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Abstract 

SURFACE is a prototype expert system built 
for the persona l computer to assist in the selec
ti on of surface analysis techniques for character 
i zing the surface of minerals or other mater ials. 
SURFACE uses a production system to represe nt the 
expertise required to reach a decision. The syste m 
knowledge base runs on an inference engine (she ll) 
developed by Starfield and Adams. 

SURFACE was built in a two stage process 
consisting of (1) development of a rule base fqr 
surface analysis fr om information in the litera
ture and (2) testing and refinement of the rul e 
base by several means, including interviews with 
human experts. 

Introduction 

Numerous factors must be cons idere d in choos
ing appropr iate surface analysis techniques for a 
particular sample. The major analytical tech
niques, Auger E 1 ectron Spect roscopy (AES), X-ray 
Photoelectron Spectroscopy (XPS), Ultraviolet Pho
toelectron Spectroscopy (UPS), and Secondary Ion 
Mass Spectroscopy (SIMS), al 1 provide dif fere nt 
types of information about the top five nano meters 
or less of the surface, and all affect the sample 
differently. The situation facing th e novice user 
is graphical ly described by Sparrow & Drummond1: 

"Any newcomer to the field of sur
face science could easily become appre
hensive deciding which technique to use 
for analysis of a particular sample or 
which instrumentation to invest i n. The 
field is littered with acronyms, claims, 
and counterclaims which further confuse 
the decision-maker tp. 112)." 

A surface may be described as that portion of 
a sample most directly affected by, or affecting, 
the external space around it. Generally, this 
includes a diffuse, weakly bonded layer of physi
cally adsorbed gaseous material, a thin la yer of 
chemisorbed atoms, and a reacted or treated speci
men surface which is quite different chemically 
from the bulk of sample underlying it. The speci
men s urface often dic tat es th e entire chemical and 
physical characteristics observed. Yet th is sur-
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face may only consist of a single layer of atoms 
several nanometers thick. 

In genera l, pro bl ems involving surface anal y
sis fall into one or more of the following catego
ries : t opography, morpho logy, elemental surface 
composition ( in cl udi ng variations wit h depth) , and 
chemical state. Eleme nta l surface analysis of the 
specimen provides information such as: 

1. 
2. 
3. 

4. 

5. 

Identifi cation of the elements present. 
Concentration of these el ements . 
Variation of concentration with surface 
depth. 
Distribution of these elements across 
the surface. 
Bondi ng nature of these elements. 

Since information from thes e diverse areas cannot 
be obtained using a si ng le instrumental technique , 
several different techniques may be required to 
character ize a particular surface or to solve a 
particular problem 2. The difficult y inherent in 
choos i ng appropriate surface analysis techniques 
coupled with the lack of available experts to 
assist in this choice stim ulated our i nte rest in 
building an expert system to address t h is problem . 

Most knowledge -b ased expert systems developed 
to date have been relatively large-scale experi
mental prototypes, each re~uirin g severa l man
years of effort to create 3 • . The procedure for 
building these large-scale expert systems has been 
desc ribed

6
by Hayes-Rot h5 and Hayes-Roth, Waterman, 

and Lenat. Althoug h there currently exist only a 
few references to ·small-scale expert systems (less 
than 100 rules ), this area will surel y be growing. 
An interesting microprocessor application of ex
pert systems was described by Weiss, Kulikowsk i 
and Galen 7 where they developed a scheme for in
terpreting the results from a scanning densitome
ter (a widely used medica l in str ument) using 
EXPERT and transferring the EXPERT inte rpre tative 
system to a microprocessor environment. Another 
example of a relatively small expert system that 
has been used successfully is the DIPMETER ADVISOR 
developed by Schlumberger 8• There are currently 
90 rules in the DIPMETER ADVISOR system. It 
started with 30, increased to 150 , and then 
dropped back to 90 with basically the same func
tiona l ity as the larger system. As many as five 
or six of these rules work together to reach a 



particular conclusion. DIPMETER ADVIS OR t ook six 
years to develop, so that any i mpro v ement in the 
methodology for building small exper t syste ms 
would be very helpful. 

Background 

The purpose of the SURFACE expert system 
building proje ct was to develop a procedure for 
building an expert system from th e li t erature and 
to apply this proc edure to buildin g a pro t otype 
system to provide prospective us ers of surface 
analytical services wit h guidance in se lecting an 
appropriate elemental analysis tool (t e ch n ique), 
or group of tools, and to provide infor mation on 
how to acquire and use the recommended services . 

Initial 1 y, the project was intended to pro
vide information in three areas: 

1. A catalog of elemental analysis tools f or 
bulk and surface analysis, including informati on 
on the characteristics of the instrument, it s 
location and availablity, and the cost of t he 
service. 

2. The preparation of a prot otype expert 
system, SURFACE, to serve as a decisi on aid to 
help users select an appropriate surface analysis 
technique wherein users specify the type of analy 
sis desired, i.e., t he aspect of the material to 
be characterized. This is accomplished through a 
series of que s t ions asked by th e expert system. 

3. An analytical pro bl em solver to ai d the 
user in deciding how to characterize an unknown 
material, to help solve material fabricatio n and 
production problems, and to aid in stu dy i ng t he 
basic chemistry and physics of materials. 

To date we have focussed on the first tw o 
steps of this o verall objective. The third s tep 
involves poorly formul ated , open-ended problem s 
and was therefore quite difficult to tackle. 
Hence we concentrated our efforts on acquiring the 
information necessary to bui l d a prototy pe exper t 
system to assist in the selection of an analysis 
technique, given that the user was fami l ar with 
the type of material characteriz at io n informatio n 
needed . 

The users of the Nation al Science Foundatio n 
Regional Surface Analysis Center at the University 
of Minnesota who could potentiall y benefit from an 
expert system to assist in the selection of sur
face analysis techniques include: 

1. Graduate and undergraduate students learn
ing about surface ana ly sis methods or seeking 
analytical tools for their research. 

