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ABSTRACT

Temporal ambiguity is an intrinsic problem of qualitative
reasoning in predicting complex systems, because many quantized
variables in a system may change simultaneously and qualiratve
reasoning therefore cannot determine the correct temporal order of
transitions in the system. Conventional methods for temporal
disambiguation require total model representation, which provides
global system informartion, but constrains the reasoning, A method
is introduced which uses a total model, but reasoning 1s done with
local information, represented by variables and local relations
among variables. This new reasoning method reduces the temporal
ambiguity using local information without global information,
where the variables are given hierarchical structure according to a
time-scale of transitions. Variables within each hierarchy are
treated separately, so faster and slower (ransitions are predicted
independently. Predicting the faster transitions is given priority.
After each slower transition prediction, predication is shifted back
to the faster transitions. Therefore, the prediction 1s more accurate
than with conventional methods. As a result, this method can deal
with cyclic, behavior in addition to monotonic behavior.

1. Introduction

Qualitative reasoning is a prime method for simulating behavior
of physical systems with incomplete knowledge. Various kinds of



qualitative reasoning methods and their applications have been
studied in several engineering fields [Nishida 88a, Nishida 88b].

As qualitative reasoning predicts behavior by wusing only
hehavior characteristics based on qualitative values, which are
represented by plus, minus. or zero, the complexaty of qualitative
reasoning computation 15 lower than that of numerical simulation.
But, because of the qualitative values, qualitative simulation has
more prediction ambiguity.

Temporal ambiguity is an intrinsic problem in predicting
complex physical systems. A complex system may have many
variables, but each wvariable changes independently. Since
qualitative values are used, qualitative reasoning cannot derive the
correct temporal order of transitions in the system. Therefore, it
cannot determine the next state of the faster transitions. This
ambiguity results in multiple transition state possibilinies. Figure I
shows an example of temporal ambiguity in the case of two
variables.
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Figure 1. Temporal ambiguity in the case of two variables
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Conventional researches have tried to reduce this temporal
ambiguity. Kuipers used hierarchical structure to reduce the
temporal ambiguity between the water and the sodium  balance
mechanisms in medical pihvsiology [Kuipers 84]: hierarchy 1s useful
in reducing ambiguity and the complexity of computarion, because
it reduces the numbers of next state possibilinies. Tanaka also used
hierarchy to reduce temporal ambiguity [Tanaka 88].

However, Kuipers’ method uses a total system model, which
contains global relations and constraints. This method defines
systern mechanisms in a hierarchical structure. A mechanism is
described by qualitative eguations based on global constraints.
Global constraints influence the method of reasoning. In
comparison, other methods predict behavior by constructing a
global model based on local informaton, which is represented by
variables and loca!l relations among variables. QPT [Forbus 34] and
Qupras [Ohki 86, Ohki 88] are inciuded in this latter method. Our
gualitative reasoning sysiem extends Qupras.

We will first present a new method for qualitative reasoning
using local information. This reasoning method cannot use a
hierarchical structure due to global informartion as well as Kuipers'
method, because the reasoning is based on local information. If
global information representing the total model is used, the
hierarchy is structured based on the functions which describe the
dynamics among the model variables. But, If reasoming uses only a
local model, these functions cannot be used. Therefore, a hierarchy
is structured based on variables.

Next we will address cyclic behavior using a hierarchy based on
the tirr}e—scale of transitions which are influenced by variables. In
other words, a hierarchy of variables that uses only local
constraints is used. Without the influence of global constraints, our
method can predict system behavior. And faster and slower
transitions are also treated separately based on the hierarchy. In
communicating information across hierarchies, local relations are
propagated. As a result, our method can deal with cyclic, as well as
equilibrium, behaviors, whereas Kuipers' method deals only with
equilibrium behavior and Tanaka's method cannot deal with cyclic
behavior.



2. Description of Qupras

Qupras 15 a qualitative reasoning system, which uses the physical
lows found in physics and engineering [Chki 36, Ohki 83]. The
characteristics of Qupras wre as follows:

(1) Qupras uses three prinutive representations to describe an
object system: physical rules (laws of physics), objects, and
events.,

(2) Qupras uses reasoning to determine the dynamic behaviors
of a system without being given a total representation of the
object system. It builds a complete expression for the object
system wusing 1ts knowledge of physical rules, objects and
events.

