatically solves-the
unouting problem ensuring that all necessary work and no unnecessary work is
done. If the antecedents to a consumer do not yxeld aconsistent environment, then

‘the consumer is not run. In effect, the consumer’s execution is blocked until it is
runnable in a consistent environment. When another ]ustlﬁcatlon isfound forsome
~ distant’ ‘antecedent, the ATMS updates the environments of every consequent

recursiv ely mcludmg the antecedents to the consumer. If the antecedents now yield
a consistent environment, the consumer is run. Thus the problem solver works on

: 'every datum it should domg nothmg twice.

Recon51der the unoutmg example dlscussed m [4 Sectlon 5]

Ya=t? (x—l Halh{. b,
Yy--x (y=-x {{B}} {. }), -
Lz =X, {{C}} {. }>

nogood{A B}

As x= 1 can be substituted. into 'y=-x, -a temporary node ¢:

G {BA(Ye=1s ¥y=-2)D is created and a consumer is attached to:¢ which computes

-y Although vy,_, and y,__, hold and the consumers.of x =1 are run, the

==x

conjunctive consumer attached to ¢ does: not run because the conjunction of
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Y,-; and y,__, does not hold in any consistent environment. Adding the
premise,

Yoo {z=L{}L{..D,

results in a second justification for y,., producing a new environment which
the ATMS propagates forward updating the label for ¢: (, {{B, C}},
{(¥, =15 'yy__x)}> ¢ now has a nonempty label and its consumers are run

producing (y = =1, {{B, C}}, {(7,-1, yy__x)})

4. Control

The consumer architecture, implicitly, works on all contexts at once. The order
of consumer execution has no affect on the final problem- solver state, but,
has a significant effect on eﬂ‘imency These mechanisms are part of the
scheduler and have little to do with the internals of the ATMS. The basic
ATMS is neutral as to whether the search is depth -first, breadth-first, or
anything in between. Control can only be exercised before running a consumer.
Once a consumer has run and constructed 1ts Justrﬁcatrons all control is lost
(over those Justrﬁcatrons) : :

4.1. Scheduling -‘ : T S -

The most general envrronment of a node S label and the most general version
of a contradrctron should be found as early as possrble This tactic avoids
useless work. By ﬁndmg the most general version of a contradiction first,
unnecessary problem solvmg steps within ultlmately mconsrstent environments
are. avorded By finding . the. srmplest label  first, superﬁuous label
updatmg is avoided. ‘This eﬂicrency tactic is. achleved in two ways. First, the
problem solver works on nodes with fewer assumptrons ﬁrst Second, a con-
sumer which adds-an assumptlon to an env1ronment (1 e., by constructing the
appropriate ]ustrﬁcatlon) is scheduled after all consumers of all nodes of that
~ environment are scheduled.

To accomplish this goal the scheduler takes advantage of the basic ATMS
data structures. Each environment is :associated with the nodes whose label
explicitly mentions the environment. The scheduler can thus directly determine
what consumers are executable in an environment. It guarantees a consumer
will not execute until all the consumers of its subset environments have been
executed. The scheduler, in effect, schedules environments, not consumers. The
basic loop: consists of picking one ‘consumer of a node with'a smallest

- environment, executing it, and . discardingit. Using the agenda-scheduling
algorithm the ATMS-problem-solver combination will find simpler labels first
and eventually identify all solutions with- near minimum effort (this strategy
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does not order consumers within environments and ignores the effect of
choose’s).

Forefficiency considerations, an additional ordering can be placed on consumers
executable with the same environment. A before consumer is run before all others

~and is intended to be used for consumers which do little work (e.g., detecting
¢ immediate contradictions). An after consumer is run after all others andis intended
“ for consumers which must perform complex computations which should be delayed
' as long as possible (in the hope that the consumer will not be needed).

4.2. Dependency-directed backtracking

If there are a large number of Solutions, of which only a few are requifed, then
additional control mechanisms are mandatory to avoid needless inefficiency. This

" control mechanism avoids breadth-first search by focusmg the problemsolverona

specific subset of the solution space.
The scheduler maintains  a database of. those dstunctlons Wthh are

- specifically designated as control oneof disjunctions,

control{C,, C,, .. .}.

© The scheduler also maintains a single current environment which is always

guaranteed to satisfy every control disjunction. A consumer is not run unless it

" has a consistent environment all of whose control assumptions (those occurringin

some control disjunction) occur in the current environment. When a contradiction
is encountered, the scheduler either queries the problem solver or finds another
consistent current environment. The scheduler guarantees that it will find the next
consistent current environment that chronological backtrackmg would, but with at
least the efficiency of dependency-directed backtracking. This approach does

-better than conventional dependency-directed backtracking because it avoids all

+ .. contradictions contained in the current-justification set:; Conventional depen-
- dency-directed backtracking avoids only those contradictions encountered in past

current contexts.

- As the environment search order is stipulated by chronologlcal backtrackmg,

simple preferences can be conveniently expressed. For example, asserting
control{A, B} also states that solutions containing A will be:found before

. solutions containing B.-

Note that in this control regime the problem solvers state is’ necessanly
critically dependent upon the order in which consumers are executed.

