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Abstract 

Thls paper descrlbes ELAB. a knowledge-based, exploratory design and leamlng 
environment for four-poles, electroruc clrcults, conslsting of reslstors, capacltors 
and colls. Varlous kinds of four-poles may be constructed by the user and 
experlmented wlth. 'The system contalns a simulator that Is augmented by a 
component contalnlng knowledge about the simulation process and the 
appllcatlon domaln. The. system supports quantitative analysis as weil a s 
qualitative Investlgatlon of the behavloral propertles of user deslgned four-poles 
by provldlng adequate simulation parameters, answerlng questlons aboul the 
appllcatlon domain. and glvlng examples and partial solutIons for problems posed 
by the user. The system makes heavy use o[ a dlrect manipulation interface and 
employs several types of vlsuallzatlon techruques. 

Human - Problem-Domaln - Communlcatlon 

15 

The desktop metaphor (14( Is Just a speclflc Instance of tl1e more general dass of human -
problem-damaln - communicatton (HPC) situations as deflned by [91. II summarlzes 
some surface characterlstlcs of typlcal olTice workers' problem-domalns and Is among 
the best understood HPCs. We belleve the ternl HPC In many situations to be more 
approprlate as a fundamental research paradlgm than human-computer­
communlcatlon (HCC). A user Interactlng wlth a computer Is prlmarlly not interested In 
the InteractIon process . The Interaclion serves purposes and goals. It 15 a goal-orlented 
problem solvlng actlvlty addresslng appllcatlon dependent problems of speclflc problem 
domalns. TIIe ultlmate goal of users Is to Inspect and manlpulate the obJects of the 
appllcatlon they are Interested In .The HPC paradlgm has many slmllarltles wlth the 
Idea of 3-0 virtual war/ds dlscussed by Brooks 131. Both Ideas treat the computer as a 
medium that Is vlrtually transparent. Wlth respect to the communlcatlon process.Both 
paradlgms entall the Idea to replace system-orlented deSCrlplions by problem orlentet! 
descrlpllons 113,161that are mearungful to the user. 

Worklng environments wllh characterlstlcs slightly different from the office situation 
are laboraLorles of any k1nd (e.g .. eleLrorucs, physlcs or muslc laboratortesl. Laboratpries 
provlde exploratory environments wllhln whlch one can sLudy problems and pursue 
goals of leanllng and research . Laboratory environments slmulated on a computer 
screen and sofiware-based constructlon klts share a lot of propertles. especlally whclI 
used for educatlonal and .tutorlal purposes: standardlzed parts and modules. defaults, 
some deliberalely introduced InelTiclency, protectlve shtelds Lo prevenl disaster, elc. 

Recently, the paradJgm of constructlon k1ts has become popular as a conceptuat base 
for bulldlng human-computer Interfaces. Bill Budge's pinball construction set 151 has 
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otrlggered ascries of systems and design environments (e.g., (8,lO,IIIl that put the user 
Into the acLJve posltlon of the designer wlthln some problem domaln. D. Norman poinls 
out one of the great advantages of klts IJke the plnball construclJon set (15]: IL Is a world 
In whlch JIlegal operations are basically Impossible. An operation may not achleve a 
deslred result but there Is no such thing as an JIlegal operation. Whether an action 
achleves the deslred result Is slmply controlled by vtsual Inspectlon. 

The ELAB system eomblnes Ideas from the construeUon klt as weil as the HPC 
paradlgm. It Is deslgned to serve as a learnlng envtronment wlthln whleh a student can 
explore a problem domaln, the worldO of electronle elreults. The system makes heavy use 
of vlsuallzallon tcchnlques to mlmlc il real laboratory; however, II also employs deep 
and detalled knowledge representalions to declde when to use whlch technlques. 

