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ABSTRACT

A computer program that models an expert in a given domain is more likely to
be accepted by experts in that domain , and by non—experts seeking its advice ,
if the system can explain its actions. An explana tion capability not only adds
to the system ’s credibility, but also enables the non—expert user to learn from
it. Furthermore , clear explanations allow an expert to check the system ’s
“reasoning ”, possibly discovering the need for refinements and additions to t h e
system ’s knowled ge base. In a developing system , an explanation capabilit y can
he used as a debugg ing aid to verify that additions to the system are working as
they should.

This paper discusses the general characteristics of explanation systems : what
typ es of exp lanations t h ey  should be able to give , wha t typ es of knowledge w i ll
he needed in order to give these explanations , and how this knowledge mig ht he
organized . The exp lanation facility in MYCIN is discussed as an illustration el f
how the various problems mi ght he approached.
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I Gener al Discussion

1.1 Consultative Production Systems
A consultation program plays the role of an expert consultant in some domain, giving advice
or answers to non-experts with problems In the domain. Users will often want to know how
the system arrived at its results during a particular consultation. This paper explains how the
Implementati on of such a program as a production system can facIlitate program-generated
explanations.

A production system [2] consists of three basic components: a set of production rules , a
data base which Is both used and updated by these rules , and a rule Interpreter. A
production rule often is in the form of a situation-action rule: it describes a situation and a
set of actions to be taken if this situation is found to exist. The rule Interpreter determines
the order In which rules will be tried, checks to see If the situations exist, and undertakes
the required actions. It also determines how many of the potentially useful rules will be used:
only the first (where ordering may be predetermined or computed dynamically), all possible
rules , or enough rules to satisfy some criterion that the Interpreter uses.

In some production systems , rules are always tried in a predetermined order. In others, the
P t order in which rules are tried varies with different consultations , since a rule will be tried as

soon as the rule interpreter determines that it may be useful. In such systems , the common
alternatives are data-directed rule invocation, in which a rule is considered “useful” if its
situation part matches the data base , and goal-directed rule Invocation, In which a rule is
“useful” if its action part will help the system reach Its current goal. Many systems use a
combination of goal- and data-directed rule invocation.

A consultative production system need not be a psychological model , Imitating a human ’s
reasoning process. The important point Is that the system and a human expert use the same
(or similar) knowledge about the domain to arrive at the same answer to a given problem. The
system ’s rules and data base can be viewed as a knowledge base containing the
domain-specific knowledge of an expert as well as facts about a particular problem. When a
rule is used , Its actions make changes to the data base which are the system ’s decisions or
deductions. Thus , a rule can be thought of as a piece of judgmen tal know/edge, using the
judgment and knowledge of an expert to make deductions.

The process of trying rules and taking actions can be thought of as “reasoning”, and
explanations consist of showing how rules used information provided by the user to make
various intermediate deductions and finally to arrive at the answer. If the information
contained in these rules is sufficient to show why an action was taken (without gettinq into
programming details), an explanation can consist of printing each rule that was used (or an
English equivalent of what the rule means.)

— I —
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Figure 1. A Production-Based Consultation System with Explanation Capability

The three components of a production system (a RULE INTERPRETER , a set of PRODUCTION
R U L E S , and a DATA BASE ) are augmented by an EXPLANATION CAPABILITY. The data base is
made up of general facts about the system ’s domain of expertise , facts  tha t  the user enters
about  a specif ic problem , and deductions made about the problem by the system ’s rules.
These deductions form the basis of the system ’s consultative advice.

The explanation capabi lity makes use of the system’s knowledge base to give the user
explanations. This knowledge base is made up of static domain-specific knowledge (both
factual and Judgmental) and dynamic knowledge specific to a particular problem.

- 2 -



1.2 Performance Characteristics of an Explanation Capability
The purpose of an explanation capability (EC) is to give the user access to as much of t h e
system’s knowledge as possible. Ideally, it should be easy for a user to get a complete ,
understandable answer to any sort of question about the system ’s knowledge and operat ion
-- both in general, and with reference to a particular consultation. This Implies three ma icr
goals in the development of an explanation capability:

1) To ensure that the EC can handle questions about all relevant aspects of the
system ’s knowledge and actions , It should be capable of giving a few basic
types of explanations , for example:

How it made a certain decision
How it used a piece of information
What decision it made about some subproblem
Why it didn ’t use a certain piece of information
Why it failed to make a certain decision
Why it required a certain piece of information
Why it didn’t require a certain piece of information
How it will find out a certain piece of information [while the consultation
is in progress]

What the system is currently doing? [while the consultation is in progress]
The specific set of explanation types which are chosen as basics, however ,
will depend on the particular system.

2) To enable the user to get an explanation which answers the question
completely and comprehensively.

3) To make the EC easy to use. A novice should be able to use the EC without
first spending a large amount of time learning how to request explanations.

We w ill distinguish two slightly different functions for an EC, and divide It Into tw o

components: the reasoning-status checker (RSC) to be used during the consultation, and th~general question answerer (GOA) to be used during the consultation or after the system has
printed Its results.

A reasoning-status checker will answer questions asked during a consultation about the
status of the system ’s reasoning process. A few simple commands are often suff ic ient to
handle the questions that the RSC is expected to answer.

A general question-answer will answer questions about the current state of the sys to m ’s
k nowledge base , iIlcIu(Iinq both stat ic domain knowledge , and facts accumulated d ur i n g  t h e
consultation. A GOA will often need the ability to recogni?e a wida range of question typos
about many aspects of the syste m ’s knowledge. For this reason , It might be difficult to
define a few simple commands which would be easy to learn and still cover all the pos’~uhlo
questions that might be aske d . Consequently, natural-language processing in this component
may be Important to an explanation system ’s acceptability.

in an Interactive consultation , the system periodically requests Information about the
problem. This offers the user an opportunity to request explanations while the consultation is
in progress. In non- interactive consultations , the user has no opportunity to i n t e rac t  with
the system until af ter It has printed its conclusions. Unless there is some mechanism allowing
a user to Interrupt the reasoning process and ask questions , the explanation capability for



such a system will be limited to questions about the system ’s final knowledge state. It will
have no reasoning-status checker , and its general question-answerer will only be accessible
at the termination of the consultation.

1.3 Knowledge Requirements of an Explanation Capability
An EC must know what is In the system ’s knowled e base , and how It is organized. In order to
(hive explanations of the system ’s current (or previous) actions, an EC also needs to
u n d e r s t a n d  how the  system ’s rule interpreter works: when rules will be tried, how they can
f a i l , w ha t  causes the interpreter to try one rule but not another , etc. This general “schema ”
for how or why certain rules are used , together with a comprehensive record of the specific
actions taken during a partic ular consultation , can be used as a basis for explaining the
results of that consultation.

A reasoning-status checker will riced a record of wha t  the  system has done so far in order
to explain how it arrived at the current step. General knowledge of how the rule interpreter
works is necessary in or(ler to explain where the current step will lead. The ability to
understandl individual rules also may be necessary to the extent that the content of a rule
may explain why it was necessary to use this rule , or may affect which future rules will be
tried.

A general question-answerer will need more information about the system since the scope of
i t s  ex plar iat iorr  is much broader: its task is to answer general questions about the system ’s
knowledge base. To rio this, it must know how the system stores knowledge about Its area of
expertise (th e static knowled ge with which it starts each consultation) and how it stores
facts gathered (luring a particular consultation (its dynamic knowledge). These two types of
information will allow a GQA to answer questions about the substance and extent of the
production sysleni ’s current knowledge.

If an ex planation capability also is to provide information about how the system arrived at
• the f ac t s  that are currently in its dynamic knowledge base , the GQA will need all the

information that a reasoning-status checker uses: a detailed record of the consultation , an

• understanding of the rule interpreter , and the ability to understand rules.

T hese three types of knowledge could be supp lemented with a limited amount of general
information about such t hings as elementary logic , set theory, and arithmetic comparisons.
1 his would allow the GOA to answer more complicated questions about why t he system’s
knowledge base is in its current s ta te , arid to answer questions involving relationships
between di f ferent  fac ts  in the knowledge base.

llie nature of t h e  consultation domain , as well as what primary purpose the explanation
• eapal) illty is to serve , will influence the range of questions that an EC should handle. In some

s y s t e m s, a sinr~iIe retrieval of facts may suffice , while others may need to give detailed
descript ion of the production system ’s “decision” process and to make a number  of
deductions from facts that it has.

___ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 2. Knowledge Requirements of an Explanation Capability

Access to the consultation system ’s knowledge base is a prerequisite for
performance of the explanation capability. Other types of knowledge may be
added to the system to enable the EC to answer a wider range of questions.
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• 1 .4 Program Design Considerations
t he last two sections described what an explanation ca pability is , outlining what tasks it
should perform , and what it requires in order to perform these tasks. In this section , we
discuss design considerations for the parent production system that will enable its EC to
meet t h e  requirements that were outlined in the previous section. This discussion is not
meant to define the “correct ” way of representing or organizing knowledge , but rather to

• mention certain factors which should be taken into account when deciding what
representation or organization will be best for a given production system.

1.4.1 Question Types
1 he f i rst  step is to decide what basic types of questions the system should be able to

~~ answer . Ibis will have a direct influence on how the EC is implemented. It is Important ,
however , to make the initial design flexible enough to accomodate possible future additions
to the set of basics.

If the basic forms are diverse enough , some level of natural-language understanding may be
• necessary.  The degree of sophistication of the natural-language processor will depend upon

what kind of performance is ex pected of the EC.

• 1 .4.2 Organization of Knowledge
I he format and organization of various components of the production system ’s knowledge
base will affect the design of an EC. Individual pieces of static and dynamic knowledge
presumably will be organized in some fashion which makes them accessible during the

• consultat ion. A GQA facility could make use of such organization to help In finding the
information needed to answer a question. The less organized the knowledge base , the more
difficult will be the task of the EC , as more complicated routines must be used In order to
f ind t h e  desire d information.

[)ii rir ig tire course of the consultation , the system should keep a record of its actions for use
by b c t h r  components of the explanation capabil i ty. Where the ordering of events Is Important
(e.g . when the action of one rule establishes the situation necessary for a subsequent rule
to succeed) , t ir e record should be structured in a manner which reflects the ordering of
events as well as the reasons why each event occurred.

1 .4.3 Knowledge of What Rules Mean
lhe ex pla nation capability will need to understand some of the semantics of individual
prod(i( :hIoci rules. This requirement could be met by having the system ’s knowledge  base
irrr ’ Iurk~ a description of what each rule means , encoded in some form which would be of use
to the I C If the format of the system ’s rules is highly stylized and well-defined , however , It
might he possible instead to implement a mechanism for “reading ” the rules: the language In
which t hii ’ rules themselves are written could he defined. A high—level description of the
iri(hivg( IIla l components of this language , telling what each component means , could be used to
enab le the [C to read and understand rules , If the rule set consi. ts of a large number of
rules , and these rules are composed entir el y of a rel atively small number of primitive
elenrerits, this second approach has the advant age that less information needs to be stored
- -  a description of each of the primitive components , as opposed to a description of each
rule. When new rules are added to the system , the first approach requires that descriptions
of t he se  rules  must  be added. With the second approach , provided that the new rules are

~~~~~~~~~~~



made up of the standard rule components , no additional descriptive information would he
• neede’l by the explanation capability.

1.4.4 Knowledge of the Rule Interpreter
Enabling an EC to u n d e r s t a n d  how the rule interpreter works Is analogous to enabling it to
understand rules. It must be able to “read” the interpreter or else it must have access to
sonic stored description of how the interpreter works. There is a third approach for
understanding the rule interpreter , one which would not be f e a s i b l e  for understanding a large
number of rules. Knowledge of how the interpreter works could be built into the [C - - the

information wou ld not be stated explicitly, but would be used implicitly by the programmer in
writing the actual code for the explanation capability. The EC can he thought of as a number

~ of “special ists ” , each capable of giving a single type of explanation. There could he one
specialist for each of the basic question types that the system can answer. Each of the
specialists needs only a small amount of information about the rule interpreter which could be
built into its “explaining ” program.

1.4.5 Other Domain-Independent Knowledge
The final type of knowledge that some general question-answering facilities will need is
information allowing deductions to be made from facts  in the knowledge base. The
representat ion ari d e xtent of this knowledge will depend upon the types of questions that
ti re system is to answer. If logic is n3eded only to determine the answers to questions of a
certain type , for example , the necessary deductions could be built into the specialist for
answering that type of question. On the other hand , in some explanation capib ihities ,the GOA
will be ex panded to do more than simply give explanations of the system ’s actions or to
query its data  base -- it will he expected to answer a wide range of questions involving
va rious kinds of inferences about the knowledge base. Such a GQA will need to check for
e ( l i ia i l ty  or set membership, make arithmetic comparisons , or make logical deductions. In
general , most information of this type can be embodied in a new kind of specialist which is an
exper t  at some sort of logical (hedi iction or comparison. Representation of this sort of general
knowledge will become important as the GQA becomes not simply an explanation tool, bu t  also
a deductive one.

- 7 -
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2 An Example -- MYCIP4

2.1 Overview
MYCIN [5 ,6,7] is an example of a production-based consultation system with a

• well-developed explanation capability. A production run Is an infectious disease therapy
consultation in which MYCIN is the infectious disease expert , and the user is a doctor who
wants advice about tire treatment of a patient.

Knowledge that is gathered during the consultation Is organized Into attr ibute-object—value
triples. In response to questions during tire consultation , the user enters information about
the  e x i s t e n c e  of s ev eral  ob jec ts , called con(e~’ts: the patient , infections that the patient
has, organisms which may be causing these infections , cultures that were taken , and drugs
that were given. The task of the consu ltation system is to determine the values of various
attributes (called clinical parameters) of these contexts. For example , AGE is a clinical
parameter of the patient; I[)[ T NT ITY is a clinical parameter of an organism , with
STREPTOCOCCUS as a possible value; SITE is a parameter of a culture , with BLOOD as a
possible value.

A clinical parameter ’s value may he determined by asking the user, or by using decision rules.
The parameter is said to be traced when the system has done all It can to find out the
parameter ’s value. Tracin g a parameter Involves asking the user for a value (where
applicable) and trying rules for determining the value of that parameter. Rules are tried until
the value Is known with certainty or there are no rules left to use.

Each decision rule has a situation part called its PREMISE. This consists of predicates ,
conditions that are tested to determine whether the indicated situation exists, If the
conditions in a rule ’s PREMISE are t r u e , its ACTION will be evaluated , giving new (or updated)
values to some param eter (s ) . Before a condition in a rule ’s P R E M I S E  can be tested , the
parameters that it mentions must be trace d . For example , before rule 209 (below) can
succeed , the system must know the site of the culture , the portal of entry of the organism ,
and whether the patient is a compromised host. If any of the clauses In the PREMISE Is false ,
or if the system is unable to finch out the value of one of these parameters , the rule will fail.

RULE O9

(PREMISE ) If : 1) The site of the culture is blood , and
2) lh? port a l of entry of the organ i sm is Ci . and
3) The patient is a comp rom i sed host

(ACTION ) Then: i t is d e finite (1.0) that h .icteroide s is an organ i sm
for which therap y si~~u Id cover

Assoc iated with each attr ibute-object-value triple is a certainty f actor -- a number between
- 1 and  ‘I inclusive which ind icates how strongly the system believes that the attribute of the
object has the ind icated value. T he user may modify the answer to any qu est ion w i t h a
certainty factor , and all rules make conclusions which specify a degree of certainty as well
as attr ibute , obj ect , and value.

Each context is nanred uniquely, allowing the system to refer to CIJLTURE-2 , meaning the
second culture , or ORGA NISM-3 , meaning tire third organism. Moreover , the contexts are
organized into a tree known as the c°nfex( tree , wh ich defines relationships among them. For

- 8 -
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• exaniple , an organism is the direct descendent of the culture from which it was isolated. In
the portion of a tree shown in Figure 3, ORGANISM-3 hangs under CULTURE-2 Indicating that
STREPTOCOCCUS was isolated from the BLOOD culture.

I NFECT ION-2
INFECTION : PNEUMONIA

I I4HENINFECT: 2/6/76

CULTURE-2 CULTURE-3
S 

‘ I SITE:  BLOOD SITE: SPUTUM

ORGANISF1-3
IDENTITY: STREPTOCOCCUS

• Figure 3. Portion of a Context Tree Showing Some Contexts , Clinical Parameters,
and Values

Tire rule interpreter (MYCIN’s control structure , described in detail in [7]) chooses the rules
w hic h  sl rou ld  be used in the partic ular consultation , interprets these rules , and crea tes  a
record of it s actrou s for use by the exp) onat iou system. Rules are invoked to find out values
of parameters in a given coir text .  A rule is applied to the lowest context in the context tree
whose parameters are mentioned l)y the rule. The rule can use (or conclude about)
parameters of this context , or of any context which is its ancestor in the tree. For example ,
if RULE2O9 were applied to ORGANISM-3 (see Figure 3) it would need the SITE of the culture
f rom which the S1REPTOCOCCUS was isolated. The tree indicates that this Is CULTURE-2.

Rather tiran beiirg a sequent ial cycle throug h the rule set , where each rule is tried in some
predete rnrined order , t h e  flow of control is goal—directed. This means that only rules which
coirclu icle about tire current goal (to f i nd  out t he value of a given parameter) are examined.
1 Irp PI)EMISE of one of these rules may need to use some parameter whose value Is
unknown. I his sets up a sub oal , namely to determ ine the value of this parameter so that the
rule ca n i)e used. MYCIN’s goal-directed approach means that the system (and not the user)
takes tIre in ritiative during a consultation. The user will be asked about only those parameters
which may be relevant to the particular patient’ s case.

2.2 Organization of Knowledge in MYCIN
In order to give explanations of a consultat ion system ’s decisions , an explanation capability
nr i is t  have access  to the system ’s knowledge base. More informative explanations can be
(i ven if the IC also has knowledge of how the system works , a record of the consultation,
and possibly sonre domain-independent knowledge. This section discusses how MYCIN meets
these requi rements.

• Ihe sys t em’s knowledge base con sists of stat ic medical knowledge plus dynamic knowledge
about a specific consu ltation. Static knowledge is further classified as factual and

• j udgmental. Factual knowledge consists of facts which are medically valid Independent of

- 9 -  
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the particular case. Judgemental knowledge consists of production rules representing
deductions which might be made , conditional on what is already known about the case. The
format of production rules and of dynanric knowledge has already been described.

2.2.1 Organization of Factual Knowledge
As discussed in Section 2.1 , all knowledge wIn ch is gathered during the consultation is
organized into attr ibute -object-valu e trip les. For consistency, many facts in the static
knowledge base also have t h is format. This includes objects such as bacteria and antibiotics .
and attr ibutes such as the staining char acteristics of a bacterium or the recommended
dosage of an antibiotic:

ATTRIBUTE ObJECT VAL UE

GRAM E .COL I GRAMNEG
POSE GENT AM IC IN 1,7 mg /kg q8h IV (or IM )

4
The remainder of the factua l knowledge consists of lists and tables: pieces of medical
knowledge , organized in such a way that they can be used to augment the production rules.
For exam ple , orre such piece of knowledge Is the list of the possib le culture sites which are
normdily nonsterile.

NONSIERILFSIIES : I1~ RV Ix CUT J P J ~~L)LCER LOCHIA NOSE SKIN
STOOL 1HRIIAT LIFTETHRA VAGINA)

The likely pathoqens assoc ia t ed  with th e d i f fe rent  culture s i tes are organized in a table ,
with dif ferent entrie s for the d ii f f e ren t  s i tes .

• PATH-FLORA

THROAT : (~~ pr~~1ci r r r ~H lS-F~ E M[1~ ! A C STREPTOCOCCU S-GROUP—A
NE I’ E R I A  ~; r~It ~i.~~T I [ 1 l S )

IIP INE : ( E.Cfl 1 I ~~ I Ifli~ 1flNti~r ENTEROCOCCUS ERnILI’S KL EBSI EI .LA
E N I E  H ~~l ’ [  f f0 )

SKIN: (~~ APIM f l if l CC l.l5 Ei~A~ PIH ST REPTO[fl [CUS-CR OUP-A
SI API HF ~ r ; r ~~~ I flA 5 NLG)

CER V IX: ( S T R F I l f l h i I I t I S  r t f l~,JRIfl ILJM .GANG REN E NEI~~S ERIA-GPNORR HFA
51 RE F I or Hi IS - GROUP - A )

Production rules can make use of this tahu larized information:

RULEO58

If: I ) The s i t e of th~ c iii  t u’ i is  one of :  tLnse site s th.i t ,~re
m r  ma I i~ nnn~. h r  i I ~~, an .I

21 1 h i s or u,,n I Sm and ,~ t r~i t onr of t hr I i k c I p.~ .r qrns
i i i  I H  4 I ,~ ‘ i  I c  ~ f the c i j I  ¶ i ’ r vp rr’ ru t h  respec t

to f i r .  f r  I c u u ruq i r 1 r t  t r~~ : a- am mnrph a i r
u r n : 1 i r r ~ 

r . r t r n r v i l i i  r rpr Ir r , h iv e  Ov i r i r n i r  ( .~1l t h n t  c- u-h  
~ f t hrr r,

a t h n r j c n c  i~ the i d r r i t i t u i  o f  thc ’ o~~nini~~ ’

Note that the information iii t i re te itnlr could have been orqafli ?ed as attr ib u te—object—value
triples (where the object would hi ’  a culture sit u ) If th is  had been done , however , the above 
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• rule could not have been written. To accomplish the sanne purpose (without a change In the
control structure), the system would have needed several rules -- a separate one for each
entry in the table. Structuring certain facts into lists and tables enables Individual production
rules to express genneral theories which allow a number of specific deductions to be made.

2.2.2 Procedural Knowledge
Each of MYCIN’ s approximately 400 rules is composed of a small number of conceptual
prinnitives. A total of 60 such primitives make up the language in which rules are written. This
design facilitated the implementation of a nrechanism for translating rules into English

• (described In detail  in [7)). Each primitive functions has a translation template with blanks to
be filled in with translations of the function ’s arguments. A large part of MYCIN’ s explanation
capabi lity depends on this ability to trans late rules into a form that the user can understand.

Having a small nun nber of rule components also faci l i tates the examination of rules to see
which might be applicable to the explanation at hand. MYCIN’s knowledge of production rules ,
therefore , takes the form of a general mechanism for “reading” rules. On the other hand, no
attempt has been made to read the code of the rule interpreter. Procedural knowledge about
the interpreter is embodied In “specialists ”, each capable of answering a single type of
question. Each specialist knows how the relevant part of the control structure works and
what pieces of knowledge it uses.

In order to understand rules, the system ’s various specialists use a small amount of
knowledge about rules in general , together with descriptions or templates of each of the rule
components. As an example, the following rule is composed of the units SAND, SAME , and
CONCLUDE.

RLII.E 009

PREMISE : (SAND (SAME CNT X T GRAM GRAMNEG )
(SAME CNTXT MORPH COCCUS))r ACTION : (CONCLUDE CNTXT I DENTITY NE I SSERIA IALLY 800)

[t r a n s l a t io n :
If: 1) The gram stain of the organ i sm is gramneg , and

2) The morpho l oqii of the organ i sm is coccus
Then: There is strong l y s uggest ive 1.8) that the ident i ty

• of the organ i sm i s  Neisseria )

[When the rule Is used, the LISP atom CNTXT is bound to some object, the
context to which the rule is applied (see Section 2.1)]

T he tem plate for CONCLUDE is shown below. This describes each of the arguments to the
function: first , an object (context ); second , an attribute (clinical parameter); thIrd , a value

• for tIn s parameter ; fourth, the tally or degree of certainty of the PREMISE; and last , the
• certainty factor -- a measure of how strong our belief in th Is conclusion would be, assuming

that the PREMISE of tine rule is definitely true.

C.ONCL I. IDE
• 

TEMPLATE: (CNTXT PARM VALU TALLY CF)