4.3. Delayed justifications

‘A delayed justification takes effect when:its. ant_ecedents'hold,; in a consistent

:.environment in which 'the control strategy would allow a consumer to execute.
- ‘These justifications are indicated with —> instead of =>. For example,
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a]aa‘g,' . ':B's

is a justification for B which only takes effect if the conjunction of a,, a,, ...
holds in a consistent environment which is specified by the control strategy.
Note that if such an environment is only momentarily consistent, only some of
the delayed justifications will have been converted to standard ones. Delayed
justifications could be implemented: by creating a new temporary node, justify-
ing it with the given justification, and attaching a basic consumer to this node
which attaches a conventional justification to the actual consequent.

4.4. Exercising control using a kernel environment

“The problem solver can specify a kernel environment. A consumer is not run
unless its antecedents hold in some consistent environment which itself is not
inconsistent with the kernel environment. This allows the problem solver to specify
aset of conditions with which any solution must be consistent. Needlesstosay, if the
kernel itself becomes inconsistent, problem solving halts. ThlS is the control
method [ most commonly use.

4.5. Incremental mterpretatlon construction

The converse approach of specxfymg a current context is useless as the problem
solver must frequently introduce temporary intermediate assumptions. This
idea, however, lies behind the third method where the scheduler maintains a
single current mterpretatlon ‘This interpretation 1s updated after every prob-
lem- solver action,

~4.6. The problem solver S responsnblllty

The advantage of all of these schemes, as opposed to: ad hoc tactics, is. that no
solution will be'missed if the control is later removed. Although these control
‘mechanisms purposely violate exhaustivity, the potential of exhaustmty is not
surrendered.

The problem solver can specify how the current focus should be changed
~when it becomes contradictory or inadequate. The problem: solver is supplied
with the set of all known contradictory assumption sets making ‘the current
focus unacceptable or a list of possible interpretations to-work on next. The
problem solver must ‘determine what assumptlons to modxfy or what inter-
pretation to work on next.:

5. General Consumers

The class is a basic ATMS construct representing a set of nodes. The consumer
architecture ‘uses a class ‘to represent a generalized variable. Consumers are
extended to apply to-classes as well as nodes making it possible to write one
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consumer which applies to an unbounded number of nodes. Most problem-
solving rules are expressed as class consumers: :
Class consumer. The class consumer F is invoked, when approprrate with

- the same arguments as a basic node consumer. The consumer is run on every

e g
5

-node of the class with a nonempty label. Equivalently, the consumer is
. attached: to’ every node of the class. The same class consumer can be attached
+to multiple classes. The consumer is. run: once per node-class instance.

Conjunctive :class consumer. The conjunctive class consumer F is invoked,

:when appropriate, with the same arguments as.a conjunctive node consumer.

~ The consumer is run once per:combination of member nodes of antecedent

classes. Formally, the cross-product of antecedent-class. node sets
defines a space of node tuples. The consumer is run once for ever } node tupie
whose conjunction yields a nonempty label. Procedurally, the addition of a
class consumer and the addition of a node to a class are order-insensitive: bott
yield the same result. Notice that the resulting consumer is invoked on a tuple,
not a set. Thus, in cases where the same node appears in muitiple classes, a

consumer may be invoked on two tuples which denote the same set.

Consider the constraint R(x, y, z): x + y = z. This can be implemented with

- three conjunctive class. consumers:

"X, yt-%;[z:. X+ yl,

é—x]‘,

x, z+> [y

y,zmx=z-yl.

Suppose x=1 and y =2. These data trigger -the first: consumer - producing
z=x+y=3. Now the second two consumers trigger: x=z—-y=1and y =
z—x—2 Both of these computatlons are redundant If these three class

~consumers . are glven the same type, thlS spurrous retrrggermg lS suppressed
The next sectlon generahzes thrs 1dea '

~5.1. Constraint consumers = .

Constraint consumers summarize a set of class consumers ‘and have extra
efficiency that avoids reflections. A constraint consumer trlggers the constraint
R whenever a conjunction of all but one antecedents holds in a consistent

- environment, and suppresses subsequent spurious retriggering.

Constraint consumers implement a constraint R(x, X, ...) on var;ables
{x,, x,, . . .} by invoking a problem-solver-supplied function with one variable x,
and values for the rest. In other words, the body of .the consumer usual‘y
compiites,

: _p-l
X, = RN X s XLy Xppgy -0
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A constr.aint consumer is '.attached to a set of classes by providing a R, ' and is
necessaply typed to avoid retriggering on their own outputs. Retriggering
constraints on their own outputs when these values are justified only by the
constraint itself, is guaranteed to produce uninteresting results.

A conditional constraint consumer is like a constraint consumer except that it
is conditional ona particular node. Thus, for the consumer to run, the
conjunction of the conditional node with the nodes of the constraint’s ante-
cedent classes must yield a nonempty label. This is used to model components
whose behavior has multiple operating regions. For example, a transistor has
four operating regions: on, off, saturated, and reverse-active. The qualitative
model requiring this type of consumer is:

Q, € {ON, OFF, .. .} -
01 = ON"" av’b.e‘ = 9i
-+ Q,=OFF-3i_=0

C

i

This model stipulates that, given that- the transistor is.-on, v, varies propor-
tionally with i.. However, if the transistor is off, then i is constant, but v, can
change. The value for i  determined in the off state cannot be substituted into
the equation for the on state because the node for Q, being on contradicts the
node for Q, being off. -

'5.2. ‘Implication conisumer

- Anexclusiveimplication consumer takes an antecedentset of nodesor classes, and a

single consequentclass or consequentset of nodes. The consumerisexecutableifno
node of the consequent isimplied by the antecedent. (Node aimpliesnode bifevery
environment of a’s is a subset of one of b’s.) This consumer is scheduled after all
others. The presumptionis that the body of the consumer will justify some node (not
necessarily existing when the consumer is created) of the consequent, and that the

-nodes of the consequent are exclusive.

