
A K n o w l e d g e - B a s e d  S i m u l a t o r  
for E lec tron ic  Circui t s  

Jiirgen Herczeg, Michael Herczeg 
Research Group INFORM 

Computer  Science Department 
University of Stut tgar t  

Herdweg 51 
D-7000 Stut tgart  1 

Federal Republic of Germany 

A b s t r a c t  

The following paper describes a prototypical knowledge-based simulator for 
electronic circuits supporting the user during various phases of the task. The sys- 
tem has been built by augmenting an object-oriented modelled simulator by direct 
manipulation techniques and by representing knowledge about the simulation 
process and the application domain in an expert component. The direct manipula- 
tion interface enables the user to manipulate the familiar objects of an electronics 
laboratory via a mouse on the screen. The expert component provides adequate 
simulation parameters, answers questions about the application domain, and gives 
examples and partial solutions concerning the user's current problem. 
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1 I n t r o d u c t i o n  

Important  progress has been made in the design of simulation systems when the 
early batch-oriented simulators have been replaced by interactive systems providing 

a more appropriate way of specifying simulation input data and displaying simula- 
tion results. 

However, some of the problems have still remained. Usually the user has to 
specify various simulation parameters depending on the simulation model, the input 
data, and the needed quality of the results. The desired visualization of the 
results has to be chosen and adjusted depending on the range and domain of the 

result values. Perhaps the most difficult problem remaining, is to decide how the 
input data have to be changed to improve the results according to the goals of the 
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simulation. A major shortcoming is that  the s-:stems cannot be asked for explana- 

tions concerning the simulation environment and the application domain 

[Rothenberg 88].  

Several problematic tasks when using a simulation system can be isolated: 

Data Specification: often large amounts  of complex input data  have to be 
fed into the system 

Simulator Configuration: the simulator has to be configured to produce meaning- 
ful results 

Result Evaluation: the results of the simulation have to be presented in an 
adequate way to be interpretable by the user 

lYiodification: the input da ta  and/or  the simulator configuration have 
to be modified in order to get new improved results 

Wha t  is needed, is a kind of intelligent support  rendered by the simulation system. 

To demonstra te  such support  features in a prototypical  system, we have built the 

electronic simulator ELAB, which has been restricted to four-poles, a s~)ecial class of 

electronic networks. To support  the specification of input data  as well as the in- 

terpretat ion of simulation results, we have built a graphics-based direct manipula- 

tion interface on top of the simulator.  To cope with the problems of the 

simulator configuration before a simulation as well as the problems of modification 

after a simulation we augmented the direct manipulation laboratory ELAB by the 

expert  component  ELEX. ELEX automatical ly  configures the simulator according to 

the model and the input data. It actively warns the user when problems may 

arise and passively (i.e. on demand) gives advice about  application concepts, 

simulation results, and their interdependencies. For these purposes, ELEX has 

several knowledge sources represented in object-oriented and rule-based paradigms. 

The system has been implemented in the object-oriented, LISP-based knowledge 

representat ion language ObjTa lk  [Lemke 85] on a VAX 11/780 with high resolu- 

tion bi tmap terminals. We were able to use software tools, like an existing user 

interface toolkit  based on the window system environment WLISP of the research 

group I N F O R M  [B6cker, Fabian, Lemke 85].  

2 E L A B  - A D i r e c t  M a n i p u l a t i o n  S i m u l a t o r  

With ELAB, the analysis of electronic circuits may be performed on a computer  in 

essentially the same way as in a real laboratory.  The user sees an experimentat ion 

field with most of the familiar working objects of an electronics laboratory (Figure 

1): 
• electric devices (resistors, capacitors, coils) represented as elementary 

t'our-poles 
• voltage source (function generator) 
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Figure 1. The Experimentation Field of ELAB 

• measuring instruments (oscilloscope, frequency analyser, analog a.,d digi- 
tal gauges) 

• electronics handbook (the dynamic visualization of the electronics expert) 