~~~~~~~ ~~~~



-

I

To illu strate how this is used, consider an explanation that involves finding all rules which
could conclude that the identity of an organism is Neisseria. The appropriate specialist would
start  with those rules which the system uses to conclud e values for the parameter IDENTITY.
Using templates of the various ACTIO N functions which appear in each of these rules, t h e

• 

• 
specialist Picks out only those (like RULE 009) which have NEISSERIA In their VALU slot.

This also illustrates the sort of knowledge that can be built into a specialist. The specialist
knew that the control structure uses stored lists telling which rules can be used to
determine tire value of each parameter. Furthermore , it knew that it was necessary to look
only at  t he rules ’ AC T IONs because it is the ACTION that concludes facts , while the PREMISE

• • LISOS fac ts .

2.2.3 The History Tree
Many of the explanation capability ’s specialists need a record of the consultation. This
record us built during the consultat ion , and is organized into a tree structure called the
his t o ry  t,ee which ref lects  MYCIN’ s goal-dire cted approach. Each node in the tree
represents a goal and contains information about how the system tried to accomplish this
goal: by asking tire user or by trying rules. Associated with each rule is a record of whether
tIne rule succeeded , and if not , why it fai led. If trying some rule causes the system to trace
a i uw parameter , tlnerehy setting up a sul)goal , tine node for this subgoal is the offspring of
P • node containing the rule win ch caused the tracing. Figure 4 illustrates how part of a
I is to ry  t ree miqiut look . In this example . RUt U003 caused tracing of the parameter CATEGORY
which is LiSC (l in t lie PREMISE of ti n s rule.