Dlrect Manipulation Electronlcs Simulation 

The neId of electronles has been the foeus of Intelligent eomputer-asslsted Instrucllon 
systems from the very beglnnlng. The SOPHIE system (4(ls among the most Influentlal 
systems at all. It watc;hes the user trouble-shooLJng a speclflc complex electronlc clreult. 
applying varlous knowledge representaUon and lnferenee technlques. SOPHIE 
eommunleates wllh the user solely by me ans of natural language. Thls kind of 
InteracUon is qulte approprlate [or providing explanaUons. but rather awkward for 
tasks ltke changing parameters of clrcult eomponents or even performing 
measurements . Another influenUal system, THING LAB (2(. appltes constraint 
propagation and relaxation teehnlques to the simulation of eleclronic clrcuils, expllcltly 
rcpresentlng, however, only rather low level knowledge of the applieatlon domaln . 
Wllh ELAB, the constructlon and analysIs of clrculls may be perfomled on a computer) In 
basically the same way as In areal laboratory. The user dlreclly manipulates an 
experlmentallon neId wlth objeets to be found In electronlcs laboratories (see Figure 1) 

• eleetrlcal devices (resistors, eapaellors, collsJ. 
voltage souree (funcllon generator)' 

• measurlng Instruments (oscllloseope, frequency analyzer, analog and digilal 
gauges). 

The user may lnteraellvely ereate an arbllrary complex clrcull out of the basic bulldlng 
blocks, run simulations of It, and have the system display the resulls with thc help of 
varlous Instruments: digital and analog gauges, oscllloscopes, and frequency analyzers. 
In order 10 create a clreull and run a slmulallon the user seleets, moves, connects, and 
modlftes graphlcal obJeets on the sereen. The desktop metaphor has been transfomlcd 
Into a [ab metaphor: the vlsuallzaUon and direet manipulation of an electronics 
laboratory on a computer sereen. 

ELAB handles the applteaUon domain of eleetronle eircuits twill from elemcntary 
four-poles eonslstlng of reslstors, eapaeilors or eolls. These elreutts, though eontainlng 
only rather simple components (ELAB does not provlde aetlve elements like transistors 
to experiment wllh), qUlekly beeome eomplex enough that even a human electronies 
expert Is unable to predlet thelr behävior qualitatlvely, let alone quanUlallvely. Some of 
the most interesting clreults to be bullt wtth ELAB are voltage-·dlvlders. ftlters (e.g., hlgh­
pass. low-pass, band pass), and resonant elreults. The type orthe Input signal (e.g., slnc­
or reetangle-shaped oseUlaUons or pulses) and InlUal states (e .g., a eharged eapaeltorJ of 
the devlces may further Inerease the eomplexUy of a elrcull's behavlor. TIle slmulalIon 
eomponent provldes transient and Jrequency domain analysis of elrcults representcd In 
a knowledge base. 
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In the uppcr part there Is a wlndow for textual !lotes and InstrucUons for the user. Below 
we have a graphlcal menu for the elementary four-poles a clrcult may be bullt of and 
some buttons to control thc simIlIalIoll proccss. The mahl part holds (he 
cxperlmcnlalloll fleld contalnlng, the clreull conllectcu to the vollagc souree amI varlous 
Instruments to analy;;e the clreuU's behavlor. 