These objects are manipulated by means of direct "manipulation [Shneiderman 83; 

Hutchins et al. 86] .  A circuit is built by connecting elementary four-poles to the 

source. This is performed with the mouse as a pointing device. Various measur- 
ing instruments may be connected to t, he circuit. Pop-up-sheets a r e  used to 
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change the attributes of the four-poles and the instrument settings. By pressing a 

softbutton the circuit may then be "'run" by the simulation component. The user 

can modify the circuit until it shows a satisfying behavior. To accomplish this 

task it is not nec~,ssary to learn a formal language (like in the SPICE system 

[Vladimirescu, Newton, Pederson 80]) or to use a complex computer-aided design 

system or a graphics package. The user soiely learns to select, move, connect, and 

modify Objects on the screen. The desktop metaphor has been transformed into a 

lab metaphor: the visualization of a laboratory on a computer screen. 

ELAB is restricted to a small application domain, a microworld: The system allows 

the combination of elementary four-poles consisting of resistors, capacitors or coils 
into more complex circuits. However, the resulting circuits, e.g. voltage dividers, 
filters and resonant circuits, can get so complex that even a human expert is un- 
able to predict their behavior qualitatively, let alone quantitatively. Diverse input 

signals, such as constant signals, pulses, and periodical signals in the shape of sine, 
rectangle, or triangle, and initial states of the devices, e.g. charged capacitors, in- 

crease the complexity drastically. 

Various instruments are used to analyze the circuit behavior. To present different 

aspects of a circuit they employ different kinds of simulations: 
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Figure 2. Analog Gauges, Digital Gauges and Oscilloscopes 
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Probably most  familiar is the so-called transient analysis based on s imulat ion in 

the time domain. The results of this kind of simulation are presented to the user 
via analog or digital gauges, showing momenta ry  values, and oscilloscopes, display- 

ing the results sampled over the , imulat ion t ime (Figure 2). They look like 
hardware ins t ruments  of a real laboratory, but  have some significant advantages.  
The oscilloscope, for example, is able to protocol s imultaneously as many different 
signals as the user wants to see. Its coordinate system is variable and it displays 
not only periodical signals like most  hardware oscilloscopes do, but  also arbitrari ly 
short  pulses and varying oscillations. The analog gauges have interactively modifi- 

able scales, hands and labels. 

Very useful to analyze the behavior of a specific class of four-poles, called filters 

(e.g. how-passes, high-passes, bandpasses), is the frequency domain analysis. For 
this end ELAB provides a frequency analyser, an ins t rument  tha t  displays the 

transfer function of a circuit, i.e. the i n p u t / o u t p u t  signal ratio, in an arbi t rary 
frequency interval (Figure 3). 

Figure 3. 
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Frequency Analyser 

An addit ional  ins t rument  of ELA_B usually not  found in electronic s imulat ion sys- 

tems, though very helpful, is the electronics expert allowing an expert analysis of 
a circuit on a more abstract  level. It provides textual  information on the present 
circuit and quant i ta t ive  as well as quali tat ive information about  characteristic cir- 
cuit parameters  (Figure 4). 

The electronics expert is one part  of an expert  component  integrated into the ELAB 
system, called ELEX, which combines aspects of an intelligent tu tor ing system 
[Sleeman, Brown 82] and an expert  system. 
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Figure 4. Electronics Expert 

ELEX 

• "watches" and criticizes the user's actions; 

• controls simulation parameters; 

• adjusts the displays of the measuring instruments in order to provide a 
good overview of the sampled information; 

• simplifies complicated circuits to more compact ones with the same be- 
havior by substituting and removing elementary four-poles; 

• builds a particular circuit specified by the user according to its qualita- 
tive classification and not its structural components  (e.g. the user 
specifies that a RC low-pass shall be built); 

• describes the present circuit and explains related electronics concepts, 
enabling the user to browse through a network of concepts (e.g. the user 
requests an explanation of the concept low-pass or the parameter 2dB- 
frequency); 