(3) Qupras uses eguations which describe the basic laws of
physics qualitatively and quantitatively.

(4) Qupras does not require guantity spaces in advance. It
locates gquantity spaces itself during the reasoning process.
(5) Object expressions can inherit the definitions of their super
objects. Due 1o this fearure, physical rules can be defined

generally by using the super definitions.

Qupras is similar to QPT [Forbus 84] in that each of them
constructs a model representing an object system. Modeling 1is
based on local information which is described by local relations. A
key difference between Qupras and QPT is that Qupras uses only
equaliﬂps without influences. Qupras aims to represent the physical
laws found in physics and engineering. These physical laws are
described not by using intluences, but by using only equatons.
Another key difference 15 that Qupras can deal with not only
qualitative, but also gquantitative values for representations. When
quantitative values are derived, they are used in reasoning which
results in less ambiguity than when only gualitative values are
used.

Qupras qualitative reasoning consists of two types of reasonings:
propagation reasoning and prediction reasoning. Propagation
reasoning determines the state of the physical system at a given



moment (or during a given ume nterval). Qupras constructs 2
model of an object sysiem  using simultaneous differential
equations. The model applies the laws of physics, objects and
events to a given state. These are considered local mformation.
Propagaring these constrainis determines the state of system.
Prediction reasoning analyzes the landmarks which the varables in
the physical system may reach at the next instant. After this
prediction, propagation reasoring delermines the next states of the
complete physical system by using the results of the predicuon

reasoning.

3. Hierarchy of variables based on time of transition

There are many transitions in a complex system. Some
transitions are faster, some are slower, and others are much slower.
For example. consider the case of flashlight. 1f the switch 15 turned
on, the light buib is quickly turned on but the battery discharges
more slowly. In this case, turning on the light bulb is a fast
transition, whereas the battery discharge is a slow transition.

Changing some variables can change particular transinons from
one state to other state in a system. In the case of the flashlight, a
light bulb turns on due to a quick increase of the electric current,
and the battery discharges due to the continuous slow voltage-use.

An effective modeling method is to break a complex system into
several manageable transitions based on variables. If cach change
variable is separable, we can reduce the ambiguity in separating
faster ramrj slower (ransitions. In brief, the faster transitions are
first predicted until they reach the same state which has already
reached. Then the slower transitions are predicted. This procedures
is repeated recursively.

Therefore, in order to reduce temporal ambiguity in qualitative
reasoning, we separate the system variables in a hierarchical
structure, based on the tnime-scales of transition to the next state,
When the faster and slower variables do not interact, developing
this hierarchy is simple. The faster ones go into a faster hierarchy
and the slower ones into a slower hierarchy. When the faster and



slower variables do interact, the hierarchy s still similar. For
example, when the interactions are assumed 1o be as follows:

TE s ), vE ALY DS i)

where 1 is the fastest variabie, y is slower than x, and : is the
slowest, and x depends on variable ¢, y depends on variables x and ¢,
and z depends on variables y and u. The fastest transition is f1, f2 is
the second fastest, and fi is the slowest.

The fastest hierarchy includes x and s, the second fasiest includes
y and ¢, and the slowest includes : and u.

4. Hierarchical Control of Qualitative Reasoning

4.1 Analysis of transitions within each hierarchy

Our method decomposes a complex system into several
hierarchical structures using transitions separated by time-scales.
We therefore need to determine on which transition discipline to
focus, and hew variables should change. The fundamental
disciplines are as follows:

(1) The faster transitions have priority for change over slower
ones, when both of them are progressing and the present
state differs from all states which the system has already
reached. The faster transition variables change the next
values (landmarks), while the slower variables are regarded
as progressing siowly, and do not change to the next values.