2. Faculty researc he rs applying a nalytical 
services outside of their usual area of expertise. 

3. Materials' deve 1 opers and users seeki ng 
better ways to characterize their materia l s. 

4. Industrial and state and federal agency 
researchers seeking to solve their surface analy 
sis problems. 

Tne rationale for the development of this 
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s urface anal ys i s expert system involved time sav 
ing and the maximi zation of resource uti li zation. 
I t is anticipated t ha t the us e of SURFACE will 
red uce the ti me r e qui re d t o obtain appropriate 
analytical se r vices and will mi nim iz e the use of 
inappropriate tests. SURFACE permits the choice of 
analytical to o ls from the complete range of avail 
able tools , not only f ro m t hose tools wit h which 
t he in vestigator is fami l ar . Fi nally, surface 
analysis is a rapidly growing area where expertise 
is distributed among too few experts . This expert 
system provides the prospective user assistance in 
select i ng appropriate s urface ana ly sis techni ques 
to solve routine prob lems , thereby permitting the 
few experts to spend more time on the t ou gh and 
challe ngi ng pro bl ems where they are reall y nee ded. 

Developme nt of SURFACE 

For the construction of the prototype expert 
system , SURFACE, th e Starfield - Adams backward 
chaining infere nc e engine was used on an IBM Per 
sonal Computer . The Starfield - Ada ms shell and its 
applications are des cr ibe d in thes e proceedings 9. 
Br iefly, it is a rule - bas ed expert system shell i n 
whi ch differe nt knowledge bas es can be st ored in a 
f l exible format in text files. The text files are 
cal led, pa rse d , ch ec ked and then i nterp reted by 
the s hel l. This format calls for a set of spe c i 
fic questions (each with a 1 ist of answers ) and a 
set of rules ( for dr awi ng conclusions from the 
answers). This met hod of represe nti ng knowledge 
and storing it on file makes th e expert s ystem 
accessible t o users with 1 it tle or no ex perie nce 
in knowledge engineering . The shell can accom mo
date ap pr oximat el y 50 to 100 rules and can there 
fore be used to exer ci se sma l l bu t no n-t r ivial 
know 1 edge bases. 

The procedure by whi c h the Starfield - Adams 
shell accesses the knowledge base must be consid 
ered bef ore and during the construction o f t he 
knowledge representation . The backward - chain i ng 
i nference procedure wor ks by validating decisions 
in the order the y are listed in the text file . 
The ord er in which th e que st io ns are asked depends 
in turn on the order in which they are 1 isted in 
the ru le s . The Starfield - Adams shell attempts to 
va lidate the first dec i sion listed by looki ng for 
a ll the rules in whic h that dec is ion appears, and 
then asking the questions i n the order in which 
they appe ar in the rules. 

The criteria for selecting appropriate s ur
face analysis techniques are ava i lable in the 
literature. However , a lthough most surface analy 
sis problems are re l atively ro utine and have been 
solved previ o usl y , the pertinent informatio n is 
available in manua ls, brochures and other techni 
cal reports that are not readi ly accessible and is 
not general 1 y in the form needed by the user to 
make a decision . Moreover , the many different 
types of s urf ace analysis equipment must be con 
sidered when determining whe t her a particular 
procedure is ap pr opr iate, compl icating the deci 
sion - making process. 

The first version of SURFACE was built from a 
representation , in table for m, that co n ta in ed 



information on both imagi ng and anal ysis. The 
decisions (optical, SEM, AES, SAM, SIMS, and XPS) 
were listed with t he following cha r acteristic s : 
sample requirements (size and form), resol ut ion 
(depth and area analyzed) , and anal ysis capabil i 
ties (elements, isotopes, detection limits, depth 
pr ofile, quantitative ca pabilities and destruc 
tiveness). A production s ys tem with Decis i ons 
Question s -Rules (DQR) was built from this repre 
sen tati on i n an intuitive manner 10• It i s inter
esting to note that th e DQR file contai ned in f or 
mat i on that was not represented in t he initial 
table. The performance testi ng of this version 
yielded some interesting res ults as described in 
t he Performance Evaluation section. The adv ice of 
Hayes-Roth, Waterman, and Lenat 7 to "throw away 
th e Mark 1 version and sta rt again" was followed 
for this work. 

A reconstruct io n of the procedure t ha t we 
used to de velop th e first version was r ecorded in 
an atte mpt to improve our un de rstandi ng of the 
process. We then attem pt e d t o fol l ow t he proc e
dure i n order t o build the second ve rsi on o f 
SURFACE and found s ome very i nterest i ng d is cre pan
cies . The ta s k of reb u ilding SURFACE revealed 
th e ne ed to revise th e t ab le repres en t ing the 
knowledge, one major revisi on bein g the separatio n 
of imagin g and the surface analysis int o two dis 
tinct sections. The rebuil din g also revealed the 
impli c it construction and use of a network start
in g with th e questions and proceeding through the 
answ ers sequentially to a r rive finally at t he 
outcomes. The revised proc ed ur e was then used to 
cre a te the seco nd version of SURFACE an d is de
scribed in th e followin g sect i on. 

Procedure for Bu i l d i ng Small Expert Sys te ms 
fr om the Literatu~ 

Buildin g a small expert system t hat will . 
function with the DQR she ll i nv ol ves lo ok i ng at or 
filtering the literature with a DQR te mplate. 
Knowledge acquisition and representation fro m the 
li terature for building SURFACE inv ol ve d the f ol 
l owing seq uence of s teps: 

Tas k Defi niti on: 

1. Definin g the task . Spec if ying th e pr ob
lem domain and lis t in g the decis i ons, outcomes 
th at the s ys t em will be expected to reach. 

In forma ti on Collection: 

2. Locating the relevant i nf ormation in the 
1 i ter atur e by asking th e quest i on "What i nforma
tion i s needed t o reach the decisions l isted? " The 
tas k is one of finding the information t hat forms 
the bas i s f or (1) se .le cting te ch niqu es or making 
deci si ons, (2) formulating questio ns t o be as ked . 
of th e us er and, (3) creating t he rules in if - then 
statement form. Consu l tin g many of the numerous 
articles which are av ailab le, e.g ., "Comparison of 
surface analysis techniques," "Coordin a ted surface 
analysis," and "Surface analysi s: selec tin g a 
technique," facilitated thi s tas k. 
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In f ormatio n Organization : 

3, Pre pa ri ng a table of decisions in wh ic h 
a l 1 t he character is t i cs found i n the 1 i terature 
that ar e thought t o be i mpor t ant in reachi ng a 
dec is io n are l is ted. 