• gives statements  about the qualitative interdependencies between the 
device parameters and the characteristic circuit parameters, e.g. how the 
resistance R1 of the present circuit affects the circuit parameters, or 
how the 3dB-frequency is affected by the device parameters; 

• adjusts the parameters of the devices according to a high level descrip- 
tion specified by the user (e.g. the user wants a resonant circuit to 
h a v e  a g i v e n  resonant frequency); 

Experience with earlier versions of the ELAB system without ELEX showed how im- 

portant such an expert component is, even for systems that may be handled easily, 
like direct manipulation systems, if there is a complex application domain. Thus, 

ELEX turned out to be a key component  for a knowledgeable experimentation en- 

vironment. 
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3 The System Com ponent s  

ELAB has been implemented in the object-oriented language ObjTalk. Nearly every 
object shown on the display is represented as an internal object. The third 

elementary four-pole of the circuit in figure 5, for example, is represented by an 
internal object with the following attributes: 

Type = resistor 

Orientation : in series 
Quantity = R 
R = I000 

U= I0 
I = 0.01 

Position = 3 

Relative-Position = 2 

Circuit = <some-circuit> 

Icon = <some-object> 

Sheet = <some-sheet> 

U-to-be-Checked? = t 

I-to-be-Checked? = nil 

the four-pole consists of a resistor 
the resistor is arranged in series 

the characteristic quantity is resistance R 

resistance in Ohms 

voltage at the resistor in Volts 
current through the resistor in Amperes 

the four-pole is the 3rd four-pole of the circuit 

the four-pole is the 2nd resistor of the circuit 

the circui5 which the four-pole belongs to 

icon to visualize the four-pole 

sheet to modify object attributes of the four-pole 

voltage at the resistor is checked by the 
oscilloscope 

current through the resistor is not checked 

' ~ Z-- ~ 

, '7 '  T . 

Figure 5. A Circuit composed of four Elementary Four-poles 

Besides its attributes, an object has methods that represent its behavior. An in- 

strument object, for example, has methods to connect or disconnect itself to or 

from an elementary four-pole object of the circuit. 

ELA_B is composed of seven functional components (Figure 6). These components 

are only conceptually defined, not all of them are reflected in the implementation. 

Every component consists of a set of objects. The lines in Figure 6 show the 

communication paths between objects of different components. The reason for 

identifying components is to group together objects which perform some particular 

task in the system. The whole system forms a large network of communicating 
objects. 

The functional components of ELAB are: 

Circuit: object representing the circuit constructed by the user 

Voltage Source: object that drives the Circuit by a user selected input 
signal 

• leasuring Instruments:  objects that may be connected to the Circuit to analyze 
its behavior 
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ELAB 

Figure 6. The Components of ELAB 

Simulator: 

Knowledge Base: 

ELEX: 

a timer generating "time-ticks" to make Voltage Source, 
Circuit, and :treasuring Instruments  proceed in time 
and produce the simulation data for the transient 
analysis 

objects representing electronics concepts and rules to 
create the Circuit according to the user's graphical 
specifications, to provide the simulation knowledge for 
each circuit, and to generate explanations requested by 
the user via ELEX 

objects that represents" the ,~xpert component; ELEX com- 
municates with all other components, it can functionally 
be divided into three major parts: 

• a Simulation Expert, managing the access to 
the circuit objects in the Knowledge Base 
and setting up the simulation parameters, 
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User Interface: 

• a Laboratory Expert, <crying as a tutor  that  
watches the user at work with the ELAB en- 
vironment, and 

• an on-call Electronics Expert, providing dif- 
ferent kinds of information about  the applica- 
tion domain. 

user interface objects displaying the internal objects of 
the other components and processing input events in- 
voked via mouse and keyboard 

4 T h e  S i m u l a t i o n  and  E x p e r t  C o m p o n e n t s  

ELAB is based on simulation techniques combined with knowledge representation, 

retrieval and inference methods. The system components performing these tasks 

are the Simulator, the Knowledge Base, and ELEX. 