(2) The slower transitions have higher priority for change over
faster ones, when both are progressing, but the present state
is the same as one which the system has already reached.
After the slower variables change to the next values, the
analysis shifts back to the fastest transitions of all. In short,
After each slower variable change, the focus of attention is
shifted back to the fastest transitions.

4.2 Communication of Information across Hierarchies



We npeed to communicate the information derived within each
hierarchy when the locus of attention shifie from one hierarchy to
another. The information must flow in two directions: one is from
faster to siower., and from slower to faster. Both information flows
are handied as follows,

If a present stare is the same as the already predicted state due
to the change-fasier wvuriables, this state will reach an equilibrium
state or be one siate during cyclic transition. The slower variables
are then changed to their next landmarks. At this point, the slower
variables have priority in determining the state of the whole
system. The slower variables are first propagated and they
determine a portion of the state. Then the final values of the faster
variables in the previous state are propagated. If there are
constrains between the faster and slower wvariables, they are also
propagated. If the final values of the faster variables are consistent
with the partially determined state, they are adopted. Otherwise
they are not adopted. Not all focus shifts are smooth transitions.
With discontineous transitions, the final wvalues of the faster
variables are not always the same as the initial values of the faster
variables in the slower variable transitions.

When a present state 1s the same as the already predicted state
due to change-slower variables, the focus of attentnion shufts back to
the fastest variables of all. The initial values of the next transition
are the final values of the slower transition, because the slower
variables and constraints have heen propagated. Since the focus of
attention shifts back to the fastest transition variables after each
change of the slower variables, our methoed can handle cyclic
bahaviqr. When faster transition is cyclic, if attention continues to
be focused on the slower variables, cyclic behavior during one step
of the slower rransition cannot be predicted and is ignored. Since
the faster transitions have priority, various types of motion can be
predicted.

QOur method, of course, can handle a system that includes
equilibrium or monotonic transitions. If the faster variables reach
an equilibrium state, the focus of attention shifts to the slower
variables. After the slower transitions are analyzed, focus shifts
back to the faster ones and an analysis of the faster variables is
made. But if the fasier transitions have reached an equilibrium and



have not changed, rocus shifts back to the slower ones again,

without c¢hanging the rfuster varables. This procedure repeats

recursivelv.

4.3 Alsonithm
The algonthm for our process 1s as follows,

(1) Pick up the changing wvariables from each level of the
hierarchy.

(2) Change the wvalues of all changing variables to their
landmarks and shift the system to the next state, if their
condition of change is instant state, which changes to another
state immediately.

(3) Change the fastest changing variables to their landmarks and
shift the system to the next state, if their condition of change
1s an interval sgate, which continues for a moment.

(4) Repeat steps (1) to (3} unul the present system state is the
same as the already predicted state.

(5-1) If there are no second fastest changing variables, regard
the behavior of the system as repeating the motion of the
past predicted states. Therefore, stop the prediction.

(5-2) Otherwise, change the second fastest changing variables to
their landmarks and shift the system to the next state.

From (5-2)

(6) Shift the focus of attention back to the fastest transition.

(7) Repeat steps (1) to (6) until the present sysiem state is the
same as the already predicted state again.

(8-1) If there are no third fastest changing variables, regard the
behavior of the system as repeating the motion of the past
predicted states. Therefore, stop the prediction.

(8-2) Otherwise, change the third Ffastest changing variables to
their landmarks and shift the systern to the next state.

From (8-2)

(9) Repeat the above steps and change all variables within all
hierarchies.

(10) If the next state 1s the same as the already predicted stare
after changing variables within all hierarchies, or there are
no changing variables, stop the prediction.



3. Example

In order to illustrate our method, let us consider the gasoline
engine shown in Figure 2. In this case, we simplify the problem, by
considering only the back and forth motion of the piston and the
consumption of gasoline. The piston motion is a quick and cyclic
transition, but the consumption of gasoline is a slow transition. If
we (ry to predict this probiem without separation of transitions,
multiple answers are possible due to the influence of temporal
ambiguity of qualitative reasoning. Because the nonseparation
method cannot distinguish the difference in speed between the
piston motion and the consumption of gasoline, the following three
answers are possible:

(1) The gasoline may run out after the piston repeats it cyclic

motion,

{2) The gasoline may run out before the piston completes one

motion cycle.

