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Abstract

Expert systems using cxperimental knowledge are widely used, bul they cannot
solve unexpected problems and it is difficult to acquire experimental knowledge
from human experts. One approach to solving the problem is to use qualitative
reasoning that uses deep knowledge. Qualilalive reasoning can estimate the
value of gquantities that change continuously during dynamic behaviors, but the
cost of executling qualitative reasoning for large scale systems becomes huge.

One approach to solving this problem is to use qualitative reasoning for the only
parts that gualitalive reasoning is necessary. In this paper, we try to use
gualitative reasoning for the parts that deal with analog treatments and to use
event reasoning for the parts that deal with digital treatments. Event reasoning
iz usually faster than qualitative reasoning because it does not evaluate
continuous changes of quantities. In qualitative reasoning, on the other hand,
even discontinuous changes are dealt with as continuous changes. Here we apply
thiz approach to circuits consisting of a DTL circuit and two d-flipflops. The two d-
flipflops are regarded as digital circuits and, as such, their internal structures
are ignored. The DTL circuit is dealt with as an analog circuit consisting of a
transistor and some resistors and diodes.
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1. Introduction

Expert systems are widely used, but because most of them use only
experimental knowledge ), they cannot solve unexpected problems. They lack the
fundamental knowledge needed to analyze problems. In addition, it is difficult to
acquire consistent and comprehensive cxperimental knowledge from human
experts, because this kind of knowledge tends not to be systemalic.

The use of deep knowledge is one approach overcoming these shortcomings,
and qualitative reasoning is one of the reasoning mechanisms that use deep
knowledge 1), 8~8), 14}, 170 This kind of reasoning allows quantities to be dealt with
qualitatively and determines dynamic behaviors, which are the states and state
changes of a dynamic system, by using deep knowledge about the system. The use
of qualitative rcasoning helps expert systems "understand” the principle behind
the problem. But, in qualitative reasoning, the costs of calculating all the physical
quantities in analyzing the behaviors of large scale systems - such as very large
electronic circuits - would be huge.

One way to solve this problem is to use simpler or rougher model so that fewer
physical quantities need be calculated. Another way is to use qualitative
reasoning {or the only parts that qualitative reasoning is neecessary, and to use
other kind of reasoning, which is faster than qualitative reasoning, for the rest
partz. In the electronic circuits including digital behaviors, for example, both
analog and digital treatments may become necessary, Where the voltages and
currents of the components are dealt with, analog treatment of the physiecal
gquantities should be uzed. And where the digital level of signals in the
components are dealt with and these levels change discontinuously, digital
treatments should be used instead. There are several methods available for the
digital treatment, the method like STRIPS and temporal logic, and digital
treatment based on symbolic calculation is generally faster than analog treatment
based on gqualitative reasoning. This is because gualitative reasoning treats
dizcontinuous changes as continuous changes.

In this paper, we show a way of using both analog and digital treatments. We
use Desq (Design gupport system based on gualitative reasoning) 12): 15) based on
an earlier qualitative reasoning system Qupras (Qualitative physical reasoning
system) ¥~11) In Desg, the qualitative reasoning performs the analog treatment,
and an event reasoning performs the digital treatment. The main difference
between the two treatments is that the changes of guantities in the analog
treatment are continuous but the changes of guantities in the digital treatment are
allowed to be discontinuous.

Desg is a prototype of a design support system for determining the ranges of
design parameters. When Desq is given the structure of an electronic circuit with
indeterminate design parameters and a specification of how the circuit should
behave, Desq suggests the ranges of the design parameters by using deep
knowledge that consists of Ohm's law and the basic function of such components
as diodes and transistors. In this paper we will not use Desq for design support,
but we will use its qualitative reasoning and event reasoning. When we want to
use Desq to determine some design parameters for large circuits and we are able
to separate the circuits to two parts, one dealt with as analog circuits and the other
dealt with as digital circuits, we should use the method described in this paper.



Desq uses knowledge of physical rules and objects for its qualitative reasoning.
When given the initial state, which consists of the connections of components and
the initial values of attributes for the components, Desq reasons the following:

1) Relations hetween objects that are components of physical systems.

(2) The state transitions of the system.

The event reasoning of Desq, which is also similar to that of Qupras, uses
definitions of events and reasons the discontinuous changes caused by events.
The definition of events is similar to the one used by STRIPS. It has a condition
part and an action part. The condition part specifies the conditions that trigger
the event, and the action part specifies the actions of the event. It is possible to add
and remove expressions as action.

Desg's (or Qupras'es) event reasoning is similar to Forbus'es work ), but
Forbus deals with operators for actions as action hypotheses. Desq deal with
events like physics or objects. If the conditions of an event definition are satisfied,
the action is executed. Events are usually used to change the initial relations
{which are the initial values) and the relations described by terms (relations that
arc not inequalities) defined in the initial state and added by the actions of other
events.

In Desq, the event reasoning takes precedence over the qualitative reasoning.
Whenever any definitions of events are triggered, the event reasoning is executed
to modily Lhe initial relations {irst, and then the qualitative reasoning 15 exccuted
to determine the values of other analog quantities by using the modified initial
relations.

One point to consider when using both analog and digital treatments is how to
connect them., We use the event reasoning for these connections. For example, if
the voltage of one analog terminal that i1s connected to the digital terminal
increases and becomes 1.4 volts, it is interpreted in the digital treatment as though
the level of the digital terminal changes from the "ofT" level to the "on” level
discontinuously. We add one feature to the event reasoning. It refers to previous
values of physical quantities and 15 used to detect the changes of levels in the
condition parts of the definitions for events and physical rules.

Section 2 shows the organization of Desq and gives an example of its use in
suggesting ranges for a design parameter for a DTL circuit, Section 3 describes
the way that analog and digital treaiments are connected by using an enhanced
feature, Section 4 shows examples of the connection between DTL and d-flipflop
circuits, and Section 5 summarizes this paper.