. Consider the ATMS [_5,_Sectio‘n_,‘6.4.3],}t'ra,ns1atio:n a-b EBTc;: o
. choose{B', C"}, .

B, C'=>y,,
a,B'>b,
a,C'>¢c,
abc>y, .

These justifications contribute environments to b and ¢ which are supersets of
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a’s. If all the environments of a are supersets of b's, then it is redundant to introduce
the assumptions B’ or C'. Using an implication consumer the creation of the

‘assumptions, the disjunction, most of the justifications, and possibly the nodes can

be delayed until a holds. A class is created which will contain b and ¢ when they are

w«created by the problem solver. Then an implication consumer is constructed:

w - a~>|[choose{B’, C'},

B, C’ :>yL ,
a, B >b,
a,C'>c,
a,b,c>vy].
An inclusive implication consumer is executable onlyif all the nodes of the
consequent are implied by the antecedent. '
~ Animplication consumer is built out of a more primitive environment consumer
‘which runs when a new énvironment is added to a node. Whenever a new

-environment is added to the antecedent, the composite consumer first checks
~whether one of the consequents is already determined in the same or subset
senvironment. If the consequent implies the antecedent, the consumer waits for the

next environment. Otherwise, the composite consumer executes the original bady.
This tactic ensures that an assumption is not introduced unless it absolutely
has to be, and no assumption is unnecessarily introduced only to be subsumed
later. All the causal heuristics of ENVISION[6]and EQUAL [3] are built out of this
-consumer. All the implied dxsjunctlons requlred by the constramt language of the

' next section are encoded usmg thxs consumer

53, A simple constraint language

This section shows how the simple constraint language used for all the
examples is built on top of the ATMS. Variables are represented by classes and
their values by nodes.- Each constraint-language -expression is translated into a
set of primitive constraints in the style of [1, 20]. Then each primitive constraint
is implemented in terms of consumers and justifications. Logical variables are
defined by classes of two values: TRUE or FALSE. Thus, x is represented by
¥ ,.-true @and Tx is represented by ¥, _pap k-
The primitive constraints are:

EQ(/, v, v,) . v, = v,iff | = TRUE.
NOT(, ). [,=TRUEIff ,,= FALSE and [,=FALSE iff ,= TRUE.
MINUS(v,, v,) . v;=—v,.
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PLUS(v,, 0,...). D0, =0.

TIMES(v, v;, 0,...). v=[] v;.

DIVIDE(v, v,, v,) . If v, # 0, then vl'=v vXv,.

E(v, vy). v, = (vz+ 1000)! . | | J

This is the generic expensive computation used in the examples.
AND(, 1,1, ...). I=TRUEiffall /= TRUE .

OR(}, 1,1, ...). |=TRUE iff at least one /;= TRUE.
ONEOF(,, 1,, I,...). | = TRUE iff exactly one /. = TRUE .
ELEMENT(, v, v,, 0,...) . |

Equivalent to ONEOF(/, I, I,. . .), EQ(/,, v, v,), EQ(L, v, v,), etc.

~Each constraint-language veq‘u_étion is converted into a set of primitive
constraints by creating the necessary intermediate variables. For example, the
expression x # y X z is translated into,
- NOT(, 1. | S
EQ(y %, v), | | = -
TIMES(UI, ¥ 2). ‘
If this expression occurs at top level then l is assngned the value TRUE
The following consumers demonstrate the ATMS capabllmes required.

PLUS(v,, v,,...). A constraint consumer is attached to the set {v, v, ...}
R;'is defined as:

e

j#i

AND(l,1,,1,,...). The 1mplementat10n of AND- follows [5 Sectlonsé 4 3and
6.4. 5] Cons1der asimple case:

a=bnac.
Expanding into clauses gives:

a—b.
a—c.

bac—a.
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As negations are interesting, the first two clauses are encoded as: -
a>b, |
Yo=Y
: a=c,
-2 Fa Ve > Y-a

The last clause is partially encoded by:
a, b>c.
| The contrapositive,

—“la—>"bv-c,
is encoded by,

choose{I'’,, I’} ,
Y-as "'Ib;‘y—lb ’
Yﬂa’ F—,u:: ‘Y—tc *

.

The consumers implementing AND are based on four observations about
this encoding. First, unless a is true in some environment, there is no point in
even creating the justifications a= b and a= c. Second, unless a or b are
false in some environment, there is no pomt in creating’ the justification
Vb = Y-a O Yoo = Verg- Thlrd unless both a and b are true, there is point in
creating the justification a, b= ¢. Finally, and most 1mportantly, the assump-
tions I'’, and I'’_ need not be created unless a is false in some environment.