4.1 The Simulation Model 

A circuit to be simulated in ELA_B is specified by a sequence of elementary four- 

poles. The Simulation Expert determines the corresponding object  from the 

Knowledge Base describing the simulation behavior of the circuit. This means 

that  only those circuits can be simulated which can be mapped onto a circuit ob- 

ject  of in the Knowledge Base. The Knowledge Base, of course, can be extended 

by adding the description of any circuit that  can be built from the elementary 
f~,ur-poles. 

The simulation model for thetransient  analysis is based on a numerical process 

that  utilizes the so-called step function response of the circuit, i.e. the circuit 's 

response to a constant  input signal. This response is completely specified by the 

change of those electric quantities which determine the energy in the circuit, 

i.e. the capacitor voltages and coil currents, and by the dependencies of all other 

quantities (device voltages and currents) on those energy-determining quantities. 

The step function response of the circuit depending on the constant  value of the 

input voltage, the device parameters,  and the state of the circuit, i.e. the previous 

values of the energy-determining quantities, is represented in the circuit object.  To 

get the overall behavior of a circuit driven by an arbi trary input signal the process 

of evaluating the step function response is i terated on short constant  time inter- 

vals. The constant  input voltage for each step of the iteration is obtained from 

the value of the input signal scanned at the beginning of each time interval. 

After each step, the newly calculated values for voltages and currents are 

propagated to the measuring instruments as required. The whole simulation 

process is controlled by one central object which synchronizes the communicat ion 

between the source, the circuit, and the measuring instruments.  The numerical er- 

ror of this procedure is held low if the length of the constant  time intervals is 
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small. On the other hand, the number of iterations to be performed in order to 

reach a given total simulation time increases with shorter time intervals. A trade- 

off between these simulation parameters is made by the Simulation Expert. 

The simulation data  presented by the frequency analyser and the Electronics Ex- 
pert are derived from the dependencies of the transfer function and the characteris- 

tic circuit parameters  on the parameters (resistance, capacitance, inductance) of the 

electric devices. These interdependencies are explictly represented in the circuit ob- 

jects of the Knowledge Base. 

4.2 The  K n o w l e d g e  Base 

The simulation and expert components utilize different kinds of knowledge. While 

procedural knowledge is implicitly included in the simulation and knowledge in- 

ference procedures there is a fair amount  of declarative knowledge explicitly 

represented in the Knowledge Base. 

The Knowledge Base consists of a collection of circuit objects,  a hierarchy of 

higher level circuit concepts, and a set of arbi trary electronics concept descriptions. 

Additionally, there are rules that  describe how a circuit specified by a sequence of 

elementary four-poles can be transformed or possibly simplified to a definite inter- 

nal form. 

Each circuit object  represents a circuit with a particular behavior that  can be built 

out of elementary four-poles in possibly different ways. Besides the normalized 
four-pole structure by which it is selected from the Knowledge Base, a circuit ob- 

jeer defines the step function response for the transient analysis, the transfer func- 

tion applied by the frequency analyser, and characteristic circuit parameters  

presented by the Electronics Expert. Additionally, there is a pointer to the next 

general concept of the circuit concept hierarchy and, optionally, a brief textual  

description of the circuit. 

Concepts are represented as objects with a description-part and a feedback-part. 
The description-part holds a text that  explains the concept. Since this text may 

refer to other concepts, many concepts may be connected implicitly. The 

feedback-part describes optional visual feedback actions for a bet ter  explanation of 

the concept, e.g. when the concept 3dB-frequency is explained its value in the 

present circuit is drawn into the diagram of the transfer function (Figure 3). 