FIgure 1: ELAB - A Simulated, Dlrect Manipulation Eleetronles Laboratory 

The vartous Instruments used 10 analyze the behavlor of the clreull are modeled after 
real hardware! Instruments wlth Inereased funcllonailly. The oscUloscope, for example. 
may slmultaneously protocol as many different Signals as the user wishes to see. Hs 
eoordinate system Is variable, and It displays not only perlodlcal signals Ilke most 
hardware osetlloscopes do, but also arbUrartly short pulses and varylng oscillaUons. 
The analog gauges ha-e Interactlvely modlftable seales, hands, and labels, the digital 
gauges easlly adapt 10 arbltrary ranges . 
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• The actual creaUon of a clrcuit composed of icons representlng its components is done 
by using the mouse as a pointing and dragging device. Pop-up'sheets are used to change 
the attributes of the components of the clrcuit and the settings of the Instruments. 
softbuttons to start or contlnue the simulatIon. Before or after the simulation. the 
Instruments. also represented as Icons or. when acUve. as graphie windows. may be 
connected to the components of the clrcuit to measure voltage and current of the devlces 
or. in case of the frequency analyzer the transfer functlon of the four·pole. 
The interaction wlth the system Is largely determlned be the Intentions and actlons of 
the user. The whole screen serves as a design space withln whlch the efTects of actlons 
taken by the user arc rarely local to spectflc regions. Therefore. a fuH sampie session 
with the system cannot be Illustrated In a few snapshots. 

Supportlng the Design Process 

Systems like ELAB that model a complete applicaUon domain turn out to be difflcult to 
operate although they use dlrect manipulation as thelr prime interacUon technique .. HPC 
an(l dlrect manipulation) solve the problem of InteractIon wlth the obJects of a 
slmulated electronlcs laboratory. but there are still lots of details that are difflcult to 
understand an(l even more difflcult to adJust to appropriate values. To run meanlngful 
experiments wlthln a slmulated electronlcs laboratory requlres a lot more than the 
ability to hook graphlcally representedO objects together and push the run button to start 
the simulation. Combinlng parts Into clrcults Involves knowledge about types and 
propertles of clrcuits; the hlghly speclallzed vocabulary developed wlthln electrlcal 
engineertng Is the level of abstracUon 

IU::=:"~]jrC~~~"C""i 
Ir-

0'·' 

~ !I :., -I'-.....,O--.~~.o-! ..... .-....f++-.++-I--. __ 
m '.'12 '.IU ur 

1 ~~ -'i 

.. _ .. 
.. 

~_~~~:;:;;;;;;;:;;;~(l 
:~:::!:;; ;~~;~ !i;;;;:; ;:: : ;:::!::::::::i :!::~::; ;:~ . :: .. : ;;::: ;~;=::::~;;gEigj::~g~:: j : j :Im;;:~: ~: ;;gg~: mg;g~~~~;~lm:j 

FigUl'e 2: Translent Analysis of aResonant Circuit Controlled by the Simulation Expert 

and communlcatlon that the user as weH as the system have"to be famtllar wlth. At least 
two kinds of knowledge are involved: knowledge about th~ appllcaUon domaln. e.g .• 
spectflc four-poles. and Iknowledge about how to operate a slmulated laboratory. e.g .• 
how to set up and run meaningful simulations. 

To overcome some of the problems encountered in communlcating with the obJects of 
the complex applicaUon domain we augmented ELAB by an expert component. Among 
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other things. thls component monitors the user's acUons. controls simulation 
parameters. and adJusts the displays of the measuring instruments to guarantee a good 
overview of the sampled information; e.g .• It may be asked to operate the oscilloscope. a 
rather complete tool In Itself. 

FuncUonally. the expert component conslsts of three major parts that roughly 
correspond to the different kinds of knowledge utillzed by the system: the simulation 
expert. the laboratory expert. and the electronics expert. 

The simulation expert manages the access to the circuU knowledge base. sets up the 
simulation parameters approprlately (e.g .. how fine or coarse a simulation to run over 
time). detects abnormal situations (e.g .. short circuits). and finally runs the actual 
simulation; we will not descrlbe It In more detail slnce thls knowledge Is not directly 
accesslble to the user. The declslons. however. made by thls component may always be 
overwritten by the user tf for some reasons they are feit to be Inapproprlate for the 
situation at hand. Figure 2 shows the simulation result of the transient analysis of a 
resonant circuit excIusively managed by the simulation. expert, revealing the typical 
behavlor of this partlcular circult. 