Abstractly the encodmg for AND(I ll, lz, .o) produces '

: '~71-TRUE = Yi=TRUE »
Y y=FALSE = ¥ I=FALSE »

Y 4;=TRUE? ¥ ,=TRUE> + * + = ¥ I=TRUE >

choose{I’yE, U

Y I=FALSE>» F7=11:> Y 1,=FALSE »

R;' is defined by the set of class consumers:

b if Lis TRUE then 71=mUEW:> Y i{=TRUE> ,7I-'I'RUE$ leaﬁUE’ SN
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Lt [if [, is FALSE then ¥, _parse = ¥ eparsel »
I, L,,...—[ifall/,are TRUE

then Y 1,=TRUE" Y ,=TRUE> - - - > Y ETRUE] ’
I+ [if [ is FALSE .
then choose{F;E,], .. } » Y I=FALSE> FVEQ:}ylleALSE’ © ] :

y represents the conjunction itself. Note that, if every logical variable is
defaulted to TRUE and FALSE, then there is no need to introduce any
additional assumptions.

TIMES(v, v,, U5, - . .). Multiplication is similar to addition but multiplication
by zero introduces new complexities. A constraint consumer is attached to the
set {v, v, Uy, ...} R;" is defined as:

1_[. b

7]

v=[[v, and v,=
; v

Zero is treated with a set of class consumers:

v, [if v; is 0 then v, 4> ¥,=0] »

v [if vis 0
then choose{l“ysu - } I"y=v y y ). #.3 1, -
F, 77050#70150""] . | |

Y=Uy

represents the multxphcatlon 1tself If v;=0 then v is assigned zero. On the
| vother hand, if v =0, then a oneof dls]unctlon assumption set is created and
- each v, is ass1gned the value 0 under the Justlﬁcatlon of the node v = 0 and one

~ of the assumptions. (for many apphcatlons this last rule can be optlmlzed away).

It is extremely important that the disjunction. be oneof and consist of assump-
tions, not assumed data, as the strongest result of v = 0 is that one of the v; =0.
The presence of disjunctions means employing the hyperresolution rules is useful
For example, the set of constraints,

x=0,
x=yXxXz,
r=yxz,
r=1,

is inconsistent, but this will only be detected at interpretation construction time
unless the hyperresolution rule HS is enabled.
ONEOF(, I, L, . ..). The implementation of ONEOF is quite complex,
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t>[if /; and [, ,; are TRUE then y, ~TRUE 7y ~TRUE = Y i=FALSE] »

l i#E i

ll, L, ... [if all I, are FALSE then Yi=FALSE> - - - » ¥ ,=FALSE > ¥ i=FaLsE]

,One ‘class consumer computes ! from all the {l} if all but one of the [ is
FALSE, then l =TRUE, otherwxse no conclusxon

L, L, ... if exactly one l is TRUE
' then Y =FALSE? * + +» YI,_,=FALSE’ 71 =TRUE? 'Yl, .1=FALSE>»
g 71=TRUE] .

A class consumer is added to /, which only acts if / = TRUE. This consumer
creates a oneof disjunction set and assigns each /; the value TRUE under the
_ conjunction of / = TRUE and an assumption,.

I [if 1 is TRUE \ .‘
' then choose{l"y iy hYe TRUE, I‘.r._ll > ¥ j=TRUE> ]

ThlS last rule is encoded as an 1mphcat10n consumer. If all the [, have been
defaulted to TRUE this rule is unnecessary. EAELRIRS

This simple implementation is unfortunately mcomplete The fact that a
varlable fails to have a value in 'some' interpretation indicates one of three
: thmgs ‘The variable could be umnterestmg, ‘not have a consistent value, or
have 'an uncomputed value. The latter two casés indicate incompleteness.
Incompleteness can be avoided by:adding disjunctions for each variable's
value. However, if some variable has an infinite number of potential values,
symbolic, algebra must be incorporated into the constraint language [8]. Of
course, symbolic algebra still does not address the problem of negated
ONEOFs and EQs (i.e., EQ(FALSE, v, vz) and ONEOF(FALSE A 12)) for
mﬁmte valued vanables

5. 4 An assertlonal language

The ATMS is easxly 1ntegrated into an’ assertlonal language such as AMORD
[7]. Every assertion is associated with-an ATMS node -and every antecedent
~ pattern is associated with an- ATMS class. : : : :
For example, given the rile, -

human(x) |
mortal(x)
we should be able to deduce .

 human(Turing) |

mbrtql_(Turing) o
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This example is handled by defining a class for the pattern human(x) and
attaching a consumer to it which asserts mortal(x) for every x it is triggered on.
Then when human(Turing) is asserted, its node is declared an instance of the
class human(x), thereby triggering the consumer. It is the problem solver’s task
to identify what is an instance of what: the ATMS has no model of the
structure of data (much less of unification). If pattern matching is far more
expensive than ATMS operations, then the order should be reversed so the
ATMS tests are performed before the pattern match.

5.5. Consequent reasoning

Although all of the examples are drawn from antecedent reasoning tasks, the
ATMS mechanism applies to consequent reasoning task as well. So long as it is.
possible to identify the antecedents for every problem-solving step, it makes no
difference whether the problem solver is antecedent- or consequent-directed.