Circuit concepts are explicitly cmnec ted  by pointers (sub-circuit pointers and 

super-circuit pointers) to represent the natural  concept-subconcept  relation. The 

concept low-pass, for instance, has a super-circuit pointer to the concept filter, 
whereas filter, on the other hand, has a back-pointing sub-circuit pointer to low- 
pass. Each circuit concept may have a set, of associated circuit parameters  which 
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characterize the concept precisely; for example, low-pass has the associated 

parameter  3dB-frequency. The terminal nodes of this hierarchical circuit network 

are the circuit objects described above. They have a pointer to their immediate 

s:zper-circuits in the hierarchy, e.g. RC low-pass has a super-circuit pointer to 

low-pass. 

The Knowledge Base may be extended easily by adding new circuit objects or con- 

cepts without  changing the simulation or expert component.  

4.3 The Expert  Component  ELEX 

ELEX consists of three subcomponents  addressing different tasks in the system: the 

Simulation Expert, the Laboratory Expert and the Electronics Expert. 

The Simulat ion Expert 

By a pat tern-matching approach the Simulation Expert determines the circuit ob- 

ject from the Knowledge Base that  represents the present circuit. [t transforms 

the sequence of elementary four-poles into a normalized form by internally reorder- 

ing the four-poles according to a set of precedence rules represen:ed in the 

Knowledge Base that  maintain the behavior of the circuit. The corresponding ob- 

ject from the Knowledge Base is found by matching this normalized form with the 

normalized four-pole structure represented in the circuit objects. 

There are a few simulation parameters  to be adjusted for each simulation process 

of the transient analysis, such as the constant  time interval length for each itera- 

tion and the number of iterations to be performed in order to get a usable simula- 

tion result. Since the ELAB user is usually not concerned with the simulation 

model and does not know the behavior of the circuit in advance, he is not able to 

adjust  these parameters  properly. Therefore, he is relieved from this work by the 

Simulation Expert, which automatical ly  optimizes the simulation parameters  for 

each simulation run, utilizing knowledge about  the input signal, the circuit be- 

havior, and possible requirements on the quality of the simulation s tated by the 

user. 

The Laboratory Expert  

The Laboratory Expert supports  the ELAB user while setting up experiments. It 

ensures that  the system is always in a consistent and reliable state.  Moreover, it 

directs the at tent ion of the user to critical si tuations that  are obviously not in- 

tended. Since in most cases these stem from ignorance or negligence on tht ~ part  

of the user, they can only be overcome by an active component.  The Laboratory 
Expert watches the interactions and makes the user aware of mistakes, such as 

wrong parameter  values entered by the user, and of critical situations, e.g. a 
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simulation run without  any connected measuring instruments.  While mistakes are 

simply undo~,e, in critical si tuations the expert gives the user the opportuni ty  to 

undo the action that  was probably not intended. To detect these kinds of 

problems, continuous communication is required between the expert and the ex- 

perimentation objects, e.g. the measuring instruments.  The expert applies heuristics 

to decide whether and when the actions of the user are to be interrupted. This is 

a characteristic problem of active help systems and intelligent tutoring systems. 

The Electronics Expert  

The Electronics Expert supports  the user in building and understanding circuits 

and enables the user to solve problems by communication on a more abstract  level 

of the application domain. 

The dialog between the user and the expert takes place in a window containing 

three subwindows - one for textual  information, another for the parameters  of the 

electric devices (resistance R, capacitance C and inductance L), and a third for 

characteristic parameters  of the circuit, e.g. the 3riB-frequency of a low-pass filter 
- and some sof tbut tons  to trigger specific actions of the expert  (Figure 4). Each 

piece of information has to be requested by the user, i.e. the expert does not 

present all available information at once; it only shows what  may be particularly 

interesting for the user. Actually, information is partly generated at the moment  

it is requested, by making inferences from general knowledge and specific circuit 

data. 