4. Det ermini ng the possible mani festations 
of each ch ar ac te r is tic, i.e ., the various ways i n 
whic h t he characteris t i c can be de f i ned or quanti 
f ie d. 

5. Exami ni ng t he table an d se lecting char -
ac te ristic s whose manifestations cover more than 
one decision and lea d to a di f ferent i ation among 
the various decisions. These character i stics , 
that we ca l l traits , ca n then be considered in 
fo r mulati ng the rule base . The questions that 
wi ll pr ov ide inf ormat i on on the manifestations of 
each cha racteris t ic can also be formulated at t his 
time. 

6. Cons tr uc t in g a network of al 1 the ques 
tions with the ir associated answers, leading even
tu al ly to t he f inal out comes or dec is io ns. This 
i s a very helpfu l means of keep in g trac k of al 1 
th e possi bl e routes through t he knowledge repre 
senta t io n. The construction of t h is ne twor k also 
simpl ifies the formulation of the rules . 

Produc ti on System Preparation: 

7. Connecting t he questions and decisions by 
a series of rules. The prepara t i on of the DQR 
te xt f i le i n th e orde r of Dec i sions, Questio ns, 
and Rul es completed the preparation of SURFACE. 

The details of the process that was used to 
const r uct SURFACE f r om t he li terature ar e descr i b
ed below. Accompanyi ng t h is discuss ion i s a de
ta ile d example of t he procedure for de velopi ng a 
smal 1 subset of SURFACE, i. e., the procedure for 
se l ecting a surfa ce i magi ng techniq ue. 

Task Defi n iti on 

The ta s k was defined i n terms of the su rfac e 
analys is techn iq ues available at t he Uni ver sit y of 
Minnesota . These techniques include optical mi 
croscopy , SEM, AES, SAM, SIMS, and XPS. The ob
jective was to acquire an d re pr esent the informa 
tio n ne ce ss ary to decide among these tech ni ques . 
Possi bl e techniques for the imagi ng example are as 
fo ll ows: 

Opt i ca l microscop y 
Scanning ele ct r on microscopy 
(SEM) 

- Scanning Auger microsco py (SAM) 

Inf ormati on Colle ct i on 

Numerous artic l es were available i n the li t 
erature to assist in t he sele ct ion of surface 
imaging and a na ly sis techniq ues. The first ste p 
was to locate th e relevant literature from a data
base sear ch supplemented by a manual searc h . Next 
the literature was scanned for descriptive and 
proced ur al infor mati on concerni ng the selection of 



surface imaging and analysis techniques. Specifi
cally, we looked for information that defined the 
characteristics for each technique which, in many 
cases, consisted of the specifications of the 
equipment involved. We also looked for procedural 
rules of the if-then form, or for information that 
could be converted to the if-then form. 

Information Organization 

When a human expert is consulted to build an 
expert system, the expert provides the questions 
that are typical 1 y asked when addressing a prob
lem. However, a non-expert or pseudo-expert sys
tem builder (commonly called a knowledge engineer) 
will not know from experience which questions to 
ask, or when to ask them. Therefore, an external 
representation for storing and comparing the in
formation and for imposing structure on the knowl
edge is needed to assist in determining appropri
ate questions. A table was used in the prepara
tion of SURFACE, wherein al 1 the decisions were 
listed along with each of the characteristics or 
events associated with each decision. The table 
included all of the aspects of each decision list
ed in the literature that we thought might be 
important in reaching a decision. A partial 1 ist 
of characteristics for the imaging example is as 
follows: 

sample size, form, and preparation 
requirements 
equipment cost, availability, ease 
of use, form of results, and ease 
of interpreting results 
resolution or magnification 
image type and features 
elemental analysis capabilities. 

Following the completion of the characteris
tics table, the next step was to compare the 
characteristics for all decisions, looking for 
traits, which are characteristics that are defined 
or exist in some degree for more than one deci
sion and are different for different decisions. 
Traitsare characteristics that make a difference 
in reaching a decision, based on Bateson's defini
tion of information as "a difference that makes a 
difference. 110 We considered two types of traits: 
(1) Traits of degree involving continuous vari
ables, such as magnification, and 2) Traits of 
type ·involving information of a true-false nature, 
such as whether or not a machine has isotope 
analysis capability. 

A new table was then formed by listing the 
decisions with the traits selected as likely to be 
useful in differentiating among the decisions. 
The traits selected for the imaging example are as 
follows: 

required sample size and form 
- depth and lateral resolution 

magnification 
- image type and features, and 
- elemental analysis capabilities. 

The knowledge representations, in the form of 
decisions by their traits, are listed in Tables 1 
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and · 2 for surface imaging and surface analysis, 
repectively. 

Representation Construction 

Two steps were repeated to represent the 
knowledge required to reach a decision. First, the 
table constructed from the literature was examined 
to locate those traits that permitted differentia
tion among the decisions, as described above. 
Second, a network was constructed to illustrate 
the questions and their possible manifestations 
and to help trace or account for the possible 
decision routes through the representation. 

The structured external knowledge representa
tion (in table form in this case) was used to 
systematically create a knowledge network from 
which the production system was prepared. This 
process was begun by examining the traits, rather 
than the decisions or questions. The process that 
was used for the preparation of the network for 
SURFACE is as fol lows: 

1. Each trait was examined leading to the 
selection of one trait that applied to all deci
sions-being-considered (for the first step this is 
"all decisions"). Traits were chosen which most 
evenly divided "decisions being considered," 
thereby producing a more effective search based on 
search algorithm efficiency. The first trait 
selected for the imaging example is: 

- lateral resolution, which applies 
to all decisions at this point and 
whose manifestations have the in
teresting property that they over
lap, i.e., more than one decision 
may be appropriate. For example, 
if a lateral resolution of 0.1 
micrometer is acceptable, then SAM 
will be valid, and due to its 
greater resolution capability, SEM 
will also be valid. 