The laboratory.expert supports the ELAB user whlle setting up experiments and ensures 
that the system Is always in a conslstent and rellable state. It also directs the attention of 
the user to crtllcal situations that are obviously not intended. e.g .• tfthe user starts 
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FlgUl'e 3: Crilical Situation Detected by the Laboratory Expert 

the simulation of a clrcuit without having connected any measuring Instruments. In thls 
ease the laboratory expert proposes to abort the simulation (see Flgure 3). To detect 
situations like these a conUnuous cormnunlcallon 15 requIred between the expert and the 
components of the laboratory environment. e.g., the measurlng instruments. The expert 
applles heurlsllcs to declde whether ami whell the actluns uf the user are to be 
Interrupted. lt uscs monitoring technlques lyplcally applled by acUvc help systems; 
consequently. the eommunlcatlon incorporates elements of a mixed-initiative dlalogue 
161. 

The electronics expert Is aseparate on·caH system component that may be asked for 
help or assistance by the user. The range of asslstance It provides to the user relates to: 

• explanaUons about vartous electronics concepts or about spectfic electrical clrcults 
elther buUt by the user or by the expert. This is accomplished by allowing the user 
to browse through a network of eIectronics concepts (see Figure 4). Explanations 
mayaIso be given for the too1s contained In the laboratory, e.g., the frequency 
analyzer,. Each piece of information has to be requested by the user. e.g., by 
polntlng to the Item in the expert window he is interested In. In addition. some 
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explanallons are augmented by vlsual feedback for a bettel' underslandlng of the 
explained concept, e.g .. the .3dB-frequency Is drawn Inlo the frequency analy/.er's 
diagram of the transfer functlon when the user asks for an explanation (cf. Figure 
4). 

• statements about the qualitative dependencies between the devlce parameters and 
the speclflc circull parameters' e.g .. how the reslstance of a speclflc reslstor aspeets 
the eireull parameters, or how the 3dB-frequency of a filter ls alTected by Its deelde 
parameters. This qualitative information Is parUcularly usefuI to understand how 
a clrcull works, and how Its behavlor Is Inllueneed by the parameters of Hs 
components (see FIgure 5). 
the detectlon and elimtnatlon o( redundancy In user buHL clrcults; the expert may 
suggest to slmpllfy complieated eircuits Into simpler, functlonally equlvalenl ones. 
e.g .. by replaelng two or more reslstors arranged tn serles by one reslstor. Thls Is 
partlcularly useful for novlces In the fleld to recognl7.e and undersland basic 
structural components of a clrcult. 
the automatie or seml-automallc conslrucllon of clrcuits wllh speclfle . user­
deflned qualitative an(l quantitative eharaeterlstles . e.g., the user may ask the 
system to build a low-pass with some predeftned 3dB-frequency (see Figure 6). Thls 
Is a very powerful tool. slnce it helps the user solvlng problems that eannol be 
aeeomplished by experlmentatlon tn areal laboralory. 
ELAB also contalns some simple meehanles to tailor the system's behavlor to 
speeiflc users. Predeftned user stereotypes. e.g .. novlee and expert. may be tnspeeted. 
modlfled . an(l saved for future sessions by the Individual user to fit personal 
preferences. 
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Flgure 5: Qualitative Explanallons of Clreult Dependeneles 
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Flgure 6: AdJusUng the Paramcters of a Clrcult Aecordlng to User Deflned COl1slralnts 

Knowledge Representatlon 

Mos t of the knowledge contalncd 111 ELAB Is cncapsulaled wllhln obJecls. c1asses and 
Instanees. of ObJTalk. an obJect -orlcnted extension (12( to FranzLisp . An obJecl I~ 

dcscrlbed by attrlblltes rcprc~cnllng Ils statc anrlmcthmls rcprcscnllng Ils bchavlor. The 
fourth c!emcnlary fOllr -polc of thc cln:ull 111 FlgllI'C 3. for example . Is rcpr'cscnlcd by an 
obJeet wllh the followlng attributes) : 