2. Desq
2.1 Qualitative Reasoning and Event reasoning of Desq

Desq, which uses knowledge from phyvsics and engineering textbooks, has the
following characteristics:
(1) Deaq has three primitive representations: physical rules (laws of physics),
objects, and events.
(2) Desq determines the dynamic behaviors of a system by using knowledge of
physical rules, objects, and events to build all the equations for the system.
The user need not enter these equations.



(3) Desq deals with equations that describe relations between quantities both
gualitatively and quantitatively.

(4) Desq does not require quantity spaces to be given in advance. Tt finds the
quantity spaces by itself during reasoning.

(5) Objects in Desq can inherit delinitions from their superobjects. Physical
rules and events can therefore be defined generally by using superobjects to
specify the definitions of object classes.

(6) Desq can determine the ranges of design parameters that are indeterminate
in an initial state

The qualitative reasoning of Desq is similar to QPT 2) hut does not use influence.
The representations deseribing relations of values in Desq are only equations. The
laws of physics given in physics textbooks and engineering textbooks are usually
described not by using influences but by using equations. Desq therefore uses only
eguations,

The representation of objects mainly consists of existential conditions and
relations. Existential conditions are the conditions needed for the objects to exist.
Objects satisfving these conditions are called active objects, The relations are
cxpressed as relative equations that include physical quantities. If existential
conditions are satisfied, their relations become known as relative equations that
hold for physical quantities of the objects specified in the physical rule definition.

The representation of physical rules mainly consists of objects, applied
conditions, and relations. The objects are those necessary to apply a physical rule.
The representations of applied conditions and relations are similar to those of
objects. Applied conditions are those required to activate a physical rule, and
relations correspond to the laws of physics. Physical rules whose necessary
objects are activated and whose conditions are satisfied are called active physical
rules. If a given physical rule is active, its relations become known as in the case
of objects.

The representation of events is similar to that of physical rules, and it consists
of objects, applied conditions, and actions. If the objects are active and applied
conditions are satisfied, the actions are executed. "Add" actions and "remove’
actions are described in the actions part. The "add” action adds a specified
relation to the set of the initial relations, and the "remove” action removes a
specified relation from the set.

Qualitative reasoning in Desq involves two forms of reasoning: propagation
reasoning and prediction reasoning. Propagation reasening determines the state
of the physical system at a given moment (or during a given time interval).
Prediction reasoning determines the physical quantities that change with time,
and it predicts their values at the next given time. Moreover, the propagation
reasoning determines the subsequent states of the physical system by using the
results from the prediction reasonming.

RBefore the reasoning, all initial relations defined in the initial state are set as
known relations, which are used to evaluate the conditions of objects, physical
rules, and events. The initial relations are used mainly to set the initial values of
the physical quantities, If there is no explicit change to an initial relation, the
initial relation is held. Explicit changes are the prediction of the next value in the
prediction reasoning and the modification of the values in the event reasoning.



Propagation reasoning finds active objects and physical rules whose conditions
are satisfied by the known rclations. If a contradiction is detected after passing
relations of the active objects and physical rules to the constraint solver in Desg,
the propagation reasoning is stopped. If any condition of physical rules and
ohjects cannot be evaluated, the reasoning process is split by the envisioning
mechanism into two process: one process hypothesizing that the condition is
satisfied and the other hypothesizing that it is not.

Prediction reasoning first uses the known relations resulting from the
propagation reasoning to find the physical quantities changing with time. Then it
sparches for the new values or the new intervals of the changing quantities at the
next specified time or during the next time interval. Desq updates the quantities
according to the sought values or intervals in the same way that Qupras does. The
updated values are used as the initial relations at the beginning of the next
propagation reasoning.

The evenl reasoning in Desq is similar to prediction reasoning. The conditions
of events and initial events are checked after propagation reasoning. If the
conditions of the definitions for events are satisfied, the actions in the definitions
are performed, After the process for the cvent finished, propagation reasoming
starts with the result of the event. It is assumed that actions of events take
precedence over changing quantities. If there are any activated events, the
process for the prediction reasoning is not performed. The equations describing
the initial relations are disecontinuousgly changed by event reasoning, and then
propagation reasoning is executed with the modified gquantities.

2.2 System organization
Desy mainly consists of two subsystems:

(1) Behavior reasoner
Performs qualitative reasoning and event reasoning.
(2) Parallel constraint solver (Consort)
Solves simultaneous nonlinear inequalities.
Figure 1 shows how Desq is organized. If there arc indeterminate design
parameters in the initial state, Desq reasons the behavior of the system and
determines the ranges of the design paramelers. I there are no design
parameters, Desq only reasons the behavior.

When Desq gets an initial state, the inequalities in the initial state are passed to
Consort and are used to cheek the conditions of the physical rules, objects, and
events. If the conditions of a physical rule or an ohject are satisfied, the
inequalities in i1ts consequences are added to the simultaneous inequalities in
Consort. If the conditions of an event are satisfied, its actions are exccuted.

Congort 13) is written in KL1 and can be executed on the parallel inference
machines supported by ICOT, which are PIM, Multi-PSl, or Pseudo Multi-PS1. It
is used to test whether the conditions written in the definitions of physical rules,
ahjects, and events are proved by the known relations obtained from active objects,
active physical rules, and from initial relations. And if the conditions of active
objects and active physical rules are satisfied, the constraint solver receives those
relations and checks their consistency.
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Fig.1 System organization.

2.3 Design support by Desq

A designer often only changes or improves an old device, and somectimes a
designer need only change the parameters of components in a device so as to
satisfy the new requirements. In such cases, the designer already knows the
structure of the device and needs only to determine the new values of the
components. Desq supports these design decisions as follows:

(1) All possible behaviors are found by envisioning with design parameters

whose values are initially indeterminate and with specifications if a designer
has clear specifications.