(3) The gasoline may run out before the piston starts its motion.
Normally we do not consider (2) and (3).

4 amount of
gasoline 5 ' —p

] position of upper edge
datum line

Figure 2. Piston and gasoline



The faster wansiton is the movement of the piston and the
slower transitton 15 the ceonsumpuon of gascline. Therefore the
faster variables are the velocity and the acceleration of the piston
and the slower variable 15 the amount of gasoline-used.

In order to simplity this problem, we regard piston movement as
a simple harmonic mouon. This harmonic motion and the
consumption of gascline are represented by the following:

I=-kda (1)
Frad (2)
T (3)
<o (4)

where x is the displacement of the upper edge of the piston, v is the
velocity, a 1s the acceleration, G is the amount of the gasoline, r is
time, and k is 2 constant value. The initial values of these variables
are defined as:

x=10,v=0, G=0, k=-10 (5)

Tables 1 and 2 summarize an example of monitoring the gasoline
engine in a series of reasoning steps. For each state, the table shows
the qualitative or guantitative values of the piston, which are the
displacement, the velocity and the acceleration of the piston. A bar
indicates that the value is unknown due to predicting using
qualitative values, The direction of the arrows shows the
differential sign of the variables. An upward arrow represents a
plus differential sign, which means the variable is increasing. A
downward arrow represents a minus differential sign, which means
the variable is decreasing. There are two types of states: instant
state and interval state. An instant state changes to another state
immediately: an interval state continues for a moment.



Table 1. Result of reasoning (normal case) Table 2. Result of reasoning (special case)
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3 PRI T imerea al o+ . - T+ . nterval
] o1 — o instant 1 ¢ - O 1+ + | nsant
E . L - T + 1 interval 3 ) i + 1 + + | Ingerval
B — Ut — instant A — o - + 4 | insam
7] . ¢ + 1 + 4 ncrvak T -1 + 1 + 4 | =& ] interval
g 1 _ T a1 instant al ot — I =} | instam
ol =4 4 1 iesterval gl + 4| o+ 1 b oL =4 interval
10 — . — instant | 1 'J — | D+ = + b nskant
e ] [ 1 interval 1 + 4 . 3 ]+ 4 interval
12 0 4] Y S0P [ « L0 1 b .t U | shift the focus
La] b4l = T ¥ Ll
-, 0, + : value of vanable 14l - 44 .t F o+t 0 | imterval
t, 4 :direction _::-fc.‘.hﬂng-: ingreasing, 1sl— | ot | — T nstant
decreasing ) 16 - t1 <t | «14 0 interval
— acrual value 15 l:lnkni:ru-_'n _ T o — 01 5 FE——
value in parentheses : differential value of — :
variable L3 + =1 | . 0 interval
State 11 is same as state 3. So the focus e ue 1 — 0 st
of amention shifts w decrease of 20y ++[ 4 | -1] D interval
gasoline. 2y = — — | - no landmark
At state 12, the amount of gasoline is
zero and the piston motion stops. Stare 11 is same as state 3. So the focus of

attention shifis to decrease of gasoline.
After state 12, the amount of gasoline is zero.
Al state 20 is the same as state 12, and the state

cannot change.
Al state 21, there are no landmarks to change.

Table 1 s explained as follows. Ar state 1 and 2, the
displacement of the piston begins to move ai its maximum point,
velocity begins at zero, and the gasoline begins decreasing slowly.
From state 3 to state 10, the piston repeats instant and interval
states, while the consumption of gasoline continues in a decrcasing
interval state. At state 11, the piston motion reaches the same state
as at state 3. After state 11, the state of the piston repeats from
state 3 to state 10 and the consumption of gasoline continues in a
decreasing interval state. Therefore, the behavior of the piston does
not need to be predicted any longer. At state 12, the focus of
attention shifts to the consumption of gasoline, where gasoline runs

11



out. The focus of attennion then shifts back to the behavior of the
piston, and piston stops due to the luck of gasoline.