‘However, consequent reasoners tend to require far more control. Consequent

reasoning is usually used -to avoid.the unacceptable combmatoncs of ante-
cedent reasoning, so the desngner is specifically avoiding ﬁndmg all solutions.
The goal of the consequent reasoning is to determine whether a particular fact
follows from a particular set of assumptions. (A standard example is reasoning
with disjunctive inequalities. (e.g., x >y v x > z).) For consequent reasoning
tasks, interpretation construction. is usually mappropnate and resolution should
be used. : : '

5.6. Exclusivity of variab_le values

The class-node architecture applies even if the values are not exclusive. For
example, in [2], I use a five-value system of: x<0, x=<0, x=0,
x =0, and x> 0. In this case, assigning the value of x <0 does not contradict

‘the value x =<0. The value x <0 is better than the value x <0 and thus a

special process must. be invoked .on the two labels. If x <0-holds in a more
general environment than x <0, then that environment is removed from x <0.

The rule is analogous for x>0 and x=0. If both :x?O and x<0 are

discovered, x = 0 is assigned under their conjunction.

6. Comparison to Other Work

In this section I address the general question of what problem-solving tasks the
ATMS is best suited for and analyze the approaches of Doyle [9], McAllester
[15], McDermott [18], Martins [12, 13] and Williams [21,22].
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6.1. Appropriate problem-solving tasks for ATMS vs. TMS

Before comparing the ATMS to other approaches it is worth examining its
efficiency. Consider three classes of problems: (1) problems with many solu-
tions and all are required, (2) problems with one solution, and (3) problems
' w1th many solutions and few are required. The. ATMS. has an inherent
) advantage on the first class of problems because it avoids all depen-
‘ dency -directed backtracking and context sw1tch1ng The advantage of the
ATMS is less clear when there is only one solutnon It. all depends on how much
dependency-directed backtracking is required to find the single solution. The
more there is, the better the ATMS is apt to be. If there is none, then the
ATMS is slower due to its inherent overhead on database accesses.

However, the third class of problems does present some difficulties. For
some problems, reformulation is necessary to achieve efficiency. The basic
ATMS (i.e., not considering consumer scheduling) contributes to inefficiency
~ because all solutions will be explored when only one is necessary. Fortunately,
; the dependency-directed backtracking control regime (Section 4.2) can be used

to control the problem solving such that the overall system generates one’
_ solutlon at a time. Said differently, a Doyle or McAllester style TMS is easily
1mplemented using the consumer architecture. The single source of inefficiency

is that although it is possible to avoid problem solving (i.e., consumer execu-
tion) on uninteresting solutions, it is not possible ‘to avoid label updating for all
solutions for the justifications created thus far. If there are an exponential
number of ‘solutions and ‘only ‘'one is required, then"node labels: may become
excessively -large. Although the label- -update algorlthms are eﬂic1ent at some
point they will consume too many resources. : -
This entire issue is even more murky than it ﬁrst seems. The precedmg
analysis must be applied to intermediate problem-solving states. For example,
- in the middle of preblem solving the database state may have many solutions,
- and the final'state might-have very few. = ©2 ;

An example of the third class of problems is as follows (thls example is
adapted from one discussed in [17]). Suppose the task is to construct an n-bit
number with odd parity (i.e., a string of bits with an odd number of ‘ones). For
each bit position two variables are created. The b, indicate the. bit’s value (the
. notation is abbrevnated) and the p, are the parlty for all the b1ts up to mcludmg
. b. Each b, can be zero or one:

b =0 > b= 0
Tyer > b=
- Parlty is- defined recurswely as:
. S I

4=ma=1$g=1,
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pi=1b=0=2p=1,
’ p,'..l =,07 b,' = O $pl = O" N

P = 1’ bi“= 1‘,$ pi .=.OT
' The ATMS, which ﬁhrds‘all solutions, divscovers all 2" bit strings having odd (and
“even) parity. The labels for both values of p, have 2 env1ronments, and to get

‘that far the ATMS creates 22+ 2" environments.
However a srmple recodmg of. the problem avords thrs dlsadvantage

T b;_‘go’; b,.=0,

r F,‘,i,_,léb,.u:l ‘
*contol{Ty,up, Taol »

p,=0,
_ ‘+0'b+1‘:>Pi51
p ~—1 b= O@P,‘l
=0,b,=0=> p =0
’—1 b=1 :p,“o

: Usmg this encodmg the ATMS ﬁnds one solutlon at a time efﬁc1ently The first
‘solution is found after creatmg only 4i environments, the second and third
require one more each, the fourth two more, etc, If all solutrons are. generated
- then exactly the same number of environments. are constructed as for the
- uncontrolled formulation. :

Unfortunately the problem solver deSIgner must be aware of these problems
and ‘encode the problem to aveid them.. In a conventlonal TMS they are
avorded automatlcally :

62 mwwsnws

o Doyle s TMS mcludes two dlstmct procedures truth mamtenance and depen-

* dency:directed backtracklng Truth maintenance is -a constraint-satisfaction
procedure which computes a valid support status for every node. If the current
" context computed by truth maintenance is 1ncons1stent then another one must
be found. This may require an arbitrary amount of work. Dependency -directed
backtracking removes inconsistency from the current database state by altering
justifications, thereby reinvoking truth maintenance. In' contrast, the ATMS
performs no backtracking and simply updates the node labels to ensure that all
contexts are considered, and no others. ‘

To record contradlctlons, Doyle’s TMS mcorporates a dlstmct kind of
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justification: the conditional-proof or CP-justiﬁcation:
(CP consequent mhypotheses outhypotheses).