(2) If several behaviors are found in step (1), the designer selects preferable
behaviors.

1f a condition in the definitions of a physical rule or an object cannot be
evaluated, Desg hypothesizes one case where the condition is valid and another
where it is not valid and then separately searches each case to find all possible
behaviors, This method is called envisioning, and is the same as the method
deseribed in Ref. 4. If a contradiction is detected, the reasoning is abandoned. If
no contradiction is detected, the reasoning is valid. Finally Desq finds scveral
possible behaviors of a device. The specification a designer gives is used to prune
behaviors that the designer definitely does not wish.

2.3.1 Example of a DTL circuit

This is an example of determining a design parameter for a DTL cireuit. The
structure of the DTL circuit is shown in Figure 2a. The design parameter is the
resistance value of the resistor Rb. In this example, the values of the other
resistors are given, but the input voltage is indeterminate.
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(a) Structure of a DTL circuit.

initial state dtl
objects
Iil-resistor ;
Rg-resistor ;
Rb-resistor ;
Tr-transistor ;
D1-diode ;
D2-diode?
inifiad _relafions

connect(t1!RLt1!Rg) ;
connectit2! g t11D1,t11D2) ;
connect(t2!D3,t1'Rb,th!Ty) ;
connect(t2!R1,te!Tr) ;
resistance@RI=6000.0 ;
resistance@Rg=2000.0 ;
resistance@Ith == ().0:
vilt 1Rl = 5.0 ¢
vat2iDT ==0.0;
vElL2!ID 1 =< 10.0 ;
villte!Tr = 0.0
vt b = 0.0 ;

end.

{b) Initial state for DTL.

Fig.2 A DTL circuit and its initial state.



ohject terminal:Terminal
aftributes
v
1;
state_transition - variable(initial_value(0.0});
end.

object two_terminal_device:TTD
parts_of
t1-terminal ;
t2-terminal ;
end.

olyject diode: i
supers
two_terminal_device;
cttributes
¥
1]
resistance-constant ;
initial_relations
v@Di=v@tl!Di-v@t2!Di ;
state on
conditions
v »= (1.7 ;
relafions
v D= 0.7
1IN »= 0.0 :
state off
condition
viDi « 0.7 ;
relations
resigtance@Di=100000.0 ;
viiDi=resistance@Dit1@D] ;
end,

Fig.3 Definition of a diode.,

The initial data is shown in Figure 2b. The “"objects” field specifics the
components in the DTL circuit and their classes. The first line in the "objects”
field specifies that Rl is an instance of the class "resistor”. The "initial relations”
field specifies the rclations holding in the initial state. For example,
"connect(t2!Rg, t11D1, t1!D2)" specifies thal the terminal t2 of the resistor Rg, the
terminal t1 of the diode D1, and the terminal t1 of the diode D2 are all connected to
gach other. The "!" is a symbol specifying a part. The "t2!Rg" expresses the
terminal t2 which is part of Rg. Rg is specified as a resistor in the "objects”
definition. The "@" indicates a parameter, "resistance@R]" represents the
resistance value of Rl, and "resistance@R] = 6000.0" specifies that Rl is 6000.0
ohms. The resistor Rb is constrained to be positive, and the input voltage, which is
the voltage of the terminal t2 in the diode D1, is constrained to be between 0.0 and



10.0 volts. The values of Rb and the input voltage are both indeterminate, and Rb
is a design parameter.

Figure 3 shows the definition of a diode. Its superobject is a
two_terminal device, g0 the diode inherits the properties of
two_terminal_devices, i.e., it has two parts, both of which are terminals. Each
terminal has three attributes: "v" for woltage, "i" for current, and
"state_transition”. 'state_transition” is used to connect the analog and digital
treatments, and it will be explained in more detail in the next section. The diode
has an initial relation that specifies the voltage difference between its terminals.
The dicde also has two states: the "on” state, where the veltage difference is
greater than 0.7 volts; and the "off" state, where the voltage dilference is less than

.7 volts., If the diode is in the "on” state, it behaves like a conductor, and if it 15 in
the "off" state, it behaves like a resistor. A transistor is defined like a diode, but it
has three states; "off’, "on”, and "saturated".

Figure 4 shows the definition of a physical rule. This rule shows Kirchhoff's
law when the terminals t1 of three two_terminal devices are connected. It is
assumed that the current into the tl1 of a two_terminal device flows to the
terminal t2. Three two_terminal_devices can in fact be connected in eight ways
depending on how the terminals are connected.

physies three connect 1
objects
TTD1 - two_terminal_device ;
TTDZ2 - two_terminal device ;
TTD3 - two_terminal_device ;
T1-terminal partname t1 part_of TTD1 ;
T2-terminal partname tl part_of TTDZ2 ;
T3-terminal partname t1 part_of TTD3
conditions
connect{T'1,T2,T3);
relations
vl = v@Te
VvaT2 = vaT3i ;
10T1 +1@T2 +1@T3 = 0.0 ;
end.

Fig.4 Definition of a physical rule.

Figure 5 shows the relationship between the resistance Kb and the input
voltage. A designer can decide by looking at Figure 5 what the value of resistor Rb
must be for the DTL eircuit to behave as a NOT circuit: Rb must be greater than
about 0.5 kilo chms and less than about 100 kilo ohms, so that the DTL circuit can
output a low voltage (nearly 0 volls) when the input 1s greater than about 1.5 volts
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and output a high voltage (nearly 5 volis) when the input is less than about 1.5
volts. The range of this design parameter is shown by the area enclosed by the

dotted lines.