I: ILlI NT I TY of ORGAN ISM—i
j a C k :  q u e s t i o n  7 H
LI i j l p r ,: HI lt 1R09 ( f a i  l e d , c l a u s e  1) . . . RULEOO3 (succeeded) .

n i l : [VRAM of ORGAN ISM—i in a l :  EAT EGO RY of ORGANISM— i
a~ k : c l i : c . ’~ t ion ii ul e~ : RI ~ 1 037 (succeeded)
(no r u l e s )

r I n a l :  HOSPITAL—ACOI.IIR [O of I
ORGAN I SM—i

•~~~: q ues t ion  i~[ n n  ru l e~~1

• Figure 4. Portion of a History Tree

[Dlii [009 is shown above , see Figure 5 for RULEOO3 and RULEO37]
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• 2.2.4 Other Domain-Independent Knowledge
MYCIN’ s question-answering ability is limited to describing the system’s actions , and
explaining what facts the system knows. Some of the specialists for answering questions
about the consultation make use of logic in arriving at their answers. In particular , to explain
why a decision wasn’t made , the appropriate specialist uses the logical conclusion that the
answer consists of explaining what prevented the system from using each of the rules that
would have made that decision.

If deductions or comparisons are needed to answer questions of a specific type, then the
necessary logic is built Into the appropriate specialist. There is no general representation of
knowledge about logic , arithmetic, or set theory that the explanation capability can use to
make inferences from different facts in Its knowledge base. To find out whether ORGANISM-i 

• -

and ORGANISM-2 have the same Identity, for example, It is necessary for the user to ask
separately for the Identity of each organism, then to compare the answers to these
questions.

2.3 Scope of MYCIN’ s Explanation Capability
The purpose of the explanation system is to enable a user to see how MYCIN makes
decisions , both in general and with reference to a particular consultation. To make this

• facility as useful as possible , we have tried to anticipate all types of questions which a user
might ask , and to make every part of the system ’s knowledge base and reasoning process
acceSSil)le through clear explanations.

The entire explanation facility consists of a number of components or “specialists ” each
capable of giving a single type of explanation. These components are grouped Into three
sets: one for explaining what the system is doing at a given time , one for answering
questions about tIle system ’s static knowledge base , and one for answering questions about
the dynamic knowledge base. The first set forms MYCIN’ s reasoning-status checker; the
second and third together make up the system ’s general question-answer.

2.3.1 MYCIN’ s Reasoning-Status Checker
Whenever MYCIN asks a question, the user is allowed to interrogate the status of MYCIN’s
reasoning chain by asking WHY this piece of information Is Important. As explained in sections
2. 1 and 2.2, tIre system asks a question in order to find out about Its current goal. Consider
the portion of a history tree shown in Figure 4. HOSPITAL-ACQUIRED Is one subgoal,
CATEGORY is another at the next level up, and RULEO37 links them. The “reason” for asking
whether the infection was hospital-acquired , then , is based on an attempt to use this rule to
determine the higher subgoal. TIne answer to WHY at this point Is simply a display of the
goals and the rules linking them. We have given considerab le attention to making this as lucid
a display as possible. First , since “why” has several other interpretations, and no more
extensive natural language processing is used in this component of MYCIN’ s EC , the  question
is expanded to indicate the sense in which it will be answered. The higher goal is then
presented , followed by the rule. ihe clauses in the PREMISE of the rule are divided into
those already established and those yet to he determined. Finally, since rules may have
multiple conclusions about different clinical parameters , the relevant conclusion Is presented
first and all other s follow.

As Figure 5 Illustrates , further sections of the reasoning chain can be exa mined by repeating
the WHY command. For any of the subgoals mentioned In answer to a WHY, the user may ask
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HOW th is goal was (or will be) achieved. MYCIN’ s reasoning-status checker Is described In
more detail In [3,4,6].

• . 
. (preceded by the first 14 ques t ions i n  the c o n s u l t a t i o n)

15) Is the patient ’s i llness with ORGAN ISM-i a hospi ta l -acquired in fec t ion?
• ** W HY

( i . e .  WHY is i t  important  to determ ine whether or not the i n fec t i on  w i t h
ORGANISM-i was acquired w h i le the patient was hospitalized? )

(1.0) Th is  w i l l  a i d  in determ in ing the category of ORGANISM-i.
• I t has already been establis hed that

[ 1.1] the gram s t a i n  of ORGAN ISM-i is  gramneg, and
(1.2] the morpho l ogy of ORGAN ISM-i is rod , and
(1.3] the ae ro h i c i ty  of ORGAN ISM-i is f a c u l t a t i v e

Therefore , i f
[1.4] the i n fec t i on  w i t h  ORGANISM-i was not acquired w h i l e  the

patient was hospitalized
then

there i s  strong l y su gg e s t i v e  e v i d e n c e  ( .8) that the category of
• .• ORGAN ISM-i is enterohacte r iaceae

A LSO: there is  weak l y suggest ive evidence (. 1) tha t the iden t i t y  of
ORGAN I SM-i is p seudomona s-aerug inosa )

IRIJLEO37)
• ** I4HY

( i .e. WH Y is  i t  i mpor tant  to de te rm ine  the category  of ORGAN ISM-i?]
(2.0)... in order to determine the id e n t i ty  of ORGANISM-i.

• It  has a l ready  been ec t abi i shed that
[2.1] this blood cultu re uas taken from a sterile source

There fo re , i f
[2.2 ] this current organ i sm and at l e a s t  one of the l i s t  of members

• assoc ia ted  w i t h  the catego ry of the organ i sm agree w i t h
respect to the fo ll o ir ing properties: air conformation

then
There is strong l y suggestive evidence ( .9) that each of them is the

i d e n t i t y of ORGANISM-i
(RIJLEOO3)

** HOW 1.3
[ i . e .  ROW was i t  e s t a b l i s h e d  that the a e r o b i c i t y  of ORGAN ISM-i is

facul tat i ye?]
The fol cuing w e r e  used:
(3.1] RLILEO27 ncl icat ed there is strong l y suggestive evidence (.8) that the

aeroh i c i t q  of ORGANISM-i is facu l tat i ve
• [3.21 RUt E027 indicate d there i s  weak l y suggest ive evidence ( .2)  that the

ae rob ic  ‘ t y  of ORGANIS M-I is anae robic
S i n c e  t h i s  gave a c u m u l a t i v e  CF of ( .8)  for facultative, and (.2) for

inac roh ic ,  i t  has been established that the aerohic~ ty o f ORGANISM-i
I ~ . f a r - u I  t a t  ive

** HOW 1.1
( i . e .  HOW was i t  e s t a b l i s h e d  that  the grant s t a i n  of ORGANISM- i is gramr reg ?)
You sa i d  so (quest ion 11) .

Figure 5. MYCIN’ s Reasoning-Status Checker
[user entries follow the double asterisks]

~~1ci
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. 2.3.2 MYCIN’ s General Question Answerer

line qt ies~’on-answering part of tne system has natural-language routines for analyzing the
user ’s input. ihe system recognizes questions phrased in a number of ways , thereby making
tine question-answering facility easier to use. Questions about the static knowledge base
nnay deal with Judgmental knowledge (e.g., which rules use or conclude a certaIn piece of

• • information) or they may ask about factual knowledge -- entries In tables and lists. Some
questions about static knowledge are shown in Figure 6.

IS  BL OOD A STERILE SITE?
WHAT ARE THC NONSTERILE SITES?

-
• 

WHAT ORGAN ISMS ARE LIKELY TO BE FOUND IN THE THROAT?
IS BACTE ROI DES AEROBIC?
WHAT METHODS OF COLLECTING SPUTUM CULTURES 00 YOU CONSIDER?
WHAT DOSAGE OF STREPTOMYC IN DO YOU GENERALLY RECOMMEND?
HOW DO YOU DECIDE THAT AN ORGANISM MIGHT BE STREPTOCOCCUS?
WHY DO YOU ASK WHETHER THE PATIENT HAS A FEVER OF UNKNOWN ORIGIN?

,
1.’ - WHAT DRUGS WOULD YOU CONSIDER TO TREAT E.COLI?

HOW DO YOU USE THE SITE OF THE CULTURE TO DECIDE AN ORGANISM’S IDENTITY?

Figure 6. Sample Questions about MYCIN ’ s Static Knowledge

• Perhaps the more important part pf the question-answering system is its ability to answer
questions about a particular consultation , Wlnile some users may be interested in checking
the extent of MYCIN’ s static knowledge , most questions will ask for a justification of , or for
the rationale behind, particular decisions which were made during the consultation. Outlined
in Figure 7 are the types of questions about dynamic knowledge which can be handled at
present. A few examples of each type are given. (Cntxt) Indicates some context which was
discussed in the consultation; (parm> is some clinical parameter of this context; <rule> Is
one of the system ’s decision rules.

ii what is <parm> of <cntx t>
TO WHAT CLASS ODES ORGAN I SM-I BELONG?
IS ORGANISM-i CORYNEBACTE RIUtI-NON-DIPHTHERIAE?