“A CP-justification is valid if the consequent node is in whenever (a) each
node of the inhypotheses is in and (b) each node of the outhypotheses is out.”
[9] Note that if, in the current database state, all the inhypotheses are in and all
the “outhypotheses are out, this CP-justification. is just the usual (i.e., SL)
' ]ustrﬁcatron Thus the CP-justification is simply a mechanism of recording or
summarrzmg results which were.determined in. (usually) some other database
-state. In a'sense, the ATMS which has no notion of -current state, considers all
justifications as CP, and translates each justification into all its corresponding
SL-justifications . in terms of the assumptions.fv As a consequence, the CP-
~ justification is unnecessary for the ATMS. :

“Given . a contradiction  C, under assumptlons (Wthh Doyle defines very
dlﬁerently) S = {Al, ..., A,} he constructs a nogood node ng and justifies it
‘ wrth : . . : . ,

“('CP'C.\S ().

~ This records the contradiction, even though some. A; might be retracted. The
- set of all these CP-justifications corresponds to the ATMS nogood database.
~ The-TMS:then picks some arbitrary A, as a culprit and.forces its removal
based on ‘the conjunction of ng -and the other assumptions’ Adding
this justification reinvokes truth maintenance which may find other
contradictions. This process iterates until a consistent context is found. Every
backtrack causes an addition of a nogood node and a justification for some
node of some (i.e., possibly other) ng. Compared to the ATMS, we can see
what effect these two additions have. Both TMSs record the contradiction in
--essentially  the - same - way ' for . the same- reason. .However, the additional
justifications ‘are ‘unnecessary for the..:ATMS. Doyle's '-TMS is . essentially
searching: for a-consistent: context and. must record somewhere where it has
- been so' that it: does not try it again.-The added. justifications. are . this record.
The inherent complexity-of Doyle’s scheme results primarily from ensuring the
‘exhaustivity: of :this search: This scheme is unnecessary in the ATMS because it
implicitly computes all contexts for-the current set of justifications, and leaves
the problem of-control: to the problem solver or. the interface where it should
reside. - I T 5

6.3. McAllester s reasomng 'u‘tility package (RUP)

Soon after Doyle developed his TMS McAllester [14—16] developed a simpler
- and more efficient one. Many of McAllester’s motivations were the limitations of

2 This is an oversimplification.
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Doyle’s TMS presented in [4]. Although McAllester’s system is, strictly speaking,
justification-based TMS, it represents assumptions explicitly. As a consequence
his system can momentanly operate with an inconsistent database state, it is
easier to switch states, justifications are not as dominant, and the machinery is
streamlined. In addition, he provides a framework which, if: appropriately used,
‘solves unouting in exactly the same manner as discussed in this.paper.

Although McAllester does allow for the possibility of ‘an inconsistent
database, it is not very useful because his systemcannot conveniently tell
whether two antecedents to an inference are inconsistent. In practice, it
remains necessary to require a- single consistent current state.. The basic
advantage of the ATMS over McAllester’s TMS is its ability to treat multiple,
mutually contradictory, states at once and do so more-efficiently.

McAllester incorporated his TMS into a larger problem-solving framework
RUP [16]. RUP’s notion of noticer corresponds roughly to the ATMS notion of
consumer with one difference: A noticer  once scheduled runs even if its
antecedent becomes invalid. (Interestingly, RUP- users have ‘adopted the
convention of requeuing a noticer if its antecedents are no longer valid when it
is run.) RUP’s intern-noticers correspond to the ATMS class consumer. RUP
provides a variety of different kinds of noticers that are scheduled when a node
becomes true, false, changes status; etc. A disadvantage of RUP is that the
noticers are -permitted to:.do too much. Unless the problem solver. de51gner is
extremely careful he w1ll madvertently nge up exhaustmty Gl

K’x o

'6 4, McDermott

The ATMS is sxmllar in spmt to McDermott s [18] synthe51s of contexts and
data-dependencies. Both schemes augment the: justifications; of .a datum with a

o

- propositional expression in: dlS]Ul‘lCthC -normalform. However, ‘McDermott

clung ‘to the idea of a single! current consistent’ data: pool which resulted in
unnecessary complexity, inefficiency; and inadequate functionality.

