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1 Introduction
Consolidation is inferring the behavioral description o f
a device by composing the behavioral descriptions o f
its components . The intent is to infer the behaviora l
laws of the device without assuming a scenario (i .e . ,
initial state and external interactions) . Consolidation
differs from qualitative simulation (Bobrow, 1985) i n
that qualitative simulation assumes such a scenario
(Bylander, 1988a) . Consolidation differs from envi-
sioning, i .e ., the generation of all possible qualitative
states and state transitions of a device, because th e
result of consolidation is an intensional description .

In previous work, we proposed a conceptual repre-
sentation and reasoning process for performing consol -
idation (Bylander and Chandrasekaran, 1985) . This
proposal is primarily based on predicating path s
within the components with their conceptual be-
havior (e .g., allow, pump, move) and inferring th e
conceptual behavior of path combinations . Other
work has showed how qualitative differential equations
(QDEs) can be composed (Dormoy and Raiman, 1988 ;
Williams, 1988) . However, little work has been done
to show how the conceptual level can be related to th e
QDE level .

The main motivation for our work is computationa l
complexity. Because solving QDEs is in general com-
putationally intractable (Davis, 1987), any theory tha t
relies on QDEs without imposing sufficient restriction s
on them does not explain how qualitative physics prob-
lems can be tractably solved .' As a consequence, th e
practicality of such theories on specific problems can -
not be determined in advance of implementation . Our
hope is that a conceptual analysis can provide suffi-
cient restrictions on QDEs .

So far our results are : (1) a general schema for pipe s
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'It is worthwhile noting that exceptions to this generaliza-
tion such as Weld's comparative analysis (Weld, 1988) usuall y
require the results of a qualitative simulation or envisionment .

that can be instantiated with any number of ports an d
that fully supports the intuition that two pipes con-
nected together behave like a single pipe, and (2) th e
conditions under which the behavioral description of a
component also describes the consolidation of the com -
ponent with one connection to a pipe . It is tractable
to perform consolidation of a configuration of pipes i n
the first case and a pipe connected to a component i n
the second case . This partially confirms the "allow "
conceptual behavior and the inferences using "allow "
in our previous paper (Bylander and Chandrasekaran ,
1985) . These results are briefly described below . See
Bylander (1988b) for more details .

To describe these results, we adopt the notation
of Q1, the qualitative algebra proposed by Williams
(1988), with the following variations in notation . We
add

	

to denote "qualitative equality ." That is, fo r
all s l , s 2 E {[—], [0], [+], [?]}, s 1

	

s 2 iff si = s2 o r
s l = [?] or s 2 = [?] . Instead of d/dt(x), we use 8x.

2 Pipes
Figure 1 is the schema for pipes with n ports, n > 1 .
Q; represents the rate of flow into the pipe through
port ; ; Q; is negative if the substance is flowing ou t
through port ; . P; represents the "pressure" of the sub -
stance at port ; . Semantics of connection are as follows .
Each port can be connected to at most one other port .
Both ports of a connection must be for the same typ e
of substance . If port ; of one component is connecte d
to ports of another component, then Q ; = —Q j and
Pi = Pj .

The first constraint in Figure 1 states that the su m
of the rates is zero . In essence, it says that substance i s
conserved . The second constraint, which follows from
the first, applies to the first derivatives of the rates .
The third line specifies a group of n constraints, relat-
ing each Q ; to the pressures . It says that the directio n
of flow for any port ; (the sign of Q i), corresponds to
the "sum" of pressure differences (the sign summatio n
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ports:
quantities :

constraints :

port ' , . . . , port n
Q1i PI , . . . , Qn , Pn
Ei_I Qi = 0EL I
EL I OQi = 0
[Qi] Ps', ®K_1[Pi—P] ,
[OQi] N ®7_1[aPi — aP,],

1<i< n
1<i<n

Figure 1 : General Pipe Schem a

of Pi minus other pressures) . The fourth line specifies
similar constraints for the first derivatives .

At first glance, the schema appears to be highly am-
biguous . For example, in the case of 4 ports, the con-
straint for Q l would be (after a simplification) :

[QI][PI —P2] ® [P1 —P3][Pi —P4 ]

From this QDE, the sign of Q I can be inferred onl y
if PI is the maximum or the minimum of the 4 pres-
sures . Applying qualitative simulation to constraint s
like these would result in a combinatorial numbe r
of possible state sequences . Nevertheless, we hav e
demonstrated the following:

Theorem 1 If two components can be de-
scribed by the general-pipe schema and they
are connected, then the general-pipe schem a
describes their consolidation .

That is, if a pipe with m ports has k connections to a
pipe with n ports (k < in and k < n), their consolida-
tion can be described as a pipe with m + n — 2k ports .
Consequently, the consolidation of any configuratio n
of pipes can be done very efficiently .

Also, we would expect that the consolidation of a
component with a single connection to a pipe woul d
be about the same as the original component and thus ,
also very efficient . We have determined a sufficient an d
necessary condition under which this inference can b e
performed .