2) how do you know the value of <pare> of <cntxt>
HOW DO YOU KNOW 1HAT CULTURE-i WAS FROM A STERILE SOURCE?
DID YOU CONSIDER THAT ORGANISM-I MIGHT BE A BACTEROIDES?
WHY DON’T YOU THINK THAT THE SITE OF CULTURE-i IS URINE?
WHY DID YOU RULE OUT STREPTOCOCCUS AS A POSSIBILITY FOR ORGANISM-i?

3) hcr u did you use <pare> of <cntxt >
[lID YOU CONSIDER THE FACT THAT PATIENT-i IS A COMPROMISED HOST?
HOW DID YOU USE THE AEROBIC ITY OF ORGAN I SM-i?

4) whtj dir ln ’t you find out about <parm > of <cntxt>
DID YOU FIND OUT ABOUT THE CBC ASSOCIATED WITH CULTURE-i?
WHY DIDN ’T YOU NEED TO KNOW WHETHER ORGAN I SM-i IS A CONTAMINANT?

5) what did <rule> tell you about <cntxt >
HOU WAS RULE 178 HELPFUL W HEN YOLI WERE CONSIDERING ORGANISM-i?
DID RULE 11 6 TELL YOU ANYTHI NG ABOUT INFECTION-I?
WHY DIDN’T YOU USE RULE 189 FOR ORGANISM-2?

Figure 7. Sample Questions about a ConsultatIon 
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Before a question can be answered , it must be classified as belonging to one of these
groups. As Fiqure 7 illustrates , each question type includes a variety of ways in which the
question can be worded, some specifying the parameter ’s value, some phrased in the
negative , and so forth. MYCIN’ s natural-language processor must classify the questions, then
determine what clinical parameters , etc. the question references.

2.4 Understanding The Question
The main emphasis in the development of the MYCIN system has been the creation of a
production system which can provide sound diagnostic and therapeutic advice In the field of
infectious disease. Tine explanation system was included in the system ’s original design in
order to m a k e  the consultation program ’s decisions acceptable , justifiable , and instructive.
Since the question-answering facility was not the primary focus of the research, It is not
designed to be a sophisticated natural-language understander. Rather , it uses crude
t e c h n i q u e s, re ly ing  s t rongl y on the very specific vocabulary of the domain, to “understand”
what inforn ation is being requested.

The analysis of a question is broken into t hree plnases: tine first creates a list of terminal or
root words; tine second detornnines what type of question is being asked (see tine
classif ication of questions in Section 2.3);  and the last determines what particular
parameters , lists . etc. are rele vant to the question.

in the first and  last steps , the system dictionary is important Ihe dictionary contains
approxinnately 1 400 words tha t  are commonly used in the domain of Infectious disease. It
includes all words that are acce ptable values for a parameter , common synonyms of these
words, and  words used elsewhere by tine system in describing the parameter (e.g., when
translatin g a rule into English or requesting tine value of the parameter).

2.4.1 Reducing the Question to Terminal Words
Each word in the dictionary has  a synonym pointer to its terminal word (terminal words point
to themselves ) . For the purpose of analyzing the question, a non-terminal word is considered
to be equivalent to its (terminal ) synonym.

Terminal words may have properties indicating:

1) that this word is an acce ptable value for some clinical parameter (s)

?) t l nat t h is word always implicates a certain clinical parameter , system list , or
t~ibl e (e.g. the word “ identity ” always implicates the parameter IDENTITY .
wlnich means tine identity of an organism)

3) that this word might innplicate a certain parameter , system list , or table (e.g.
tine word “positive ” miqlnt implicate tine parameter NUMPOS, which means the
number of positive c u l t u r e s in a series)

4) that t lnis word is part of a phrase which can be thought of as a single word
(examples of such phrases are “transtracheal aspIration ”, “how long”, and

• 
I 

“not sterile ”.

Table ‘I. Properties of Terminal Words
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• line f irst three properties are actually inverse pointers which are generated automatically
• from proper ties of the clinical parameters. Specifically , a word receives the “acceptable

value ” pointer to a parameter (property (1) above) if it appears in the parameter ’s list of
acceptable values -- a list which is used during the consultation to check the user ’s
response to a request for the parameter ’s value. Also , each clinical parameter , list , and table
has an associated list of key words that are commonly used when talking about this
parameter , list , or table. These Words are di vided according to how sure we can be that a
doctor is referring to this parameter , list , or table when the particular word is used in a
question. It is from this list that terminal words ’ “implication” pointers (properties 2 and 3 in
Table 1) are generated.

• During the first phase of parsing, each word in the original text is replaced by Its terminal
word. For words not found in the dictionary, tine system uses Winograd’s root-extraction
algorithm [8] to see if tine word ’ s lexical root is in the dictionary (e.g., the root of “decision”
is “decide ”). If so , tine word is replaced by tine terminal word for its root . Words still

8’ ‘ unrecoqnizeci after root extraction are left unchanged.
4.

The resulting list of terminal and unrecognized words is then passed to a function which
recoqinizes phrases. Using property 4 (see T a b l e  1) of the te rmina l  words in this  list , the
function i (IOIltifies a phrase and replaces it with a single synonymous terminal word (whose
dictionary properties may be important in determining the meaning of the question).

2.4.2 Classifying the Question
The next step is to classif y the question so t inot the program can tell which specialist should
answer it. Since all questions about tine consultation must be about some specific context ,
tine system requires that tine name of tine context (e.g. , ORGANISM-i ) be stated explicitly.
This gives an easy way to separate general questions about the knowledge base from
questions about a particular consultation. Further classification Is done through a pattern
matching approach similar to th at used by Colby [1].

The list of word s created by tine first phase is tested against a number of patterns (about
hO at present) . l och pattern has a list of actions to be taken if the pattern is matched.
These actions set flags which indicate what typo of question was asked. In the case of
questions about judgmental knowledge (called rule—retr ieval questions), pattern matching
also divides the question into the part referring to tine rule ’s PREMISE and the part referring
to it ’~ AC 1ION. [or ~xample , in “h ow do you decide t lnat an organism is streptococcus?” ,
t inc ’ re is no PRFMISE part , and tine AC 1 ION part is “an organism is streptococcus ”; in “Do you
‘ver use the site of the culture to dctermi ine on org a n ism ’s identity?” , the PREMISE part is

“the site of tine culture ” and tine ACTION part is “an organism ’s Identity”.

2.4.3 Determining What Pieces of Knowledge are Relevant
line classifi cation of a question guides its further analysis. Each question type has an
a’,sociat(’(l template with blanks to be tilled in from tine question. The different blanks and
tine techniques for filling them in are listed in Table 2. With the question correctly classified,
t u e  general question-answerer can tell wlnich specialist should answer it. Filling In all blanks
in the template gives the specialist all tine information needed to find the answer.
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1) <cntxt> - The context must be mentioned by name.

2) (rule) - Either a rule ’s name (RULEO47) will be mentioned, or tIne word “rule ”
will appear , together  with the ru le ’s number (47) .

3) <value> - One of the terminal words in the question has a dictionary property
indicating that it is a legal value for the parameter (property 1, Table 1 -- e.g.,
THROAT is a legal value for the parameter SITE).

4) <parm > - All of tine words in the list are examined to see if they implicate any
clinical paranneters. Strong innplications come from words with properties
s lnowi rnq that tine word is an acce ptable value of the parameter , or that the
word a/w ay.s implicates that parameter (prop erties 1 and 2, Table 1). Weak
implications conne from words witln properties showing tlnat tiney might implicate
tine paranneter (property 3, Table 1). The system uses an empirical scoring
nnecinanism for picking out otniy the most likely parameters.
Associated with certain parameters are words or patterns which must appear
in the quest io,n in order for tine distinguish related parameters which may be
innphicated by tine sanne key words in tine first pass. For example , the word
“PMN” innplicates parameters CSFPCJLY (the percent of PMNs In the CSF) and
PMN (the percent of PMNs in the complete blood count). These are
(lnst,nq~iished by requiring that the word “CSF” be present in a question In
order for CSFPOLY to be implicated.

5) <list> - System lists are indicated in a manner similar to parameters , except
t h a t  scoring is not dom e. Lists , like parameters , may have associated patterns
whicln nn i i st be present in tine question. Furthermore , lists have properties
telling which ot iner system lists are their subsets. If a question implicates both
a list and a subset of that list , tine more general (larger) list Is discarded. As
an example , tine question “Which drugs are ominoglycosides?” Implicates two
lists: line list of all drugs and the list of drugs winich are aminoglycosides. The
system oinly considers tine more specific list of aminogiycosides when
answering tine question.