A question was then written such that each 
manifestation of the selected trait could be se
lected as an answer. This step resulted in the 
fol lowing for the imaging example: 

The trait "1 ateral resolution" ap
plies to all decisions and its manifes
tations help to differentiate among the 
decisions. A question with answers cor
responding to each manifestation for 
this trait is: 

"What is the required lateral res
olution?" 

- greater than 1 micrometer 
- less than 1 micrometer and greater 

than 0.1 micrometer 
- less than 0.1 micrometer and great

er than 0.025 micrometer 

2. Under each manifestation were included all 
decisions that logically could be included as a 
subgroup. This information was recorded in a 



network with a tree structure progressing from a 
question through its answers (manifestations) to 
the next level of decisions (see example in Figure 
1 ). Note: if a decision appeared under more than 
one man if es tat ion, it was' writ ten under each. 
However, the selection of traits for which each 
decision appears under only one manifestation will 
lead to a single decision more quickly. 

3, Steps one and two were repeated for each 
new subgroup that still contained more than one 
decision. The decisions being considered at each 
step included only the undifferentiated decisions 
in the subgroup. Each subgroup was considered 
separately from others while applying the criteria 
in steps one and two for picking a trait. Note 
that it was not necessary or even desirable to ask 
the same question for al 1 paths down the network 
at a given level. A new level was added to the 
network as each question was added. This process 
was continued along each path until a single deci
sion resulted or until the applicable questions 
(traits) were exhausted. In the latter case, 
either the remaining subgroups have to be examin
ed to find new information that will further dis
tinguish among them until only one decision re
mains, or a compromise system that wi 11 only 
narrow down the number of decisions rather than 
arrive at a single decision will have to be ac
cepted. The application of these steps to the 
imaging example is as follows: 

The traits remaining for the exam
ple of selecting an imaging technique 
were required sample size and form, 
depth resolution, magnification, image 
type and features, and elemental analy
sis capabilities. The t rait "image type" 
has several different maniestations that 
can be addressed in various ways. One 
can ask the following three questions, 
each of which has two possible answers: 
Is it necessary to detect color varia
tions? Is it necessary to detect textur
al variations? Is a chemical map re
quired? Alternatively, the information 
can be obtained from the following ques
tion "What type of imaging is required?" 
The possible answers to this question 
are: 

- Physical mapping--color 
- Physical mapping-- morpholo-

gy 
- chemical mapping. 

These answers lead to a clear dif
ferentiation between the three imaging 
techniques being considered. However, 
if more than one type of image is 
sought, then more than one technique may 
be required. To determine whether this 
is t~e case, each question must be asked 
separately. 

The knowledge representation network for the 
portion of the imaging example described above is 
shown in Figure 1. The repeated application of the 
procedure outlined above resulted in the knowldege 
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representation network for the second version of 
SURFACE. 

Production System Preparation 

Fol lowing the preparatio~ of the knowledge 
representation in table and network form, the 
Decisions, Questions and Rules were formulated to 
run on the Starfield-Adams shell. The first step 
was to list all the outcomes, that is, all termi
nal nodes in the network (this 1 ist may include 
combinations of decisions) and enumerate each in 
order. The second step was to look at all the 
di -fferent questions, number each, and 1 ist each 
question with its answers. The rationale for each 
question may be listed here also. Finally, the 
rules were created by looking at each path in the 
network from initial question through final out
come. For each path a rule was written which 
contained each question and answers along the way. 

The production system, in Decisions-Ques
tions-Rules format for use on the Starfield-Adams 
shell, for the imaging example is as follows: 

The four outcomes of this portion 
of the network are the terminal nodes 
1 isted above. They are then 1 isted in 
the Decision format for the Starfield
Adams shel 1: 

D1: "Optical, SEM and SAM are appl ica-
ble". 

D2: "SEM and SAM are applicable". 
D3: "SAM applicable". 
D4: "SEM applicable". 

There are two questions for this 
small portion of the imaging example: 

Q1: "What lateral resolution is re
quired?" 

Answers A 1 "greater than 1 µm" 
A2 "Between O. 1 and 1 µm" 
A3 "Between 0.025 and 0.1 µm". 

Q2: "Is a chemical map required?" 

Answers A1 "Yes" 
A2 "No". 

There are five rules for this small 
portion of the imaging example; the rule 
for the path in boldface print is: 

R3 IF Q1A2 & Q2A1 THEN D3, 

Initial Performance Evaluation 

The performance of the first version of SUR
FACE has been tested by administering problems 
taken from the literature and tracing their prog
ress from questions through decision(s). An ini
tial set of problems was selected from a 1 ist of 
21 problems prepared for administration to sur
face analysis experts. The four typical problems 
were: 

1. Determine the composition and distribu-



tion (uniformity) of an organic coating on 7 mi
crometer diameter carbon fibers. 

2. Determine the composition of red and blue 
dyes on an aluminum beverage container. 

3. Determine the level of nitrogen in a 
sample of carbonitrided steel. 

4. Determine the concentration and distribu
tion (uniformity) of copper evaporated on the 
surface of graphite for a nominal 20 percent mono
layer. 

These four problems were administered to the 
first version of SURFACE. An average of eight 
questions was asked by SURFACE for the two prob
lems where imaging was not requested (2 and 3) and 
an average of eleven was asked for the two prob
lems where imaging was requested (1 and 4). For 
problem one, SURFACE recommended AES/SAM, whereas 
the literature recommended XPS. SURFACE did not 
arrive at a decision for problem two, and arrived 
at the same decision as recommended in the litera
ture, AES/SAM, for problem three. For problem 
four, SURFACE recommended SIMS, whereas the liter
ature recommended XPS. In three of the four 
cases, SURFACE prescribed either exactly the same 
procedure as recommended by the l iterature or by a 
human expert, or a procedure that was very close 
to that recommended. 