We determined design parameters for a DTL circuit and a Schmitt trigger
circuit, but we predicted that we would need a very long time to determine design
parameters for larger circuits. We therefore need to reduce the time-cost of
determining design parameters for large circuits.
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3. Connection between Analog and Digital
Treatments for Quantities
3.1 Enhanced feature

In digital treatments, there are several cases in which triggers (which change
from the high level to the low level or vice versa) are important. To describe
knowledge about a trgger, such as if a trigger happens then some actions occur,
it is necessary Lo refer the values of physical quantities at a previous time.

The "previous” function is used to refer to the value ol a physical quantities at a
previous time - which may be an interval or an instant. A trigger is described as a
physical guantity whose value changes discontinuously. For example, if the
previous value of a physical quantity is 0 and its current value is 1, that quantity is
considered as a trigger. Figure 6a is an example using the "previous” function.
It correctly describes that if a trigger happens at a digital terminal - that is, the
level changes from low to high - the action part is executed. Figure 6b is an
incorrecl definition. It describes that if the trigger of a terminal is 1, its action
part 15 executed. The event is triggered whenever the level is 1 - regardless of the
previous level. The conditions of the incorreet definition do not specify that the
level changes from the low level to the high level. The conditions of Figure 6a, on
the other hand, describe a change as a trigger.

event trigger_on
ohjects
DT - digital_terminal ;
conditions
level@DT=1.0;
previlevel@DT) =0.0 ;
aclions

ond.
(a)} Correet definition.
cvend trigger on
objects
DT - digital_terminal ;
vondilions
level@DT=1.0"
actions
end.

{b) Incorrect definition.

Fig. 6 Example of the "previous' function.



3.2 Connection of analog and digital treatments

3.2.1 Connection from analog treatments to digital treatments

The connection from analog trecatments to digital treatments happens in a
status where information transfers from analog equipment to digital equipment.
Here the difference between analog equipments and digital equipments may be
due to subjectivity: if one consider a piece of equipment as a digital equipment and
if one wish to deal with it as a digital equipment, it is dealt with as digital

equipment.

5.0
V {volts)

14

1.0

5.0

V (volts)

1.4

1.0

(i1) digital

(1) analog

Time

(a) Digital level change.

(i1)-b

(1}-a

analog

(i)-b  digital

Time

(b) No digital level change.

Fig. 7 Digital change induced by analog change,



evenf analog to_digital_on_start
ohjects
DT - digital terminal :
T - terminal ;
conditions
connect{T, 1) ;
stale_transilion@T = 0.0 ;
viadT = 1.0 ;
ddtiv@T) > 0.0 ;
actions
remove(state_transition@T = 0.0) ;
addistate_transition@T = 1.0) :
add{intermediate level@DT = 0.0} ;
end.

event analog_to_digital_on_end
olijects
DT - digital terminal ;
T - terminal ;
conditions
connecl(T,DT)
state transition®@T = 1.0 ;
vt =14 ;
intermediate_level@DT = 0.0 ;
actions
removelstate_transition@T = 1.0) ;
addistate_transition@T = 0.0)
removelintermediate_level@DT = 0.0} ;
end.

event analog_to_digital_on_reset
objects
DT - digital terminal ;
T - terminal ;
conditions
connect(T, DT} ;
stale_transilion@DT = 1.0 ;
viaT < 1.0
intermediate_level@DT = 0.0
actions
removelstate_transition@DT = 1.0) ;
add(state_transition@DT = 0.0) ;
removelintermediate_level@DT = 0.0);
end.

Fig. 8 Definition of digital change induced by analog change.
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physics analog_to_digital_stay_ofT
objects
DT - digital_terminal ;
T - terminal ;
conditions
connect(T, DT ;
viET =< 1.0
relafions
level @DT=0.0
end.

physies analog_to_digital _stay_on
objects
DT - digital_terminal ;
T - terminal ;
conditions
connect(T, DT ;
vl T == 1.4 .
relations
level@DT=1.0;
end.

physics analog_to_digital_intermediate
objects
DT - digital_terminal ;
T - terminal :
conditions
connect(T,DT) ;
vilT =< 1.4
vi@T = 1.0
relations
level@DT=intermediale_level@DT ;
end.

Fig. 9 Definition of digital unchange.

Az an example, we consider a status in which analog equipment and digital
equipment connect and informations transfers from the analog equipment to the
digital equipment. Such a typical status is a case in which analog circuits connect
with digital circuits. The curve (i) in Figure 7a, for example, shows an analog
change of an increasing voltage. If the change is regarded as a digital change,
and its threshold is 1.4 volts, then the change is described by the curve (ii) in
Figure Th. If the voltage is lower than 1.4 volts, 1t 1s digitally regarded as 0, which
means that the voltage 1z 0.0 volts, [If the voltage is higher than 1.4 volts, it is
digitally regarded as 1, which means that the voltage is 5.0 volts. Because an
analog voltage may change dynamically, we specify that the change of the digital
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voltage from 0 to 1 happens only when the analog voltage goes up to 1.0 volts and
also goes up to 1.4 volts. A change of an analog voltage described by the curve (i)-a
in Figure 7b is regarded as the digital change deseribed by the curve (i)-b because
the analog voltage goes up to 1.0 volts but does not go up to 1.4 volts. We also
specily that the change of the digital voltage from 1 to 0 happens only when the
analog voltage goes down to 1.4 volts and also goes down to 1.0 volts. A change of
an analog voltage described by the curve (ii)-a in Figure 7b is regarded as the
digital change described by the curve (ii)-b because the analog voltage does not go
down to 1.0 volts but does go down to 1.4 volts.

To connect analog treatments and digital treatments, we use the definitions of
event and physical rules shown in Figures 8 and 9. They describe that if the
voltage of the terminal increases from below 1.0 volts, and if the voltage becomes
1.4 volts, then the level of the digital terminal that the terminal is connected with
is changed from low(0.0) to high(1.0).