6) <ta ble) - Tables are indicated in a manner similar to lists except that an entry
in tine table must also be present in the question, For example , the word
“orqanisnn ” nnay indicate two tal)ies: oine containing a classification of
organisms , and tine other containing normal flora of various portals. The
question “What organisms are considered to be subtypes of Pseudomonas?”
will correctly innplicate tine former table , and “W inat are the organisms likely to
he found in the throat?” will implicate the  l a t t e r , because PSEUDOMONAS Is in
the f irst table and THROAT is in the second.

Table 2. Mechanisms for Ana lyzing a Question
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*-* L4HEN DO YOU DECIDE THAT AN ORGAN I SM IS A CONTAM I NANT?

(1] Ten minal words: LJH EN DO YOU CONCLUDE THAT A ORGAN I SM
IS A CONTAMINANT

(21 Quest ion  type: Ru le  retrieval
Premise part: (LJHEN DO YOU CONCLUDE )
A ction part: (1HAT A ORGANISM IS A CONTAM I NANT )

[31 vocal-’, clues: U.JH[NINFECT (ANY) 1) (WHENSTOP (ANY) 1)
(F’ren iise) (L4 HENSTAR T (ANY ) 1) (DURATION (ANY) 1)

v~ c.1h. c l u e s :  (CONTAM INANT (ANY ) 4 )  (FORM (ANY) 1)
(Ac t ion ) (SA MEBUG (ANY) 1) (COVERFOR (ANY) 1)

(41 Fin a l  tran slation:
F’ reni i se: ANY
A c t i o n :  (CONTAMINANT ANY )

(5) The rules I i stec l be l ow conc l ude about:
whe ther the orga nism is  a contam inant

• f. , 3 i .  351 , 39 , 41. 42, 44 , 347 . 49 . 106
Lihi ch do you w i s h  to see?

FiIiL F OOG

I f: 1) The culture was t.iken from a sterile source, and
2) It is definite that the identity of the organism

i s  o ne o f :  s t a phy l oc occu s -co aq-neç j  ba c i l l u s —
s u b t i l i s  coryneb acterium-non-diphther i ae

• Then: There is strong ly su gges t i ve  evidence (. 8)
that the organ i sm is a contaminant

Figure 8, Sample of MYCIN’ s Analysis of a Question
[User input follows tine double asterisks.]

[1] 1 Inc quest inni n is reduced to a list of terminal words.
[?] [‘at te rn niatchinc l classif ies tine question as a rule—retrieval question, and

divides it into a prennise part and an a(.tioi n part.
[3]Dict ionary properties of the terminal words ore used to determine which

param eters (and their values) are relevant to eac in part of the question. These
vocabulary cities are listed un the fornn ((parm> ((values)) weight) wlnere
weiqint is used by tine scoring mechanism to determine winich parameters
sh ou l d  be eliminated from consideration.

[4 ]  A f te r  sr’ lr’c ’inng oinly the most strongly indicated parameters, the final
trains lat i o n tells what ru l es Ca in answer the question: there are no restrictions
nm the (‘Ill MISI , and the AC I ION nnmis t contain the parameter CON ! AMINANT
(w ith any value).

[hj The answer consists of finding aU rules which meet these restrictions , and
printing those that tine user Wants to sec.

LI
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2.5 Answering the Question
Corresponding to each question type , there are a number of possible answer templates. For
example , for questions of tine form “How do you know the value of <parm) of <cntxt ?” , two
of the answer tempiates are:

I used <rule> to conclude that <parm > of <cntxt > is <value>.
This gave a cumulative c .f. of <certainty factor>.
The last question asked before the conclusion was made
w as <quest ion number>.

In answer to q ues t i on  <quest on number> you said that <parm> of

< c n t x t ’  i s  <va lue > .

The specialist for answering ques t io ns of a given type will need to check the  history tree or
the system ’s knowledge base in order to determine which of the answer templates is

-• appropriate for a particular question. Some blanks in the answer template will be filled in by
the same items that filled blanks in tine question template. The remainder are filled by the
specialist with information winich will answe r the question. In the above example , the slots

* (parm), (cntxt> , and possibly <value ) would be filled in from the question, and the other
slots would be filled from the history tree.

2.5.1 Questions about MYC IN’ s Static Knowledge
General questions about MYCIN’ s factual knowledge are the easiest to answer. The
specialist that provides answers to such questions must look up the desired information in
the system ’s static knowledge base. Generally, an a ns we r con s i sts of s imply  displa ying th is
In formation. As Figure 9 Illustrates , the most processing that is ever done is to check the
retrieved information against some item in the question (for equality of set membership).

The specialist that answers  ques t ions  about judgmental knowledge is slightly more
complicated. Answering these questions (Figure 10) involves built -In knowledge about the
rule set . plus the abil ity to “read” the rules. By the t ime the qu est ion has been an a ly zed , the
specialist knows exactly which parameters must appear in the PR E MIS E, and  w hich mus t
appear in tine ACTION of any rule which answers the question. Values may he specified for
am y  of tine parameters. To answer the question , tIne rule-retrieval specialist must first find
every  ru le winose PREMISE and ACTION satisfy these constraints. To do this , it needs  to
know that there are two special lists associated with each parameter: one containing every
rule that uses the param eter in its PREMISE , and the other containing every rule that
concludes about the parameter in its ACTION. Using these lists for the various parameters
mentioned in t he question, the specialist can find those rules that might answer the question.
if no values were specified , the job is done and the relevant rules can be displayed without
fnirt ine r analysis; otherwise , it is necessary to read each of the rules in the list and to
eliminate tlnose which do not mention the correct values for the parameter.

The rule-retr ieval specialist also makes use of a piece of MYCIN’ s knowledge which was not
discussed earlier. The system contains models of its own knowledge (called rule models)
which arc’ used primarily during acquisition of new medical knowledge from an expert [4].
These mo(lels, however , can be put to many u ses -- one is to explain general patterns In
decision making. li-n e rule models are abstract descriptions of a subsets of rules and are
generated automatically i)y rcadin the rules. For example , tine model for
IDENT-IS-PSEUDOMONAS tells what features ore common to the majority of rules which
conclude that the identity of an organism is pseudomonas.
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If a nnodel exists describiung ti-ne rules about which the question is asking, the rule-retrieval
specialist incorporates this mod el’s informatioin into its answer (Figure 11). Thus the
question-ainswering facility Is able to give some information about strategies for achieving
some of tine system ’s goals , as well as the individual rules which use the strategies.

•4.

** IS BLOOD A STERILE SITE?
Yes.  B lood is  one of those s i t e s  that are norma l l y  s t e r i l e .

** L4HAT ARE THE NONSTER ILE SITES?
Those s i t e s  that are n o r m a l ly  nonsteri le are: CERVIX , CUTANEOUS—ULCER ,

LOCHIA , NOSE , SKIN , STOOL , THROAT , URETHRA , VAG INA .

*~* I4HAT ORGAN I SMS ARE LIKELY TO BE FOUND IN THE THROAT?
Th e l i k e l y  pathogens associated w i t h  throat  are: STREPTOCOCCUS —

PNEIJMON IAE , STREPTOCOCCUS-GROUP-A , NEISSER 1A-MEN INGITIDIS ,

• 
** is BACTEROIDES AEROBIC?
No , the a e r o h i c i t y  of bactero i c ies  is anaerobic.

*~~ L4HAT DOSAGE OF STREPTOMYCI N 00 YOU GENERALLY RECOMMEND?
The suggested dosage and route of st re ptomyc in is 7.5 mg/kg ql2h III (or IV ) .

** HOI4 DO YOU TREAT MENINGOCOCCAL BACTEREM IA?
For tr eatment of NE I SSER IA- f1ENINGIT IDIS in PR I MARY-BACTEREM IA
Select therapy from among the follow i ng drugs (ranked according

to r e l a t i v e  efficacy, assuming uni form s e n s i t i v i t y):

F’ENICILL IN ( .91)
At1PICILLIN ( .9)  close: 30 mg/kg q6h
SULF I SOXAZOLE (.8) dose: 60 mg /kg IV then 15 mg /kg q4h IV

• for 48 days then 15 mg/kg q4h PD
CHLORAF1PHENICOL ( . 7 )
ERYTHROMYCIN (.5)
TETRACYCL I NE (.4)

Duration of therapy: 14 clays

Figure 9, Questions about Factual Knowledge
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** WHY [10 YOLI ASK WHETHER THE PATIENT HAS A FEV ER OF UNKNOWN
ORIGIN?