The second version of SURFACE has not been 
tested as extensively as the first but a compari
son between the two versions has revealed some 
interesting differences between them. The first 
version of SURFACE (1) was built intuitively, (2) 
was time-consuming and difficult to build, (3) 
does not always arrive at a decision, (4) combines 
imaging and analysis in a single knowledge repre
sentation, and (5) permits the validation of more 
than one decision. The second version of SURFACE 
(1) was built following the systematic procedure 
described earlier, (2) was very easy to build, (3) 
always arrives at a decision, (4) has separate 
knowledge representations for imaging and analy
sis, and (5) al lows only one outcome to be val i
dated. 

Our next step ls to build version three by 
combining the best features of each of the first 
two versions. We also expect to enhance our under
standing by analyzing the hours of "thinking aloud 
protocol" that we have obtained from surface anal
ysis experts. As we develop version three, we 
intend to revise the procedure to incorporate more 
of the features that expert pr oblem solvers use 
intuitively. 

Conclusions 

The exercise of developing this prototype 
expert system pointed out the difficulty of ac
quiring and representing expertise for the routine 
problem of selecting surface analysis techniques 
which is done by experts every day. We feel there 
is a great potential for expert systems to contri
bute to higher quality problem solving and deci
sion making, but feel that more work is needed to 
develop better procedures for knowledge acquisi
tion and representation. 
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Figure 1. Knowledge Representation Network Example 

Sample Requlrements 

Size Form 

5x5x1 cm Solid 

1x1x1 Solid Con-
ductor or 
Solid 
Coated 
with Con-
ductor 

1x1x.1 Solid Con-
ductor or 
Conducting 

Lateral 
Resolution 

10,000 A 
(1 µm) 

2so A 
(0.25µm) 

1000,. 
(O. lµm) 

TABLE 1 

TRAITS FOR SURFACE IMAGING 

Imaging 

Magnification Image Type 

20x-1 OOOx Reflected or 
Transmitted Light 

20x-50, OOOx Secondary 
Electrons 

TABLE 2 

Secondary 
Electrons 

TRAITS FOR SURFACE ANALYSIS 

Features 

Color, Texture, 
and Grain Size 

Morphology, Grain 
Size, Texture 

Chemical Analys .l s 

NA 

Energy Dispersive 
x-ray Bulk Analysis 
Available for Ele
ments with AN >10. 
Sample penetration 
10,000 L 

Morphology, Grain Surface Analysis 
Size and Texture (See Table 2) 

Analysis Capabilities 

Sample Requirements Resolution Other 
------------------------- ---------------- Detection Chemical Quantitative Effect 
Size State Other Depth Area Elements Limits Information Capability on Sample 

-----------------------------------------------------------------------------------------------------------------------------. 
AES 1 xl x0.1 Sol id Conductor 20-50 A 0.05 cm > Li O.lJ None Few J Little, if 

(Auger Electron or TF on Conductor 
Spectroscopy) Conductor 

SAM 1x1x0.1 Solid Conductor 5-50 i. 5x10- 6cm > Li 0.1% None Few % Little, if 
(Scanning Auger or TF on Conductor 
Microscopy) Conductor 

SIMS 1x1x0.1 Solid Semicon- 2-6 G. 0. 1 cm All 0.0001 % Isotopes Poor Destroy 
(Secondary Ion ductor or 

Mass Spectrometer) Conductor 

XPS 1x1x0.1 Solid None 20-50 l 0.5 cm > Li u Bonding, Few % None 
(x-ray Photoelec- Oxidation 

tron Spectroscopy) state, 
Compounds 
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Abstract 

A simple rule based expert system shell has 
been developed for use on a microcomputer. Dif
ferent knowledge bases can be stored in a flexible 
format in text files which are called, parsed, 
checked and then interpreted by the shel 1. This 
format calls for a set of specific questions (each 
with a list of answers) and a set of rules (for 
drawing conclusions from the answers). This way 
of representing knowledge and storing it on file 
makes the expert system accessible to users with 
little or no experience of knowledge engineering. 
The shell can accommodate approximately 50 to 100 
rules and can therefore be used to exercise small 
but non-trivial knowledge bases. It has been used 
by the authors in resource management workshops 
and by undergraduate engineering students to im
plement their own knowledge bases. These and 
other applications are discussed. The potential 
use of the shell as a vehicle for more effectively 
conveying information usually found in profession
al handbooks is also discussed. 

Introduction 

The field of knowledge engineering is domi
nated by large expert syste~s such as MYCIN, DEN
DRAL, R1 and PROSPECTOR.1• These systems have 
served the vital purpose of demonstrating that 
expert systems do indeed have important practical 
applications. However, because they are so well 
known, they have also moulded the perceptions of 
potential users of expert systems; in particular, 
they have created the impression that: 

(i) successful expert systems require large 
and complete knowledge bases, and 

(ii) they require many man-years of effort to 
construct. 

Probably as a result of these perceptions, 
the idea of a small expert system appears to be 
almost a contradiction in terms. Given the explo
sive growth in microcomputer software over the 
last few years, relatively few expert systems have 
been developed for implementation on microcomput
ers. Duda and Gaschnig 3 published an article that 
included a BASIC program that would run on a 
microcomputer. The purpose of the program was to 
illustrate some of the principles behind expert 
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systems rather than to provide a general purpose 
package. 4eknowledge Inc. is marketing a program 
called M.1 which runs on an IBM personal computer 
with 128 kilobytes of memory, but it is intended 
to be used as a tool for determining the feasibil
ity of embarking on a large and expensive knowl
edge engineering project. It is not suggested 
that M.1 should be used for building working ex
pert systems. Michie has written a microcomputer 
expert system called "Expert-Ease" which also runs 
on a 128K IBM PC. It is perhaps closest in con
cept to the system and ideas to be presented in 
this paper. 

It is of course true that large systems are 
needed to tackle large and unfactorisable knowl
edge domains. The thesis of this paper, however, 
is that small systems (incorporating tens rather 
than hundreds of rules) are not just prototypes of 
larger systems; they have a number of important 
and exciting uses and are worth thinking about and 
studying in their own right, particularly from the 
point of view of knowledge acquisition. 