The event definition of analog to_digital_on_start in Figure 8 specifies that il
DT iz a digital terminal and T iz an analog terminal, if the two terminals connect,
if the voltage of the analeg terminal is 1.0 volts, if its derivative is positive, and if
the state of the terminal is not a transition slate (specified as state transition =
0.0}, then the state of the terminal is set to a transition state (state_transition
changes from 0.0 to 1.0) and the level of the intermediate state is set Lo 0.0 (that is,
low). The value of the intermediate_level is used to set the level of the digital
terminal in the physical rule analog_to_digital intermediate in Figure 9.

The second event definition in Figure 8, analog_to_digital_on_end, specifies
that if a digital terminal and a terminal connect, if the state of the terminal is a
trunsition state, if the voltage of the terminal is 1.4 volts, and il the value of the
intermediate level is 0.0, then the state of the terminal is set to be no transition
state (state_transition is changed from 1.0 to 0.0) and the equation that the level of
the intermediate_level is set to 0.0 is removed. In the condition part of the event
definition, the conditions that the state of the terminal is a transition state and
that the value of the intermediate_level is 0.0 specify that the event definition
analog_to_digital_on_start had been fired.

The last event definition, analog_to_digital_on_resct, is used to reset the state
of the terminal and the intermediate_level after the event
analog_to_digital_on_start had been triggered, because the voltage of the
terminal became lower than 1.0 volts, This event definition 1s for the status
indicated by the curve (i)-a in Figure Tb. The status is that though the voltage
exceeds 1.0 volts, it does not exceed 1.4 volts and it becomes lower than 1.0 volts.

The three event deflinitions are for the status in which the voltage increases.
For the status in which the voltage of the terminal decreases, another three cvent
definitions similar to those in Figure § are necessary. The description of these
definitions are omitted.

The three definitions of physical rules in Figure 9 arc used to set the level of the
digital terminal. The first physical rule, analog_to_digital_off, specifies that if a
digital terminal and a terminal connect, and if the voliage of the terminal is lower
than 1.0 volts, then the level of the digital terminal is 0.0. The second physical
rule, analog_to_digital_vn, is for the status in which the voltage is greater than
1.4 volts. The last physical rule, analog to_digital_intermediate, is for the
transition state of the terminal. In that rule, the level of the digital terminal is set



to the value of the intermediate_level that is set by the event definition
analog_to_digital_on_start,

322 Connection from digital treatments to analog treatments

The connection from digital treatments to analog treatments happens in a
status where informations transfers from digital equipments to analog
equipments. This connection is the opposite of the connection from analog
treatments to digital treatments.

1.0 5.0
digital
V (volts)
Level :
/ 1.4
analo
B 7 - g --------------------- 1.0

Time
Fig. 10 Analog change induced by digital change.

A status in which a digital circuit and an analog circuit connect and a digital
change in a digital circuit causes an analog change in an analog circuit 15 a
typical example. In general, a digital change happens in an instant, but an
analog change iz a continuous change. A digital chanpge happening in a digital
circuit must therefore be translated to an analog change in an analog ¢ircuit. OUne
example of this is shown in Figure 10, If the level of the digital terminal is 0.0,
then the voltage of the analog terminal is less than 1.0 volts. If the level of the
digital terminal is 1.0, that the voltage is greater than 1.4 volts.

We use two definitions of events in Figure 11 and two definitions of physical
rules in Figure 12, The cvent definitions specify that the voltage of an analog
terminal changes from less than 1.0 volts to greater than 1.4 volts because the level
of the digital terminal changes from 0.0 to 1.0. The physical rule definitions
specify the relations between the level of the digital terminal and the voltage of the
analog terminal.

The [irst event definitivn in Figure 11 specifies that if a digital terminal and an
analog terminal connect, if the state of the terminal is not a transition state, if the
current level of the digital termunal 15 1.0, and if the previous level is 0.0, then the
voltage of the terminal is less than 1.0 volts, its derivative is positive, and the state



event digital_to_analog_on_start
ohjects
DT - digital_terminal ;
T - terminal ;
conditions
connect(DT, T} ;
state transition@T = 0.0 ;
level@DT=1.0;
prev(level@DT)=0.0 ;
actions
add{vET=<1.0);
add(ddtiv@T)=0.0);
removelstate_transition@T = 0.0) ;
add(stale_transition@] = 1.0},
end.

event digital_to_analog_on_end
ohjects
DT - digital terminal ;
T - terminal :
conditions
connect{ DT, T ;
state_transition@T = 1.0 ;
level @TT=1.0;
vidT = 5.0 ;
aclions
remove(ddt(v@T)=0.0)
removelstate_transition@T = 1.0} ;
add(state_transition@T = 0.0);
end.

Fig. 11 Definition of analog change induced
by digital change.

of the terminal changes to a transition state. The second event definition specilies
that if a digital terminal and an analog terminal connect, if the state of the
terminal 1s a transition state, if the current level of the digital terminal is 1.0, and
if the valtage of the terminal is equal to 5.0 volts, then the inequality specitying that
the derivative of the terminal is positive is removed and the state of the terminal
changes to a no transition state.

The first physical rule in Figure 12, digital_to_analog_high, specifies that if a
digital terminal and an analog terminal connect, if the state of the terminal is not
a transition state, and if the current and previous levels of the digital terminal are
1.0 (that 1s, the level of the digital terminal stays 1.0}, then the vollage of the
terminal is greater than 1.4 volts. The second physical rule,
digital_to_analog_high to low, specifies that if a digital terminal and an analog
terminal connect, il the state of the terminal is not a transition state, if the current
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physics digital to_analog high
objects
DT - digital_terminal ;
T - terminal ;
conditions
connect(DT, T} ;
state_transition@DT = 0.0 ;
level@DT = 1.0;
previlevel@DT) = 1.0 ;
relations
vET »>= 14 ;
end.

physies digital to analog high_to_low
objects
DT - digital_terminal ;
T - terminal :
conditions
connectiDT,T) ;
state transition@DT =0.0
level@DT = 0.0
previlevel@DT) = 1.0,
relations
v@T >= 1.4 ;
end.