The ru l es  l i~~ted be low use:
whether the p a t i e n t  has a true fever of unknown ori g in

RULEI8O

I f: 1) I i i  s i t p  of the cultu re is blood , and) The ni~mber of cultures in the series inc l ud i ng the
cu lture i s  greate r  than or equa l to 1, and

~ 3) The number of cultures in this series wh i ch were
;n s it i ve for the organism is less than or equal to 1,
and

4) The patient has a true fever of unknown ori gin , and
* 5) Card iac-surgery  is a relevant item from the history of

the patient
-. 

. 
Then: There i s  suggestive evidence (.6) that the infection is

inf ec tiv e -e ncio car c litis

** WHA T ODES GU MANIPULATION TELL YOU ABOUT THE IDENTITY OF AN
ORGANISM?

The rules listed belo w use:
whether the patient has had a genito -ur i nary manipulative

procedure
to conc l ude about:

the identity of the organ ism
ISC , 163. 190
~ hic h cm i4Cli wish to see?

*~

RULE 1SG

If: 1) The site of the culture is nlood , and
2) lhr. gram stain of the organism is gramneg . and
3) Th~ morpho l ogy of the organ i sm is rod , and
4) The portal of entry of the organ i sm is ur i ne , and
B) The patient h3s not had a genito-ur inary manipu la t ive

procedure , and
6) C mis ti t i s  is not a problem for which the patient has

been t r e a t e d
Then: There i s  suqqe~.ti ve ev i dence (.6) that the ident i t y of

the organ i sm is e.co h i

Figure 10. Rule-Retrieval Questions

t .
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** HOW DO YOU DECIDE THA T AN ORGAN I SM M I G H T  BE PSEUOOMONAS AERUG INOSA?
Rules wh ich conc l ude that the i d e n t i t y of the organ i sm is
pseudonnonas-aerug i nosa gener a l l y  use one or more of the
follow i ng p ieces of information:

the site of the culture
the gram sta in of the organism
the morpho l ogy of the organ i sm

Furthermore , the following relatio nships hold:
The gram s t a i n  of the organism , and the morphology of the

organ i sm tend to appear toqether in these ru les.
RULE 1~ 4, RLILE1I6, RULEO47. RULEO8B , RULEO4O conc l ude that

the i d entity of the organism is pseudomonas-aerug inosa.
Which of these do you wish to see?

** 184
RULE 184

If: 1) The category of the organism is not known , and

* 
2) The gram ~ tain of the organ i sm is gramneg, and
3) The morpho l ogy of the organ i sm is rod , and
4) The aerob icity of the organism is facui

Then: There is weakl y suggest ive evidence (.1) that the
identity of the organism is pseudomonas-aerug inosa

Figure 11. Question Which Uses Rule Models

2.5.2 Consultation-S pec ific Questions
One of the sinnplest questions about a specific consultation inquIres about the value of a
particular parameter (Figure 12). The specialist which answers these questions must know

• how to retrieve tlnis information. In some cases it w ill a lso be necessary to make comparisons
to see whether a value specified in the question is one of the values which was deduced for
that parameter.

** TO WHAT CLASS DOES ORGANISM-i BELONG?
The category of ORGANiSM-i is enterobacter i aceae (.9)

** IS ORGAN I SM-i A STREPTOCOCCUS?
No.
The identit y o f ORGAN I SM-i is e.co li (.74) bacteroides (.7)

klebsi e l la-pneumoniae (.4) pseudomonas-aeru g inosa (.22)
enterobacter (.211 proteus-no n -m ir abi l is (.19) serratia (.83)
sa l m o n e l l a  ( .82)

FIgure 12. Quest ion s about a Parameter ’ s Value

Answering other types of consultation-s pecific questions involves the use of knowledge
about the corntro l structure , Including:

1) how tine system acquires informat ion
2) why tine system tr ies to fin d out about parameters
3) h t W  information is used once it is acquired

• 4) what causes a rule to be tr i ed
5) what causes a rule to fail.
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The specialist for answering questions like “How do you know the value of (parm) of
• - <cntxt>? ” , knows that ti-ne value of a parameter can come from two sources: It can be

deduced by rules , or the user can tell us about it in response to a question. The history tree
I: - (see Section 2.2) will show which (possibly both) of these sources provided the particular

information mentioned in the question (Figure 13).
I;: ** HOW DO YOLI KNOW THAT CULTURE-i WAS FROM A STERILE SOURCE?I used rulel89 to conc l ude that this blood culture was taken from

a sterile source. Th is gave a cumulative c.f. of (1.8). The
last question asked before the conclusion was made was 7.

** 010 YOU CONS IDER BACTE ROIOES AS A POSSIBILITY FOR ORGANISM-i?
Yes. I used ruleO9S to conc l ude that the identity of ORGANISM-i

is bacteroic les.  Th is  gave a cu mulat ive c . f .  of ( .7) .  The
last question asked before the conclusion was made was 28.

** HOW DO YOU KNOW THAT ORGANISM-I IS E.COLI?
The fol low i ng rules made conclusions about whether the ident i ty

of ORGAN I SM-i is e.co li

cumulat ive certainty l as t  question asked
• RULE Yes No before conclusion was made

RULEO21 (.47) 28
-

• RULEO84 (.55) 22
• 

. RULEBO3 (.74 ) 24
In answer to question S you sa id that the ident i ty of ORGANISM-i

is  e .c o l i  (. 3)

Figure 13. Question Regarding How a Conclusion Was Made

If the question is phrased in the negative , it Is necessary first to find all the ways the
conclusion could have been made (this is a sim ple task of rule -retrieval), then to explaIn why
it wasn ’t made in this consultation (Figure 14) . The specialist for answering these questions
must know what situations can prevent conclusions from being made . The second question In

- 
• Figure 1 4 illustrates how the answer to one question might cause another questIon to be

asked.

** WHY DID YOU RULE OUT STREPTOCOCCUS AS A POSSIBILITY FOR
ORGAN I SM-i?

The fol l owing  rules could have been used to determine that the
identity of ORGANISM-i is streptococcus: RULEB33. However ,
none of these succeeded in the contex t of ORGANISM-i.
If you would l i ke  an exp lanat ion for why any of these
ru les  f a i l e d , please enter their numbers:

** 33
C lause 2 of ruleø33 (“the morpho l ogy of the organ i sm is coccus”J

was already known to be false for ORGANISM-i, so t he ru l e
was never tr ied.

** WHY DON’T YOU THINK THAT THE MORPHOLOGY OF ORGANISM-i IS
COCCUS?

It is definite that the morpho l ogy of ORGANISM-i is rod. Know i ng
• t his with certainty rules out a l l  other va l ues for the

the morpho logy of ORGAN I SM-i, inc l uding coccus.

Figur e 14. Questions Regard lnQ Why a Conclusion Wasn ’t Made



Ihe specialist for answering questions of tine fo rm “110w did you use <parm> of <cntxt>?” ,
needs to know not only how to find the specific rules which might use a parameter , but  also
how a parameter can cause a rule to fail and how one parameter can prevent another from
being used. ihe history tree caii be checked to see which of the relevant rules used the
parameter , which fa iled because of the parameter , and which failed for some other reason,
preventing the parameter from being used (Figure 15).

*~ HIlL) CI I [l YOU USE THE AE ROBIC ITY OF ORGAN I SM-i?
lh- - a~- i o h i c i t y  of  OR GANISM-i was used in the foll ow i ng rules:

RULE 003 , RLILEOOS , RULEB84.
lhi~ a i r o h i c i t y of ORGAN I SM-i caused the f o l l o w i n g  ru les to f a i l :

hIII EQ3E, , RULEOB1. RLILEOS2 , RU[.E053 . RULEI11.
The a€~r ciwi ci ty of ORGANISM-i also would have been used in:

HIlt E037, RULEBBB . RULEOS8. RUI.E086, RULEIIO , RULE184,
Rl .)LF203 , RULE2B4 , RULE2OB. However , none of these
~I Jr d. i-cded in the context of ORGANISM-i. If you would
l i k ~- an explanation for why any of these rules failed ,

* 
p l e - s ~ e enter their numbers:
x* 37

Ru1e037 .is tried in the context of ORG ANI SM-I . but it failed
due to  clause 1 ( the category of the organ i sm is not

‘
. k n o w n ] .

*s [lID YO I.l CONS IDER THE FACT THAT PATIE NT- i  IS NOT A COMPROMISED
HOST ?

The faL t that  F re d  Jones is  not a cn~~ ronn ised host caused the
fol lo w in g rules to f a i l :  RL~LEi~-~~. RULE1OG .