This interest in smal 1 expert systems grew 
from the senior author's experiences in the field 
of ecological modelling and the frustration of 
trying to build conventional numerical models to 
assist wildlife managers in their decision making. 
On the one hand, the numerical models required 
information about processes and rates of change 
that the biologists could not provide; on the 
other hand, the bio l ogists were in practice react
ing to field observations that were very different 
from the substance of the models being built. For 
example, noticing when the leaves fall off decidu
ous trees can have important implications for the 
management of browsing animals, but building a 
simulation model which makes the leaves fall off 
in a realistic manner is a formidable task. What 
was needed was a form of qualitative modelling, 
and expert systems seemed to provide a format for 
just that. 5 Efforts to explain this form of qual
itative modelling to biologists led to the need 
for a small expert system shell, one that could 
run on a microcomputer and that would be easy to 
use for people with no experience of knowledge 
engineering and the minimum of experience with 
computers. Building the shell, in turn, led to 
thoughts about other potential uses for it. 

In this paper we shall first describe the 



shell itself and then discuss some of our experi
ences in using it and thoughts on its potential 
uses. 

Description of the Knowledge Base 

By knowledge base we mean a data set which is 
to be fed into the expert system shell; it con
tains three types of entity: decisions, questions 
and rules. The set of decisions defines the 
domain of the knowledge base by explicitly stating 
the "conclusions" that the expert system can 
reach. If a decision is declared without an ex
plicit "conclusion," then that decision represents 
an intermediate or non-terminal conclusion. 

The questions define the information that can 
be requested from the user. Each question has a 
list of possible answers. When the shell puts the 
question to the user, the user must choose an 
answer from this list. The answer is referred to 
by its numerical position in the list. 

A rule consists of an antecedent and a conse
quent. The antecedent takes the form of a condi
tion or logical expression, which is usually con
structed from simpler logical expressions joined 
with the operations AND, OR and NOT. The conse
quent is a reference to a decision. 

Each question and rule may have an explana
tion or reason attached to it. 

The knowledge base is stored in a text file. 
The standard microcomputer text editor is used to 
create and modify this file. The syntax for the 
decisions, questions and ru l es has a loose format 
and is easily learnt. A novice thus only has to 
know how to use the editor and this simple syntax 
to be able to build a knowledge base. The knowl
edge base is then exercised via the expert system 
shell. 

A Description of the Expert System Shell 

The shell program was originally written on 
an Apple Ile microcomputer using UCSD Pascal. It 
is transportable and has been successfully moved 
to an IBM personal computer. 

The shel 1 program consists of four sections 
as depicted in Figure 1. They are: 

1. A scanner which reads and classifies 
items in the inpu t . 

2. A parser which builds an internal repre
sentation of the knowledge base. 

3 , An auditor or semantic checker which 
tests the integrity of the knowledge 
base. 

4. A decision validator which uses the 
knowledge base to advise/help the user. 

The reader may notice the similarity between this 
structure and that of a compiler. 

The scanner reads in the knowledge base and 
classifies the text into numbers, keywords and 
character strings. The output of the scanner is a 
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/ 

Figure 1. Functional diagram of the Expert System 
Shell. 

sequence of tokens representing these i terns. 
Spaces, blank lines and comments are ignored by 
the scanner. 

The parser builds an internal representation 
of the knowledge base which is stored as a collec
tion of tree structures. Each decision, question 
and rule is stored in a separate tree. Since the 
knowledge base has a LL(1) grammar, the parser is 
of a simple recursive-descent design. The tree 
structures are literal representations of the 
parse trees generated by the grammar. 

Syntax errors in the knowledge base are accu
rately detected, and, due to the simplicity of the 
grammar, reliably diagnosed. Recovery from errors 
is primitive but usually effective. The remainder 
of the faulty construct is ignored and parsing 
continues after the mandatory period (i.e., 11• 11) 

that follows a decision, question or rule. 

The auditor performs semantic checking on the 
knowledge base. Certain integrity tests are car
ried out, including tests for referential integr i
ty (i.e., that al 1 questions and decisions that 
are used in rules have actually been defined), 
Two or more decisions could be mutually exclusive, 
where if one decision is valid, then the others 
must be invalid. Currently the shell cannot 
check the integrity of the knowledge base in this 
respect; it has no way of determining which deci
sions are mutual 1 y exclusive. 

The decision validator is the heart of the 
system. It may be used in one of two modes-
single decision mode or general mode. In single 
decision mode the user of the shel 1 program 
chooses a decision from the knowledge base as a 
candidate for validation. The decision validator 
will then use the rest of the knowledge base to 
determine whether or not that decision is val id. 
In general mode the shell will test decisions 
until either a valid decision is found or all the 
rules have been exhausted. 

A decision is valid if there is at least one 
rule of the form 



"IF condition THEN DECISION (number ) . II 

for which the condition evaluates to true. If no 
rule referencing the decision has a true condi
tion, then the decision is declared invalid. 

The condition is a logical expression and may 
assume one of the fol lowing forms: 

1. a reference to a question and answer 
2. a reference to a decision 
3. a disjunction (inclusive OR) of two 

expressions 
4. a conjunction (AND) of two expressions 

or 
5. the logical negation of an expression. 

A reference to a question and answer is 
"true" if the question has that answer, and false 
if the question has another answer. The shell 
remembers the answer to a question so that the 
user is not unnecessarily asked the same question 
twice during the validation. 

If an expression is a decision reference, 
then it is true only if that decision is valid. 
When the validity of the decision is known, it can 
be used immediately; otherwise, the shel 1 wi 11 
(recursively) attempt to validate the decision 
before continuing to validate the current deci
sion. 

In the case where an expression is a conjunc
tion or disjunction of two expressions, the first 
expression is evaluated. The second expression is 
evaluated only if the result cannot be determine d 
from the first expression. This prevents the 
asking of redundant questions. The following 
identities are used: 

conjunction: 

disjunction: 

false AND x = false 
true AND X = X 

false OR X = X 

true OR x = true. 