Fig. 12 Definition of analog unchange.

level of the digital terminal is 0.0, and if the previous level is 1.0, then the voltage of
the terminal is greater than 1.4 volts. This rule is for the instant in which the
level has changed from 0.0 to 1.0 but the event, digital_to_analog_on_start, has
not yet been triggered.

4. Examples

We show two examples of connections: one of a connection from digital
treatment to analog treatment, and the other of a connection from analog

ireatment to digital treatment.

4.1 Connection from analog treatment to digital treatment

This example shown in Figure 13 consists of a DTL circuit, a wire, and two d-
flipflops. The DTL circuit and the wire are dealt with as analog circuits, and the
DTL circuit consists of resistors, diodes, and a transistor. The wire is a
component for connecting terminals, and it has two terminals, t1 and t2, as parts.
The ranges of values [or Lthe vollages and currents used in the DTL circuit and the
wire are analog quantities, that is, from the minus infinite to the infinite. The two
d-flipflops, however, are dealt with as a digital circuit, and the ranges of values for
the signals used in the digital circuit are 0 and 1. In the definitions, 0 and 1 are
described 0.0 and 1.0
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Fig. 13 Structure of a DTL circuit and two d-flipflops.

The connection between analog treatment and digital treatment happens
hetween the terminal t2 of the wire and the two tt terminals of d-flipflops 1 and 2.
The terminal t2 in the wire is dealt with as an analog circuit, bul the tt terminal in
d-flipflops are dealt with as digital circuits. In this example, the input to DTL
deercases from 5.0 volts, and the input to the terminal td of the d-flipflop 1 1s 0.0.
And the initial outputs from the tg terminals of d-flipflops 1 and 2 are respectively
1.0 and 0.0. If the level of the tt terminal in a d-flipflop changes from 0 to 1, the
level of the output from the tq terminal becomes equal to the level of the input to the
td terminal.

The definition of the initial state for this example is shown in Figure 14. The
ohjects part defines the components for the example in the figure 13. For example,
the first line in the objects part

DFF1 - dflipflop ;
specifies that a component called DFF1 ig an instance of the class d-flipflop (it 18
specified as dflipflop in the definition). That is, DFF1 has all properties of d-
flipflops. The initial_relations part defines the initial values and the initial
relations between components. The second line in the initial_relations part

connect(t2!'Wire, tt!DFF1) ; '
specifies that the terminal t2 of Wire and the terminal tt of DFF1 connect with
each other. This connect relation shows the connection between the analog circuit
and the digital circuit. The terminal t2 is an instance of the class terminal, whose
definition is shown in Figure 3, and it has the voltage "v", the current "i", and
"state transition” as attributes, The terminal tt, on the other hand, is an instance
of the class digital terminal, whose definition is shown in Figure 15. It does not
have the voltage and the current as attributes, but it does have the level and the
intermediate level as attributes. Another connection relation, for example, the

fifth line in the initial_relation part
connect{t2Vee, 12! Inp,e!Tr t2!RB);
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initial_state analog to_digital
objects

% d_[lip_flop
NFF1 - dilipflop ;

DFF2 - dilipflop ;

% DTL

RL - resistor ;

RG - resistor ;

RB - resistor;

7Zd1 - diode ;

7d2 - diode2 ;

Tr - transiator ;

Inp - input_voltage ;
Vee - electric_power ;

% Wire
Wire - wire ;

initial relations

% Connect two d_{lip_flops
connect(td!DFF2,1q!DFF1) ;

% Connect DFF1 & DFF2 and Wire
connect{t2!Wire tt!DFF1) ;
connect{t2'Wire tt!DFF2) ,

9 Connect terminals in DTL
connect(t2!Vee,t2! Inp,e! Tr,t2IRB);
connect{tl!Vee t11RL t11RG);
connecti{t1!Inp,12!Zd1);
connect(t2!RG,t117d1,t112d2);
connect(t2!1Zd2,b!Tr,t1!RB);
connect{t2!RL,c!Tr,t1!'Wire);

9% Initial values for d_flip_flop
level@td! DFIF1 = 0.0 ;
vutpult@DFF1 = 1.0
output@DFF2 = 0.0 ;

7 Initial values for DTL
resistance@RL = 6000.0;
resistance@RG = 2000.0;
resistance@RB = 2000.0;

7% Power
vitWVee = 5.0;
% Ground
viae! Tr = 0.0;
% Initial values for input of DTL
vi@Inp = 5.0;
ddt(v@Inp) < 0.0;

end,

Fig. 14 Definition for two d-flipflops and the initial state of a DTL circuit.
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shows that four analog terminals - namely, the terminal t2 of electric power Ve,
the terminal t2 of the input voltage Inp, the emitter terminal "e" of the transistor
Tr, and the terminal t2 of the resistor RB - connect at one point. The rest of the
equations set the initial values. The inpul to the DTL circuit is described as
follows in Figure 14:

v@lnp= 5.0;

ddtiv@Inp} < 0.0;
The first line specifies that the the initial value of the input is equal to 5.0 volts,
and the second line specifies that the input decreases. "ddt” is the symbol for the
time derivative.

object digital terminal:TT
attributes
level - variable;
intermediate_level - variable;

end,

object dflhipflop:DF
parts_of
td - digital_terminal ;
tg - digital_terminal ;
tt - digital_termuinal ;
ultribules
nput;
output;
relations
input@DF = level@@td!DF ;
level@tg' DI = output@DF ;
end,

Fig. 15 Definition for digital terminals and d-flipflops.