“In McDermott’s - system, each: -assertion is augmented -with a set of
- justifications and-a label: The label is a propositional expression in disjunctive
normal form:where ‘the literals correspond’:to -premisses.” A data pool is
described by a set of premisses, one of which is considered the characteristic.
An assertion is a member of a data pool if its label evaluates to true (premisses
in the data pool evaluate to frue, premisses absent from the pool evaluate to
false.) So far McDermott’s proposal and the ATMS are identical (‘asser-
tions’ = ‘data’, ‘premisses’ = ‘assumptions’, ‘data-pool’ = ‘context’).: -

The ATMS, however; doés not permit negated assumptions in labels. The
operations which require negated assumptions utilize a nogood database in-
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stead: The basic difference is illustrated in the label-update algorithms. In
McDermott’s system the labels must be updated by a general constraint-
satisfaction algorlthm In the ATMS, the labels are computed with a simple
local propagator Of course, in the ATMS every new conjunction must be
looked up in the nogood. database. However, as negated assumptions never
appkar, all propositional operations can: be expressed as set operations which
can“be implemented -extremely efficiently. using bit-vectors. Moreover,
McDermott’s stipulation outlawing odd loops is not necessary as the ATMS
autSmatically treats them as contradictions. o

The disadvantages' which follow from McDermott’s 1n51stence on a single
consistent data pool are not so much inefficiency, but unnecessary complexity
and inadequate functionality. Many of the difficulties arising from insisting on a
single current data pool were discussed earlier, as most TMSs: suffer from this
- problem to some extent or. other. However, the insistence on a current data
pool, always raises the question of how, when and where to switch data pools.
On these issues ‘McDermott provides little advice. His system. proposes an
awkward mechanism:which the problem solver can use to handle contradic-
tions. The problem solver can erase an assertion from the cutrent pool by
~ - conjoining its supporting justification with the negation of:the characteristic

“premiss of the current data pool (thereby removing the assertion fromalldata pools
which contain that premiss—rather excessive). This idea, from Doyle, is inelegant
because it involves artificially modifying a problem-solver-supplied justification-
The ATMS never modifies oradds ajustification to avoid a contradiction: It is easy
to see the motivation for the erasure mechanism. It allows the problem solver to
remove an inconsistent datum without having to change the current data pool.
(Doyle’s TMS s, in fact, more sophisticated. While McDermott’s scheme removes
the datum from all data pools which contain it, Doyle removes the datum from only
those data pools which would otherwise be inconsistent.) The difficulty is, of
- course, that neither antecedent may be erasable (i.€. 1tlsmher1tedfromaprev10us
- pool), forcing backtracking within the problem solver..

Without having specified a mechanism for: handlmg contradlctlons we can-
not determinine: whether McDermott’s ‘scheme is exhaustive. Contradiction
- handling is left to' the problem solver. The ‘notion of data pool is purely a
control mechanism for guiding the problem-solving process..One of the lessons
of TMS’ 'is’ that such control mechanisms are domain-dependent, and that, in
- particular, ‘using them to handle contradlctlons almost . mev1tably results in
inexhaustivity. SR T : =
As the ATMS has no notlon of current data pool thlS problem goes away

3To be precise the ATMS algorithm does update the labels once more if false is permitted as a
datum, but McDermott does not even consider this possibility. The necessuty for constraint
“satisfaction arises from the presence of negated premisses in labels.




220 b R J. DE KLEER

entirely. A contradiction simply ensures that the ATMS will never construct
any environment that contains it, and hence the problem solver will not do
unnecessary work. Now we see why the ATMS can'do without negation. In
McDermott’s system negation was necessary to erase an antecedent datum
" contributing to a contradiction so that the current data pool would not have to
be changed. In the ATMS, a contradiction is simply recorded, perhaps remov-
"ing the environments of some datum, but work proceeds on any datum not

contradicted.
As the ATMS handles contradlctlons, 1t is. p0551ble to talk about 1ts com-

pleteness and consistency with respect to.the overall problem-solving effort.
‘Because of this, it is also possible to handle positive clauses (i.e., choose’s) if
- need be. As a result, the ATMS is more efficient, more elegant and has more
functionality than McDermott’s scheme.

One possible inadequacy -of the ATMS is its weak notion of control.
- However, the control effect of a data pool can be approximately mimicked with

. the "consumer architecture. The correct place to-enforce control is in the
interface (i.e., the consumers) not the ATMS: itself. The current data pool is
specified by a current interpretation and only consumers which hold in that
interpretation are allowed to run. This is equivalent to McDermott’s scheme,
except in case of contradiction..In the ATMS, a contradiction automatically
destroys the current data pool, usually splitting it into two (i.e., leading to two
interpretations) and the problem solver would . have to at that mqQment
choose the next .current data pool. On the other hand, in McDermott’s system,
* aculprit must be chosen thereby 1mphc1tly choosmg one mterpretatlon over the
other

‘6 5 Multlple behef-space reasoner

H

The Multiple Belief-Space Reasoner (MBR) [12 13] 1ncorporates a collection
of features which can be viewed as an assumption-based: truth maintenance
- system. MBR is unique in that it-incorporates truth maintenance mechanisms
directly into the logic of the overall problem'solver. With each:wff MBR stores an
origin set consisting of all hypotheses actually used in the derivation of the wff, and
a restriction set consisting of sets of hypotheses, each: of which forms.an
inconsistent set when .conjoined with the origin set. The wff-corresponds to the
~ATMS datum, the origin set to a:label environment and the restriction sets to
nogoods with nonempty intersection with the origin set. The idea of restriction sets
presents an alternative implementation for nogoods because each union operation
need only check the result against the restriction sets of its antecedents, not all
- nogoods. (This implementation of nogoods turned out to be inefficient for the

ATMS.) :
MBR treats multlple derivations for the same datum as the exceptlon rather
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than the rule. A second derivation requires the insertion of a supporting node
which itself has a single origin set. This is a cumbersone data structure to
represent disjunctive antecedents. One presumes that all consequences of a
multiply-derived datum must be recorded this way as well, for there is no other
way to represent disjunctive origin sets. Even more serious, MBR’s contradic-
“tion handling mechanisms are inadequate. There is nothing corresponding to
interpretation construction, so there is no way to actually identify the exten-
sions.