As we shall see, an important feature of 
small expert systems is their ability to provide 
explanations. The shell has an explanation fea 
ture that is invoked whenever the user responds 
with "why" to a question. Repeated "why" respon
ses trace back through the program 's chain of 
logic. The shel 1 obtains the explanations from 
the knowledge base in the following manner. 

Each question and rule may have a reason 
associated with it. The reason is specified by 
the keyword WHY fol lowed by a string. When the 
question or rule is used, the reason is pushed 
onto a stack, and it is only removed when the 
shell has finished with that question or rule. If 
the user responds with "why" to a question, then 
the shell inspects the stack and gives the reason 
on top of the stack. Successive reasons in re 
sponse to repeated user queries are taken from 
successive elements of the stack until the bottom 
of the stack is reached. This approach has the 
advantage that the reasons are determined by the 
knowledge base writer and may be oriented towards 
the users of the system. The reasons may be 
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couched in terms of the users' problem rather than 
the solution process. It was simple to implement. 
One of the disadvantages is that the system cannot 
verify the reasons and poorly written reasons may 
give a deceptive impression of the chain of logic. 

The expert sys tern she 11 is a compact program 
and leaves a lot of room for extension. One 
possible extension would be the addit ion of a 
third truth value "Unknown~ The shell could then 
operate on incomplete data. A more fundamental 
change would be to abstract away from questions 
and decisions towards a system of problem attri 
butes which have values in a domain . We will not, 
however, explore these ideas here . 

Applications in Resource Management 

Expert systems usually call on expertise in a 
particular, possibly narrow, field. In contrast, 
decisions in resource management often cal 1 for 
expertise or information from a number of very 
different fields. We will consider two examples 
here: the first in the management of a herbivore 
population in a game preserve, the second in fix 
ing the catch size for a fishing industry. 

A decision on whether or not to harvest part 
of a herbivore population in a game preserve can 
depend on: 

1. 
2. 

3, 
4. 

5. 
6. 

The objectives of the game preserve 
The size and physiological condition of 
the herbivore population 
The state of the vegetation 
Competition between the target popula
tion and other rare or protected spe
c ies 
Weather or rainfall patterns 
Economic considerations. 

Interpreting the information that impinges on 
the size of a fish population in order to deter
mine a fish i ng quota might depend on : 

,. 
2. 
3. 
4. 
s. 
6. 

7. 

Predictions of computer models 
Data from echo soundings 
The previous year's catch 
Data from sea - birds 
Indications of egg -pre dation 
Environmental factors, e.g ., currents 
and winds 
Political and economic factors. 

Smal 1 eKpert systems can be built to address 
and combine the different issues and information 
sources relevant to either of these problems. 
They can most easily be constructed in small work
shops, where participants not only contribute 
their particular expertise, but also interact with 
experts in different fields. The procedure in a 
typical workshop might be: 

1. First introduce the concept of an expert 
system and demonstrate a working system on the 
microcomputer. 

2. Explain the structure of questions, 
answers, decisions and IF-THEN rules. 



3. Elicit a list of appropriate decisions; 
these define the scope of the system that is to be 
built. 

4. Start collecting appropriate questions. 
A useful device here is to ask the participants 
what questions they would as k over the phone if 
they were on vacation and their stand-in called 
them for assistance. 

5. Start constructing rules. This is where 
the structure of IF-THEN rules has very real ad
vantages over devices such as decision trees: one 
does not have to grasp the nature of the whole 
decision process; all one has to do is get agree
ment on whether or not each particular rule is 
true and appropriate . Often bottlenecks in con
structing rules can be overcome by suggesting a 
rule that is obviously too simple (e.g . , If the 
echo-soundings indicate an increase in the size of 
shoals as compared with the previous yea r , then 
increase the fishing quota accordingly). Explor
ing the limitations of a set of trivial rules can 
lead to a non-trivial rule base. 

6. When the rule base l ooks promising, 
implement the system via the shell and exercise 
it; it soon becomes apparent where the rule base 
is deficient. 

At all times attention should be paid to the 
explanations given for both questions and rules. 

There are a number of points to be made in 
connection with workshops of this type and the 
expert systems that emerge from them : 

1. Decisions affecting resource management 
are often controversial. Building an expert sys
tem is a cooperative venture where workshop parti
cipants tend to argue constructively; the struc
ture of the rules encourages compromise. Just 
building a system, even if it is never used, can 
be an extremely useful exerc i se. 

2. The purpose of the expert sys tern is to 
determine how to interpret and weigh different 
information, how to balance different considera
tions, and how to trade off different objectives. 
It draws on only specific aspects of each expert's 
knowledge. For example, the expert on sea-birds 
will have to learn during the workshop that nobody 
is interested in what he knows about their physi
ology or population dynamics; the important ques
tions are likely to be of the form "if 50% of a 
gannet's diet is found to be anchovy, what does 
this tell us about the anchovy shoals?" 

3. Our experience5 is that the response of 
workshop participants is always positive; invari
ably, going through the formal process of con
structing an expert system forces clear thinking. 
We have, for example, conducted a workshop on game 
management at the end of a three-day meeting dur
ing which the participants had exhaustively dis
cussed their management strategy; building the 
system highlighted a number of points they had 
overlooked. 
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4. The explanation facility can play a 
vital role in communication from one level of 
decision making to another (e.g., the scientists 
communicating to the managers or politicians) or 
from the professionals to the public (e.g., show
ing how controversial decisions are actually 
reached). 

5. It is unlikely that a useable expert 
system will emerge at the end of a one or two day 
workshop, but a smaller team should be able to 
take away a prototype and improve it. 

6. Finally , perhaps the most important 
point is that the objective is not to produce the 
definitive expert system ; the approach is adaptive 
and the idea is to build a system and then refine 
and alter it with use and experience . Its purpose 
is no t so much to produce answers as to focus 
arguments and promote sensible , logical discussion 
an d decision making. Here again the explanation 
facility is vit a l. 

Applications in the Classroom 

In many professional subjects the student is 
taught facts, technique s and methods of analysis , 
but is not formally taught how to synthesize what 
he has learned. Thus an engineering student might 
be at a loss when he finally has to design some
thing, while a medical student might be bewildered 
by the difference between what he sees on a ward 
round and what he reads in a textbook. Teaching 
(and testing) facts and techniques is relatively 
easy and can be accomplished via the usual routine 
of textbooks, lectures, homework assignments, mid
quarter tests and multiple answer quizzes. Teach
ing synthesis is more of an art. 