Figure 15 shows the definitions for digital terminals and d-flipflops. The
definition for digital terminals specifies that the atiributes of the digital terminals
are level and intermediate_level. The attribute intermediate_level is used to
specify the level of the digital terminal during the analog terminal connected with
the digital terminal increases or decreases. The attribute is used in the three
definitions of the events in Figure 8 and in the definition of the physical rule
analog_to_digital_intermediate in Figure 9. The definition for d-flipflops
specifies that a d-flipflop has three digital terminal, td, tg, and tt, as parts. A d-
flipflop has two attributes, input and output, and their relations are specified in
the relations part.

Figure 16 defines two events for d-flipflops. The event dflipflop_trigger on is
one that makes a d-flipflop on, and it specifies that if the level of the terminal (L
change from 0.0 to 1.0, if the input of the d-flipflop is 1.0, and if the output is 0.0,
then the output of the d-flipflup changes from 0.0 to 1.0, The event
dflipflop_trigger_ofl is one that makes a d-Mpflop off, and it is the opposite of the
event dflipflop_trigger_on.

T



event dilipflop_trigger_on
objects
DF-dflipflop ;
conditions
previlevel@it!DF) = 0.0 ;
level@tt!DF = 1.0 ;
input@DF = 1.0 ;
oulput@DF = 0.0 ;
actions
remove{output@DF = 0.0) ;
addloutput@DF = 1.0},
end.

event dflipflop_trigger_off
objects
DF-dfliplop ;
conditions
previlevel@tt!DF) = 0.0 ;
level@tt!DF = 1.0 ¢
input@DI = 0.0,
output@DF = 1.0 ;
actions
removeloutput@DF = 1.0) ;
add(output@DF = 0.0) :
end.

Fig. 16 Definition of events for d-flipflops.

The result of Desq executing the initial state shown in Figure 14 is shown in
Figure 17. Figure 17a shows the relation between the input voltage to the DTL
circuit and the output voltage from it. The initial state is that the input voltage to
the DTL circuit is 5.0 volts and it decreases. When the inpul voltage is greater
than 1.400787 volts, the output voltage of the DTL circuit remains at about 0.2 volts.
When the input voltage becomes 1400787 volts, the output voltage begins to
increase. The input voltage is shown in Figure 17a as "a". At the point "b", the
output voltage is 1.0 volts and the input voltage is 1.400652 volts. When the output
voltage becomes 1.4 volts, the input voltage is 1.400585 volts and it is indicated by
“¢". Finally, when the output voltage becomes 5.0 volts, the input voltage is
1.3893978 volts at "d", and thereafter the output voltage stays at 5.0 volts as the input
voltage decreases. Table 1 shows the input voltage to DTL and the output voltage
from DTL at "a", "b", "¢", and "d". Figure 17b shows the input trigger to the tt
terminals in d-flipflops 1 and 2. The trigger 1= a digital signal to which the analog
voltage that is the output voltage from the DTL circuit is translated. When the
output voltage from the DTL circuit becomes 1.4 volts at "c”, the trigger to the two
d-flipflops changes from 0.0 to 1.0. The translation is executed by using the
definitions shown in Figures 8§ and 9. Because the trigger of the d-flipflops
changes, the outputs of the two d-flipflops change by taking in the input to the
terminal td in the d-flipflops.
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Fig. 17 Changes in a DTL circuit and two d-flipflops.



This example shows that by using the definitions for events and physical rules
to translate from analog change to digital change, we can get the behavior of a
circuit including the connection from analog treatment to digital treatment.

Table 1 Relations between input and output of the DTL circuit.

Symbols Input (volts) Output (volts)
a 1.400787 0.200808
b 1.400652 1.0
C 1. 400585 1.4
d 1.389975 5.0

42 Connection from digital treatment to analog treatment

Figure 18 shows an example of a connection from digital treatment to analog
treatment. This example consists of the same componenls as the previous
example: a wire, two d-flipflops, and a DTL circuit. Moreover, their treatment is
the same as in the previous example. Their conneclion, however, is different.
Two connections from analog treatment to digital treatment happen between the
terminal t2 of the wire and the two trigger terminals of the d-flipflops. The
definitions of in Figure 8 and 9 are used for the connection as in the previous
example. A connection from digital treatment to analog treatment happens
between the output of the d-flipflop 2 and the input to the DTL circuit. The
definitions [or events in Figure 11 and the definitions for the phygical rules in
Figure 12 are used for the connection.

DTL 5V|

d-flipflopl d-flipflop2 Input

Input to DTL

00 —id tq ——td 1 _ Output
trigger Output from DTL

Wire /J I

ti t2 trigger

Fig. 18 Structure of a DTL circuit and two d-flipflops.

In this example, the voltage to the terminal t1 in a wire increases from 0.0 volts,
and the change of the voltage is translated Lo the input to the trigger terminals of
the two d-flipflops as a digital change. DBecause the two trigger terminals change
from 0.0 to 1.0, the outputs of the two d-flipflop change from 1.0 to 0.0 and from 0.0
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to 1.0. The change of output from d-flipllop 2, from 1.0 to 0.0, causes the change of
the input voltage to the DTL circuit. As a result, the input voltage changes from
5.0 volts to 0.0 voltz and the output of the DTL circuit changes from 0.0 volts to 5.0
volts,

The definition of the initial state for this example is shown in Figure 19. This
definition is similar to that of Figure 14, The input to the wire is described at the
end of the initial_relation part:

vigtl!'Wire = 0.0 ;

ddt{v@t1'Wire) = 0.0 ;
The first line specifies the initial value of the voltage for the terminal t1 of the wire,
and the second specifies that its derivative 1is positive, that is, the voltage
increases,