The f~i~ P 
~J c t  Fred Jones is not a c cn; roni i sed host also would

h.iv ~ heen used in: RULEIO3. How ever , none of these
succeeded  in the context of PATIENT — i. If you would
like an explanation for why any of these rules failed ,
please enter their numbers:

** NONE

Figure 15. Questions Regarding How Information Was Used

For questions of the form “Why didn’t you find out about <parm> of (cntxt>?” , general
knowledqe of MYCIN’ s control structure tells the conditions under which it would have been
necessary to find out some piece of information. The record of the consultation can be used
to determine why these conditions never arose for the particular parameter In question
(Fiqure 16)

Figure 1 6 also illustrates that MYCIN’ s GOA allows a user to get as much information as is
desir ed. Th e  f irst answer given was not really complete in itself , but it led the user to ask
another question to get more information , linen another question was asked to determine why
clause 1 of RUt U 159 was false. The answers to t ine first two questions both mentioned rules
which could he printed if the user wanted to examine them. The special connmand PR (Print
Rule) is for tine user ’s convenience. It requires no natural-language processing and thus can
be understood and answered immediately . (“What is rule 109?” or “Pr int  rule  109. ” also
would have been understood.)
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

** DID YOLI FIND OUT ABOUT THE CBC ASSOCIATED WITH CULTURE-i?
During the preceding consu l t a t i o n . I never had reason to t ry to f ind  out

whether the resu l t s  of the CRC fro m the t ime per iod of t h i s  blood
cu l ture  are a v a i l a b l e .  I t  wou ld have been necessary to know th is

‘. info rma t i on  in order to use any of the f o l l o w i n g :  RULE1OS. However ,
none of these succeeded in the context of this blood cu l ture. If you

-
. wou ld  l i ke  an exp l anation for why any of these rules f a i l ed , please

e n t e r  t h e i r  num bers:
** 109

RuleiOS would be relevant to t h is  blood culture when appl ied to: ORGANISM—i.
I never had reason to try to  app l y rule iO3 to ORGANISM-i. I would have

• needed to use rule lOS in order to f ind  out whether ORGANISM-i is a
contaminant. However , during the preced i ng consultation , I never had
re ason to t ry  to f ind  out whether ORGAN I SM-i is a contam i nant.

** WHY DIDN’T YOU NEED TO KNOW WHETHER ORGANISM-i IS A CONTAMINANT?
During the preceding consu l ta t ion , I never had reason to try to find out

- #  whether ORGAN ISM-i is a contaminant.  It would have been necessary to
know th i s  in form a t i on  in order to use any of the f o l l o w ing: RIJLE8O6 ,
RULEOO7 , RULE1ØG , RULE1O8. RULE1Ø9, RLILEIS9. However , none of these
succeeded in the context  of ORGANISM -I . If you would l ike  an

• exp lana t ion  for why any of these ru les f a i l ed ,  please enter their
numbers:

** 159

Rule lSS was t r i ed  in the con tex t  of ORGANISM-i , but i t  fa i led  due to clause
I ( ‘it is  suspected that the i d e n t i t y  of the organism is
coryneb acter  ium— non-diphtheriae ”]

** IS ORGAN ISM-i CORYNEBACTERIUM-NON-D IPHTHERIAE?
No. The id e n t i t y  of ORGAN ISM-i is e .c o l i  ( .74 ) bacteroides ( .7)

k lebs ie l la -pneumoniae ( .4)  pseuc lomonas-aerug inosa (.22) enterobacter
( .2 i)  proteus-non— inir a b i l i s  (.19) se r ra t i a  (.03) sa lmone l la  (.82)

** PR 109
RULE 189

I f :  1) The culture was taken-from a sterile source, and
2) I t  is not known whether the organism is a contam inant , and
3) The patient is not a comprom i sed host , and
4 ) The pat ient  was f e b r i l e  due to the in fec t ion , and
6) The results of the cbc from the time per i od of the culture are

ava i l ab le ,  and
6) A - The white count from the CBC is greater than 10.5, or

B - The percent of pmn ’s in the cbc at the time the culture was
obt ained is g reater than 7~ , or

C - The percent of wbc ’s which w e r e bands in the CBC at the
- - ‘- time the culture was obtained is greater than 10

Then: There is strong l y suggestive ev i dence (.8) that the organ i sm is
not a contam inant

Figure 16. Questions Regardin g Why a Parameter Wasn ’t Traced
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in questions asking about the application of a ru le  to a context there are three possibilities:
the rule told us something about ti le context; the rule failed when appli ed to that context ; or
the rule was never tried in that context. ihe history tree tells which of these is the case.
Furthermore , if a rule succeeded , there is a record of all the conclusions it made , and i f it
f a i l ed , the reason for failure is recorded. As Figure 1 7 illustrates , rules are only applicable in
certain contexts. If the rule could not apply to the context mentioned In the question, but
might be relevant when applied to some other context [which Is an ancestor or descendent
in the context tree ], then the question is answered as if it had mentioned the relevant
context .

There are interactions among tine different types of questions which weren ’t mentioned
earlier for the sake of clarity. Sometimes a question may indicate an incorrect assumption
about the state of MYCIN’ s knowledge. For example a question could ask “Why don’t you
th ink tha t  ORGANISM- i Is E.coli?” when, in f a c t , the system has concluded that the organism
is E.coli. To answer this question, tine explanation system would explain how it did make
such a decision, despite the phrasing of the question. Similarly, when asked how the system
used (or concluded about) some parameter that was never traced, the system explains why

- -, it didn ’t need to find out about the parameter , regardless of how the question was phrased.
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** DID RULE 116 TELL YOU ANYTHING ABOUT INFECTION-i?
RuIellS would he relevant to the primary-bacteremia when appl ied

to: ORGAN I SM-i.
Clause 5 of ruleli6 (“ the infection is niening i t i s ”) was already

known to be false for ORGANISF1-1, so the rule was never t r ied.

** HOW WAS RULE 178 HELPFUL WHEN YOU WE RE CONSIDERING ORGANISM-i?
Rule i78 would he relevant to ORGANISM-i when appl ied to:

CULTURE-i.
I never had reason to t ry  to  appl y rule l78 to th is  blood cu l ture.

I would have needed to use rulei78 in order to f i n d  out
w hether th is  b lood cul ture was taken from a s t e r i l e  source.
However , I was alreacl~ certain that this blood culture was
taken from a s t e r i l e  source.

** WHAT DID RLILE 295 TELL YOU ABOUT ORGANISM-i?
I used rule29S to conclude that the iden t i t y  of ORGANISM—i is

hemophi lus- in f luenzae. Th i s  gave a cumula t ive  c .f ,  of ( .25) .
The l as t  quest ion asked before the conclusio n was made
was 36.

** WHY OI [ IN ’T  YOU USE RLJLE112 TO FIND OUT ABOUT ORGANISM-i?
RULE1I2 w ac not executed because i t  w ou ld  have caused circular

reason ing when app l ied  to ORGANISM-i . Would you like to
see the chain of rules and parameters wh ich makes up this
c i r c l e ?
** YES

I wanted to know about the i d e n t i t y  of ORGANISM-i because I
t ry  to f i nd  out the i d e n t i t y  of the organ i sm for a l l
current organ i sms of the pa t i e n t .

To f i n d  out about the identity of ORGAN I SM-I , I t r i ed  to use
ru le B2l. Before I could use ruleB2l , I needed to know about
a pr i or organ i sm w i t h  poss ib ly  the same iden t i t y  as
ORGANISM-i .

To f ind  out about a pr i or organ i sm w i t h poss i b l y t he same
i d e n t i t y  as ORGAN ISM-i, I t r i ed  to use rule0O5, Before I
could  use ru le OB5 , I needed to know about the aerobicity of
ORGAN ISM-i.

To f i n d  out about the a e r o b i c i t y  of ORGANIS M-i, I t ri ed to use
ru le 83l. Before I cou ld  use ruleO3 i , I needed to know about
the category of ORGAN ISM-i.

• Io f i nd  out about the cate gory of ORGAN ISM-i , I t r i e d  to use
• rule ll2 . Before I cou ld  use rule Il2 , I needed to know about

the identity of ORGAN ISM-i.
But t h i s  is  the unknown para meter I sought o r i g i n a l l y .

Figure 17. Question Regarding the Application of a Rule

- I  
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- . 3 Conclusions
- Consuitation systems which give expert advice in some domain form one class of artificial

• intelligence programs which can provide useful solutions to real-world problems. The utility of
such a system , however , depends on its acceptabil ity to human users. One feature which can
increase a system ’s acceptability Is a mechani~,un whereby the system can explain or justify
its advice.

The development of an explanation mechanism for a consultation system is very much related
to the problems of representing knowledge aind of making use of different sources of
knowledge. Since t he production system fori iialisnn provides a unified way to represent

- modular pieces of knowledge, the task of desiquinq an explanation capability is simplified for
production-based consultation systems. The example of MYCIN shows how this can be done

- and illustrates further that a system designed for a single domain with a small, technical
• vocabulary can give comprehensive answers to a wide range of questions without

sophisticated natural-language processing.

,.
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