MBR insists on a smgle current consistent context and neither specifies a
mechanism for changmg the current context nor a method for choosing another
one (MBR queries the human user of the overall problem solver). An MBR
belief space is an ATMS context and an MBR context is an ATMS environ-
ment which characterlzes an ATMS context.

- MBR’s method for controllmg the problem solvmg via relevance logic is
. however provocative. It would be interesting to see the gain in efﬁmency and
functionality obtained by mcorporatmg the ATMS presented in thrs paper into
MBR.

%
"

66 Automated reasoning tool (ART) ‘

ART’s [21,22] viewpoint mechanism has many similarities with the ATMS
proposed here. The datum’s label in the ATMS corresponds to the extent in
ART. The extent consists of a conjunctlon of positive and negatwely occurring
assumptions which specifies . the hypothetical worlds within Wthh the datum
holds. This has the advantage of McDermott S scheme in that it allows negated
. assumptions (and . hence necessarlly requ1res dependency -directed backtrack-
ing), but does not allow dls]unctlons of extents as both ATMS and McDer-
mott’s system do. Thus multrple Justlﬁcatlons can cause problems for ART.Ifa
J second Justlﬁcatlon is found for a datum, and this_second ]ust1ﬁcatlon holds in

~an environment which is not the same as, a subset of or a superset of the
environment supplied by the. ﬁrst Justlﬁcatlon ‘then a new node with the same
.- datum must be created to accommodate the new environment and justification.
- In ART’s termlnology ‘extent” = ‘label’, ‘Constraint’ =a_justification. whose
consequent is v, , ‘poison’ = contrad1ct1on’ ‘believe’ = contradict all competing
~ extensions. Unfortunately, ART is a piece of proprietary software developed by

Inference Corporation and no detailed papers describing its 1nternal architecture
are available. : ,

6.7. Theories of reasoned assumptions

In [10] Doyle presents a general conceptual framework which encompasses
most kinds of reason maintenance systems. In particular, the ATMS notions of
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assumption and extension correspond to. Doyle’s use of assumption and ad-
“missible extension.

6.8. Counterfactuals

Ginsberg [11] presents a theoretical framework (utlllzmg Davrd Lewis’s possible-
world semantics) very related to the ATMS. The ATMS, TMS, or defauls logic all
mcorporate some notion of defeasible: “Unless there is evidence to the contrary,
believe x.” The analog to the defeasible in the multlple -world view is the
counterfactual. In the counterfactual, “if p, then q,’ pis expected to be false.
Counterfactuals (for which ¢ is not already known to be true) are evaluated by
considering minimal mutilations of the current world in which p is true. The

-counterfactual is true if g holds in such a p0551ble world. The most similar world
corresponds to an extension. The. counterfactual “if p, then ¢" can usually be
viewed as, “default —1p, and p—>Tq.) ' The extensions of the ATMS or
default loglc represented by maximally consistent sets of true defaults correspond
“to Ginsberg’s most similar worlds represented by minimal sets of false defaults

7. Future Researchv

. 7.1. Parallelism

A problem solver designed on the principles presented in this paper-can,
without change, take advantage of a parallel architecture. As there is no
backtrackmg, global retraction is unnecessary. A consumer is nothing more
than a process which can be scheduled at any time. The consumers are both
order- msensmve and insensitive to the statuses of the nodes, therefore there is
no necessrty to arbitrate consumer execution or for that matter only execute nodes
~with nonempty labels If there are too few consumers to execute, processors can
* start executing consumers of nonfalse nodes w1th empty labelsin‘the hope that the
‘nodes will eventually holdinsome env1ronment All these advantages fall outofthe
basrc design and problem solvmg protocol
- Even without the consumer archltecture the ATMS pomts a way of taking
,advantage of parallehsm Each processor can be assigned a single consistent
v1ewpomt of the global database The ATMS archltecture guarantees maxi-
mum information sharmg
~ Of course, all is not that rosy. The ATMS must still access a global database
and some of the internal ATMS functions are inherently nonlocal (i.e., con-
tradiction detection and environment creation) and these procedures must be
reorganized so that processors are never locked out of accessing the database.

' f‘f'7 2. Control issues

For some tasks, particularly those havmg Iarge numbers of solutrons where few

»
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are required, the control mechanisms provided by the ATMS are inadequate.
More research is required to determine how to identify and control these tasks.
More generally, although we know some of the kinds of tasks the ATMS is better
suited for, and some of the kinds of tasks conventional TMSs are better for, the
region in between these two extremes needs to be better understood.

7 3 Time and action

The ATMS views problem solving as purely mferentlal unless a new deduction
provokes a contradiction, the entire context is inherited. However, problem
solvers act, changing.the world, and this cannot be modeled in a pure ATMS in
which there is no way to prevent the inheritance of a fact into'a daughter
context.
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