The result of executing the initial state shown in Figure 19 is shown in Figure
20. The Figure 20a shows that when the input voltage to the terminal t1 in the
wire increases and becomes 1.4 volts, the levels of trigger terminals in the two d-
flipflops change from 0.0 to 1.0 as digital changes. Because the level of the trigger
terminals changed, the output of the two d-flipflops changes from 0.0 to 1.0 and 1.0
to 0.0 (Figure 20b). The change of the digital outpul from d-flipflop 2 is translated
to the change of the analog input voltage to the DTL eircuit according to the
definitions shown in Figures 11 and 12, and the translation is shown in Figure
20¢. Since the input voltage to the DTL circuit changes as shown in Figure 20¢,
the output veltage from the DTL circuit changes as shown in Figure 20d. The
relations between the input voltage and the output voltage of the DTL reuit are
listed in Table 2. At "a", the output from the d-flipflop instantly changes from 1.0
to 0.0 and the input voltage to the DTL circuit begins to decrease. When the input
voltage to the DTL circuit reaches the point "b, the output voltage of the DTL
circuit begins to increase. Then when the input voltage to the DTL circuit gels to
the point "¢”, the output of the DTL stops increasing. At the point "d", the input
volluge to the DTL cirenit hecomes 0.0 volts and the output of the DTL circuit
remains at 5.0 volts. Between "a" and "b" the transistor is in a saturated state,
and between "b" and "¢ it is in an "on" state. Between "¢" and "d" it is in an "off"
state. The output of the DTL circuit changes if the transistor is.in an "on" state,
cince the transistor behaves like an amplifier when the transistor is in an "on”
state,

By using definitions like those shown Figures 8 and 12, we can simulate
behaviors of systems including digital treatment and analog trealment. If we
want to reason the behavior of a large system and to get the detailed behavior of
some part of the system, then we may be able to use analog treatment to simulate
the part to be analyzed in detail and use digital treatment to simulate the rest part.
As a result, we can reduce the costs of analyzing the behaviors of large systems.
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initial_state digital_to_analog
objects

% d_Mip_{lop
DFF1 - dflipflop ;

DFF2 - dilipflop ;

o DTL

RL - resistor ;

RG - resistor ;

RB - resistor ;

7d1 - diode

742 - diode? ;

Tr - transistor :

Vec - electric_power ;

20 Wire
Wire - wire ;

initicd _relations

% Connect two d_{lip_flops
connect(td! DFF2,tq!DFF1) ;

% Connect DFF1 & DFF2 and Wire
connect( t2'Wire,tt!/DFF1) ;
connect(t2!Wire tt!DFF2) :

% Connect DTL and d_flip_flop
connect(t2!Zd 1,tq!DFF2) ;

%0 Connecl terminals in DTL
connect(t2!'Vee,e!Tr t2IRB);
connect(t1!Vee t1TRL t1RG):
connect(t2'RG,t1!72d1,t1!7d2);
connect(t2!7d2 bITrt1!RB};
connect(t2! 1L, e!Tr);

% Initial values for d_Mip_flop
level@td!DFF1 =0.0;
output@DFF1 = 1.0 ;
oulput@DFF2 = 0.0 ;

% Initial values for DTL
resistance@RL = 6000.0;
resistance®@RG = 2000.0;
resistance@RB = 2000.0;

% Power
vidVee = 5.0

% Ground
vige!lr = 0.0,

% Initial values for d_flip_flop
viet1!'Wire = 0.0 ;
ddtivé@tl!'Wire) = 0.0 ;
end,

Fig. 19 Definition for initial state of the DTL circuit and two d-flipflops.
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Fig. 20 Changes in the DTL circuit and two d-flipflops.
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Table 2 Relations between Input and DFF

and DTL, and Output of DTL.
Symbols | Input to DFF (volts) | Input to DTL (volts) | Out of DTL (volts) %Elﬁie of Tr in
a 1.4 5.0 0.2
saturated

b 514 1400787 0.200808

an
¢ »1.4 1.399978 5.0
d >1.4 0.0 5.0 off

5. Conclusion

We have deseribed a method for connecting digital treatment and analog
treatment by using an event reasoning of Desg. We have applied the method to two
examples. One lets information flow from a DTL circuit, which is dealt with as an
analog circuit, to the two d-flipflops that are dealt with as digital circuits. The
other example letz information flow in the opposite direction, from the two d-
flipflops to the DTL circuit.

We think that we can apply Desq to larger circuits by using the method
described in this paper. In the [irst example, the components of the DTL circuil
are dealt with as analog circuits, and the behaviors of the quantities related to the
components are reasoned by qualitative reasoning. But the components of the two
d-flipflops are ignored, and the d-flipflop i1s regarded as a component and 1s dealt
with as a digital circuit. If we want to analyze the detailed behavior of part of a
large circuil by using gualitative reasoning and we can divide the eircuit into
analog and digital parls, then we can use gquualitative reasoning for the analog
parts and use event reasoning for the digital parts. This will reduce the costs of
analyzing the behavior of the total circuit because event reasoning is usually faster
than qualitative reasoning and we can ignore the details of the digital parts by
using event reasoning.

This partitioning of analysis is especially suitable for modularizing the
definition of components. We are now investigating a feature to modularize the
definition of components by automatically building the definition of an object from
definitions of components of the object. In our experiments that built the
definition of a Schmitt trigger and a DTL circuit from their components 18). the
CPU time for the simulation used to define of the Schmitt trigger cireuit was about
one the tenth of the simulation time used to define the components of the circuit.
This modulalization feature is therefore expected to improve the perlormance of
Desg. We are also investigating ways to make the definition more abstract - for
example, to abstract from analog treatment to digital treatment by using time
abstraction. The similar research is being done by Yoshida and Motodal8), If we
can get abstract digital definitions automatically, we can use the method described
in this paper to reduce the costs of calculating the total behavior of a large circuit.
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