When a new circuit is built, there are an initial description and the parameters  of 

the circuit combined with their present values. All characteristic circuit parameters  

are found start ing at the circuit object  in question following the super-circuit path 

through the net. This corresponds to the concept of inheritance in hierarchical 

networks. To request information about  concepts, the user points to the item in 

the expert  window in which he is interested. Such sensitive items are printed in 

bold face and are explained when selected by the mouse, i.e. the description-part 

of the concept is printed in the information window, thus possibly providing more 

concept items to be selected, and the feedback-part is executed. This is closely re- 

lated to the current hypertext approaches, where textual  and pictorial information 

is t ightly interwoven [Smith, Weiss 88].  

The Electronics Expert can also build special circuits according to their qualitative 

classification. Instead of connecting elementary four-poles the circuit is specified by 

refining circuit concepts by sub-circuits chosen from a menu, e.g. a RC low-pass 
is specified by the circuit concept path four-pole - fi l ter - low-pass - RC low- 

pass. The specified circuit is built by the expert. Conversely, circuits built by 

the user can in some cases be simplified according to the internal representation of 

a circuit object  from the Knowledge Base having the same overall behavior, 
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e.g. two resistors in parallel can be subsl;i~uted by one resistor. ?hose  simplifica- 

tions can be determined from the normalized four-pole structure of the circuit by 
simplification rules represented in the Knowledge Base. 

Explanations of interdependencies between parameters  may be requ,.~sted by selecting 

a parameter  and choosing some query from a menu (Figure 7). This qualitative 

information can be particularly useful to understand how a circuit works, and how 

its behavior is influenced by the parameters  of its components [Rothenherg 88].  

Qual i ta t ive interdependencies between device parameters  and circuit parameters  are 

derived by numerical evaluation. To find out how the parameter  of a particular 

device affects a specific circuit parameter,  the Electronics Expert conducts an ex- 

periment: it changes the value for the device parameter,  watches the effect on the 

circuit parameter,  and determines the qualitative dependency. The user requesting 

the information does not notice this experiment conducted internally. The result is 

presented in a textual form. 
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Figure 7. Asking for Parameter  Dependencies 

The Electronics Expert also helps the user to adjust  the device parameters  so that  

the circuit shows a particular behavior, e.g. it is able to set the 3riB-frequency of 

a low-pass to 4 kHz. To get a particular circuit behavior, a circuit parameter  is 

selected and certain parameter  constraints to be satisfied by the expert may be 

specified in a special sheet (Figure 8). To solve this constraint  problem a relaxa- 

tion method based on a numerical, i terative process is employed that  determines 

the roots of an equation with several variables [ Jayaraman  84].  The equation is 

derived f r o m  the formula represented in the circuit object that  describes how the 

characteristic circuit parameter  is related to the device parameters.  
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Figure 8. Adjusting the Device Parameters  according to a given 3riB-Frequency 

Thus, the Electronics Expert is able to derive both quant i ta t ive  and quali tat ive 

knowledge by combining symbolic manipulation and numerical evaluation methods. 

5 C o n c l u s i o n s  

In the domain of electronics simulation, traditional, batch-oriented systems with in- 

adequate user interfaces are still predominant.  [nteractive systems using direct 

manipulation, however, present the problem domain in a much more natural  way. 

We have built the prototypical  system ELAB to demonstra te  how to extend the 

desktop metaphor  to a lab metaphor for an electronic simulation system. 

The expert component  ELEX has been added to the laboratory environment to sup- 

port the user in performing simulated experiments and solving problems with ELAB. 

To cope with these tasks, both knowledge about  the application domain and the 

particular simulated laboratory environment have been represented. This proved to 

be useful to make a system that  is based on the visualization of a complex ap- 

plication domain more usable. 

ELAB has been implemented in the object-oriented language ObjTalk.  This turned 

out  to be very suitable for this approach for several reasons: Object-or iented pro- 

gramming makes it easy to describe the communicat ion between various instances 

of the problem domain in a quite natural  way, and, on the other hand, sup~,orts 

representation of knowledge. Further,  the user interface could be easily constructed 

using an object-oriented user interface toolkit based on the window system WLISP. 
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