Consider a two-ended pipe a connected to a com-
ponent O. For convenience, assume port2 is connected

to por t /13. . From the behavioral description of the pipe ,

it is clear that Q? = QA and aQ? = DQA, so Q? and

aQ? can be substituted for V. and 8Qa respectively
in /3's behavioral description . However, Pi and aP
will be different from PQ and 04, e.g ., QA > 0 implies

Pi > P . Hence, if P1 and OPl are to be substitute d

for PA and OPQ, then /3's behavioral description must
be insensitive to the differences between these quanti -

ties implied by the pipe's behavioral description . This
leads to the following :

Theorem 2 Let port ; of a two-ended pipe
a be connected to ports of a component O .
Let Q be the set of 0's quantities (includin g
any derivatives mentioned in /3's behaviora l
description) . Let V. Q -+R denote an assign- J
ment of values to /3's quantities . Consider
the behavioral description derived by substi-
tuting the quantities of a's other port for th e
quantities of port . Then this behavioral de-
scription describes the consolidation of a an d
0 if and only if the following condition (the
"pipe axiom") holds :

V V, V' ((V satisfies /3's behavioral descriptio n

A Vq E Q\{P'0, OPQ} (V' ( q ) = V(q ) )
A [V (Qp)] ^ [V' (PR) — V(PR ) ]
A [V(OQa)] [V'(aPf) — V(aPf )] )

V' satisfies ,Q's behavioral description )

Thus, if the pipe axiom is true for each of a compo-
nent ' s ports, then the component can be consolidate d
with two-ended pipes without, in essence, any change s
in its behavioral description .

What happens if the pipe has more than two ports ?
If the pipe axiom holds for the connected port of th e
component, then the following rules can be employe d
to derive a description of the consolidation (for con-
venience, we assume port? of the pipe is connected to

port and a has n ports) : 2

1. If [Q']

	

e, where e is any qualitative expression ,
then the following set of constraints are implied :

[Q°] e®j%2[Pf'-Pp], 2<i< n

where e is derived by substituting PA with Pic' .

2. Substitute QQ with E j%2 Q~

3. Substitute any expression [e] that contains PA
with e _ 2 [e'j ], where e'j is derived by substituting

PA with P .

4. The above rules also apply to the first derivatives .

Thus, Theorem 2 can be generalized to encompass th e
general-pipe schema without changing the pipe axiom ,
even though the pipe axiom is derived from the two -
ended case .

2 These rules are not "complete"—they do not handle all pos-
sibilities, e .g ., substitution of Pf cannot be performed unless i t
is contained in a sign coercion expression .

(IF
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3 Remarks

Our approach of using schemas and schema composi-
tion rules to simplify and analyze devices is similar t o
the "slices" of Sussman & Steele (1980) and the "teleo-
logical rules" of de Kleer (1984) . One major differenc e
in our analysis is the generality of the schemas an d
rules; both Sussman's and de Kleer's rules only appl y
to electrical circuits . Another is that our schemas an d
rules are firmly grounded in qualitative algebra .

We have shown that the behavior of pipes can
be qualitatively described so that consolidation o f
pipes and of components with pipes can be performe d
tractably. Whether our approach can be extende d
to additional types of components (e .g., containers ,
pumps, transformers) is the subject of further investi-
gation .

References

Bobrow, D . G ., editor (1985) . Qualitative Reasoning
about Physical Systems . MIT Press, Cambridge ,
MA . The contents of this book also appeared i n
Artificial Intelligence 24, 1984:

Bylander, T . (1988a) . A critique of qualitative simula-
tion from a consolidation viewpoint . IEEE Trans.
Systems, Man, and Cybernetics, 18(2) :252-263 .

Bylander, T . (1988b) . Generalized pipes . Technical
report, Lab. for AI Research, CIS Dept ., Ohio
State Univ ., Columbus, OH .

Bylander, T . and Chandrasekaran, B . (1985) . Under-
standing behavior using consolidation . In Proc .
Ninth Int. Joint Conj. on Artificial Intelligence ,
pages 450-454, Los Angeles .

Davis, E . (1987) . Constraint propagation with interva l
labels . Artificial Intelligence, 32(3) :281-331 .

de Kleer, J . (1984) . How circuits work . Artificial In-
telligence, 24:205-280 .

Dormoy, J . and Raiman, O . (1988) . Assembling a de -
vice . In Proc. Seventh National Conj. on Artificia l
Intelligence, pages 330-335, St . Paul, MN .

Sussman, G . J . and Steele, G . L. (1980) .
CONSTRAINTS—A language for expressin g
almost-hierarchical descriptions . Artificial Intel-
ligence, 14(1) :1-39 .

Weld, D. S . (1988) . Comparative analysis . Artificia l
Intelligence, 36(3) :333-373 .

Williams, B . C. (1988) . MINIMA: A symbolic ap-
proach to qualitative algebraic reasoning . In Proc .
Seventh National Conj. on Artificial Intelligence ,
pages 264-269, St . Paul, MN .

3


	page 1
	page 2
	page 3