Table 2 differs from Table | 1n the initial conditions. in order to
clearlv demonstrate the merits of our method. [t assumes that the
piston continues in simple harmonic motion even after the gasoline
has been consumed. From state 1 o state 11, Table 2 is idenrical
with Table 1. Afwer state 11, the behavior of the piston 1s
interpreted as a repeating cyclic motion, until the amount of the
gasoline decreases to zero. At state 12, the focus of attention shifts
to the consumption of gasoline, where gasoline runs out. After state
13, the focus of attention shifts back to the behavior of the piston,
which 15 continuously analyzed. From state 13 to state 20, the
behavior of the piston is identical with that from state 3 to state 11.
At state 20, the motion of pisten 15 the same as at states 3 and 11.
At State 21, the anention shifts 1o the consumption of gascline, but
oasoline has already run out. From states 13 to 20; no variables
change, in short, there are no landmarks. So the prediction is
confirmed.

6. Discussion

It is hard for reasoming to consistent with low complexity of
computation and high accuracy of simulation. Generally speaking,
qualitative reasoning requires low complexity of computation but
cannot derive fully accurate behavior of systems, whereas
numerical simulation derives accurate behavior at the cost of high
complexity of computation. Kuipers and Tanaka changed the
situation by introducing the concept of hierarchical structures.
Their methods improved the accuracy of qualitative reasoning
without considerable increase of computation. Their methods
handle equilibrium transitions in medical physiology, however,
they cannot handle cyclic transitions. Since the attention continues
to focused on the slower variables after the faster transitions
reaches at the equilibrium state, their methods cannot distinguish
cyclic from equilibrium behavior. Our method is better in the sense
that it c¢an handle the cyclic behavior. But the increase of
computation is inevitable. Our method shifts the attention back to



the fastest rransions of all after each slower transitions change,
Thus the detail analvsis of the behavior increases the complexity of
computation. 1f our method 13 apphied for the predicuon of the
gquilibrium transitions which  Kuipers can deal with, higher
complexity of computation 15 required compared to Kuipers
method.

Our method separates the varnables into hierarchical structures,
whereas Kuipers separate the qualitative gquations into
hierarchical structures. This difference comes from the fact that a
total system model is not given in our methed. In other words, our
method is able to predict behavior by constructing the total model
by itself from the given local information, namely variables or local
relations. Global information such as used in Kuipers' method is not
available in our method

Our method can reduce the temporal ambiguity to some exient,
but not completely. It cannot handle more complex systems such as
the transitions change simultaneously and the time-scales are not
clearly separated to hierarchical structures. Qualitanve value alone
is not sufficient for obtaining the accuracy in reasoning perfectly.
In order to get more accuracy, qualitative reasoning needs to
integrate quantitative values, depending on the situation. From this
point of view, Forbus combine numerical simulation with
gualitative reasonming [Forbus 90]. And our reasoning method is
based on Qupras, which deals with quantitative values when they
are available. We plan to extend this approach by introducing
further quantitative treatment. For example, integration calculation
can be effectively used for reducing the temporal ambiguity in
1:,ir|::1uitr behavior which includes capacitors or inductors. The
framework of our method has flexibility to integrate quantitative
reasoning and qualitative reasoning when 1t is necessary.

7. Conclusion

We have discussed our method for reducing temporal ambiguity
in qualitative reasoning. The characteristics of our method are as

follows.



(1Y A model is constructed to represent an object system.
Reasonming s based on local information, thus it is not
influenced by global constraints.

{2) To break the svstem into manageable transitions, the
variables are separated into hierarchical structures, based on
the time-scale of their transitions. This hierarchy of variables
uses local constramnts.

(3} After each slower (ransition analysis, the focus of attention
shifts back to the fastest transitions of all.

As a result of these characterisucs, our method can predict the
behavior of various sysiems without using giobal constraints. It can
handle not only monotonic behavior which has alrecady been
accomplished, bur also cyclic behavior.

Future work will include expansion of our method to integrate
qualitative reasoning and quantitative reasoning depending on the
situation, in order to derive flexibility of reasoning and apply to
complex systerns in the real world.
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