22 

Type = reslstor 
OrlentaUon = parallel 
Quantlty = R 
R= 1000 
Clrcult = <some-clrcult> 
Position = 4 
Ieon = <some-Ieon> 
Sheet = <some-sheei> 

t:ireui' 
conceprs 
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the four-pole conslsls of a reslslor 
the reslslor Is arranged In paraBel 
the characteristic quanllty is resistance R 
reslstance In Ohms 
the clrcult wh Ich the four-pole belangs to 
the four-pole Is In 4th posilion 
Icon to visuallze the four-pole 
sheet to modlfy four-pole atlrtbutes 
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FIgure 7: Object Network Representlng an Extract of the Knowledge Base 

Classes are organized into an Inheritance nelwork. instances are connected via attribute 
value pointers. Figure 7 shows an extract of the obJect nelwork fonnlng lhe knowledge 
base of ELAB. It consists of a collectlon of clrcult obJects and circult concepts 
representing different kinds of declarative and procedural knowledge utillzed by. the 
slmulallon and expert components. 

Clrcuit obJects descrlbe the simulation behavior of speciflc clrcults . used by thc 
simulation component when performlng the transient and frequency domain analysis. 
as weil as fonnal descripUons of how charactertstlc clrcuit parameters. e .g .. the 3dB­
frequency. are computed from the parameters of the electrical devices. I.e .. reslstance. 
capacltance and inductance. Tbis knowledge Is used by the electronlcs expert to derlve 
qualitative dependencles between parameters and quall~<ltive solutions for constralnt 
problems. posed by the user, by means of numerical evaluation and simulation. 

Circu!t concepts descrlbe qualitative attributes of electronlcs concepts by text u<l1 
dcscrtptions and references to related concepts. Thls kind of knowledge 15 uliltzed by Ihe 
electronlcs expert to glve explanations for electronlcs concepts related to a speclflc 
clrcult. Tbe concept low-pass. for example. has apointer to the concept 3dB Jreq uency. a 
characterlstlc parameter for this kind of clrcult. and pointers to the more general 
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coneept Jilter and to speclfic clrcuit objects. such as RC- or RLC-circuit. InfonnaUon 
bclonglng to a speclfic clrcult Is found by navigatlng through the object network startlng 
at the correspondlng clrcult objecl fol1owlng different pointers. Describing concepts by 
more general concepts corresponds to the principle of Inherltance In hlerarchlcal 
networks. 

The knowledge base of ELAB may be easUy extended by addlng new clrcult objecls or 
concepts wlttlOut having to change the simulation or expert components. 

Concluslons 

We have buill a sUB evolving. prototyplcal system that combines knowledge represen­
talion and vlsuallzatlon technlques to re ach a new level of human - problem-domaln 
cOIl1Il1unlcallon. Thls Is achieved by addlng several expert components. thus introducing 
domaln-oriented knowledge. to an already exisling laboratory environment. The 
cxpcricnce galned wlth the ELAB system has demonstrated. that the usabllity of 
construcllon klts and exploratory environments Increases by an order of magnitude 
when they are supported by problem-orlented knowledge enabling the user to 
communlcate In famillar tenns. Novlces in the applicatlon neid and electrorucs experts 
worklng wllh the system conflnned the qualiflcatlon of ELAB for a tutoring system as 
weB as a problem solvlng tool for thls partlcular appllcatlon domain. Using the same 
b<lsic idea we have expericnced a simllar Increase In usability wilh an editor for 
convenUonal music notation 111 . 

The ELAB system is currently lmplemented in FranzLlsp using a wlndow system 17) 
tallorcd to BllGraph temlinals. The wlndow system as weil as the knowledge base of the 
ELI\B system are buill on top of ObjTalk. We are currently working on a 
reimplemcnt<ltlon of the system uslng X-Wlndows. Common-Lisp. and CLOS . 
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