Asking students to construct a small expert 
system provides a formal mechanism for teaching 
synthesis. The following has been found to be an 
effective approach6, 

1. Introduce the concept of an expert 
system in the classroom, explain the format and 
the structure of IF-THEN rules, and demonstrate a 
small system on a microcomputer. 

2. Divide the class into groups of 2 or 3 
and ask each group to suggest a few suitable 
topics for expert systems. Discussing what they 
suggest can usefully highlight the difference 
between those problems that are best solved by 
formal analysis and those that lend themselves to 
a more qualitative, rule-based approach. 

3. As a homework assignment (over one or 
two weeks) ask each group to build the knowledge 
base for an expert system and implement it, using 
a shell, on a microcomputer. Care should be taken 
to ensure that the scope of each assignment is not 
too broad. (For example, in a senior mining engi
neering class students built expert systems on 
such topics as what equipment to use to remove the 
overburden from an open-pit mine, and what type of 
explosive to use to break rock under various con
ditions.) The students should be told to pay 
particular care to the explanation facility, 



4. Invite faculty to use and critique the 
systems produced by the students and also encour
age students to run and critique the systems pro
duced by their peers. 

Students have been found to be unusually 
enthusiastic about this type of assignment; they 
feel they are doing something that is both chal
lenging and worthwhile. The formal structure of 
the expert system imposes a discipline which en
courages them to read, argue and consult faculty 
in a purposeful manner. It forces them to identi
fy and concentrate on the essential features of 
their problem. Implementing the system on a mi
crocomputer is far more exciting and meaningful 
than writing an essay. (It is also easier for 
faculty to grade!) Most importantly, though, the 
exercise introduces students explicitly to the 
thought processes they will have to acquire as 
professionals. 

The Intelligent Handbook 

Professional handbooks contain a variety of 
information, some of it factual and some of an 
algorithmic (how to do it or what to take into 
consideration) nature. Thus a mining engineering 
handbook might wel 1 contain a section on how to 
choose an appropriate explosive or a suitable 
method for the removal of the overburden for an 
open-pit mine. Both of these are examples that we 
quoted in the previous section to ilustrate how 
small expert systems might be used to teach stu
dents how to synthesize information. What are the 
advantages or replacing the handbook text by small 
expert systems that address questions of this 
Kind? 

Articles in handbooks are often well written, 
but even then the user can have difficulties in 
relating what he reads to his particular problem, 
The difficulty is not so much with what is in the 
article, but what is left out. A small expert 
system, on the other hand, is unambiguous. If 
thoughtfully constructed, it should guide the user 
to his particular solution. Whereas the handbook 
article reads as though it is solving problems in 
general, the expert system behaves as though it is 
giving personal attention to the user. It can be 
more probing and specific than the handbook arti
cle. In fact, our experience in workshops sug
gests that the format of the expert system is 
likely to lead to a more useful algorithm; there 
is less chance of information being left out. 
Finally, more difficult problems could be address
ed. An example is given in a companion paper by 
Smith, Farm and Johnson.7 

It is worth looking at a scenario for a 
computerized handbook a little more closely. The 
end user would have a microcomputer with software 
containing a shell similar to the one described in 
this paper. A set of disks would then be avail
able with up-to-date knowledge bases for specific 
purposes and the user would interact with them via 

' the shell. An immediate advantage of this ap
proach is that it becomes so easy to update the 
knowledge bases and to add to the set of disks. A 
second and more subtle advantage is psychological: 
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a user can interact with the computer program 
(particularly if the explanations given by the 
system are informative), but he can only read a 
handbook article. As a result, he is likely to 
find a more thoughtful solution to his problem via 
the expert system. 

The above approach has more general applica
tions than the intelligent handbook. The micro
computer with an expert system shell provides a 
powerful format for communication between special
ists and generalists. It would have obvious uses 
in agricultural extension activities. It also 
provides an immediate link between researchers and 
practitioners in any organization. Imagine, for 
example, a large mining company with a central 
research organization and a number of mines scat
tered all over the world. A new idea is far more 
likely to reach the practicing engineer (and be 
used by him) if it is sent out from the research 
organization in the form of a knowledge base (with 
good explanations) on a disk that is read via an 
expert system shell than if it is sent out as a 
research report. 

Concluding Remarks 

We have described a shell for small expert 
systems and explored some of its uses. It should 
be noticed how the applications all exploit the 
two most important features of the shell, namely 
the explanation feature and the ability to enter a 
knowledge base via a text file using the standard 
microcomputer editor. 

While the examples given in this paper have 
been drawn from the fields of resource management 
and engineering, they should be meaningful in many 
other areas. The last example, for instance, of a 
mining research organization communicating with 
engineers on individual mines could equally well 
apply to tax experts communicating with the ac
countants in a large company. 

The examples we have given suggest a number 
of points about small expert systems that are 
worth emphasizing: 

1. The process of constructing the knowl
edge base for a small expert system can be a 
useful end in itself, both in the classroom and as 
a technique (similar in intent to delphi tech
niques) to promote cooperation and intelligent 
compromise. 

2. Knowledge acquisition for a small expert 
system is likely to be quite different from what 
has been learned about knowledge acquisition for 
large systems. The workshop is likely to be a 
useful device for designing a knowledge base and 
building a preliminary system. Small systems lend 
themselves to an approach of starting with a core 
set of rules and then modifying and adapting them 
via interactions between users. 

3, Smal 1 expert systems are in essence 
communication devices rather than inference ma
chines. They provide a powerful means of communi
cation, be it two-way communication between con-



fl icting interests in a workshop environment or 
one-way communication from the specialist to the 
generalist. 

Undoubtably, there are many more pot ,ential 
uses for and attributes of small expert systems. 
This paper will have served its purpose if it 
provokes others into looking more carefully at the 
small expert system as a discipline in its own 
right. 
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