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The Role of Prfor Knowledge in Operathg
Lqulpment from WPltten InetructiOne ?

o

'V .'- David E. Klera8~ oy
Univerelty of Mlcbigan

. l

P
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INTRODUCTlON

. The goal of thie prodect was the study of the role of prior
knowledge in taekew\lnvolving -the “operation of : equipment from .-
written instructfong, The work has been done:in two’categories:

In the first, prior knowledge “was ' hot - manlpulated“frather the
priof knowledge -under . 1nveatigation\ was the knowledge pdssénsed’
by the person prlor' beﬂng in the expé&imental ‘8itugtion.
.. This project began, by inveetlgating the rolé. of’ ‘prior knewledge.ﬁ}
*“"... in -the, oompreheneion of sxmple ‘technical " prosey: since. a large . -
body ‘of" regéarch’ has . beén done~°on how. peoplé, learn. 1nformatlon -g‘
from Wwritten prose,“and -the:“previous .ONR - projedt - focussed :pn .
eomprehens¢on o£ deeerxp§1ve\ technic@l ‘textt . This work wae'
“followeds by 4 ‘set -of . studies. _on}1 ‘What™ iexperte ,know about
electronic equipment compareq to on—e&perts, aleng Awith”
- - tomparisorn of- theit strategiee for, . foL&OW1ng ’inetructlone for V‘
: operatlng a piece of: electronic equlpment '

.‘ », -‘ 4 o '.
. i . °* v’

T In .the second category O, work . prior knowledge s was

k manipulated in experlments adnee which subjegte" were ~Ziyen™ |

K 1hf0rmat10n about equlpment in .~ a -fixed “8equence, 1th the 4
quegtion being how . latér ~ fearding . was'’ influenced\ by . the’
‘previougly’ acquired:- khowledge, One major topic in. thig, categoxy
is . the role of how ‘it .warks- knowiedge, which ig” the: knowledge
that pergon ¢ might.. nave = abbyt “the. internal structure’und .
functionlng of a .p-ece' of  agui ment..V‘it' is , unoiear whether:
- -Waving -guch’ knowledge ‘is . “beneflcial ,and.’ A so,nunder ‘what:
conditiong. it is. - A- Beries’ of exper;mental Btdies: 'and @.

-,vomputer simulation’ modeling effon’ provided sbme*answere ~ Singe,
‘much equipment operation ..is ~‘learped ' under rotd. learnlng
‘conditidns,” a " second’ topié'Wae the effects of prior. knoWledge of’.
prooedures for: operatihg a plBCG\Of eqqument. This work, errlved .
Tat a  precise theoreﬁ q&l descrlptlon of knowledge Of procedures Nl
and tranefer of training be%weeﬂ proceduree.ﬁ, - i

{ .
- e ‘" s "_ S i ‘. ’ P o
‘«:.. 2 Lo \ _-)Il- L y

e RE»EXPERIMLNTAL PRIOR KNOWLEDGE

ST
t '0 r

’ . a )'(.,:

Yrior'Knowledge and Learning fpom Techni@almﬁrose ﬁf-f._l

'

s

free Buekground.;'We all have “Phe' emrong intuition that it should
~beipasier :to learn from metermal if one 1s already. familiar with .

. ‘the general subjéct matter area. ‘Hoyever, ' there 'hive « bHeen’ very
. fewigpudiea showing that wsthis wes: Yrue in o oon¥incing Wwayy and
in fact,vsome reports haVe euggeeted the appqeite. Thib unolear
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ess of learning:

" fr upcle “the empf?lcdl

~ liferature is probably. Que 0. the fact that i
td conduct, a well- controiled study in -which
. prionp: knowledge possessed subjects igf,
Manlpglatlng the amount of prio? kn
experiment is not’'a’good. approach,. bepause thetre
to - believe: from the éxperlmentdl Jiter
~experimentally acqulred knoWledge does _ not
‘properties as the true prlor knowledge th t Sub
Lomlng to an experlment ' ,

i
t

8 wery diffioult.
he ‘amount. of ‘true:
the. varlable’ Of
owledge within an: o
1s. ample .reason ﬁ'ﬁf‘
ature that o€¢h
have - the - sane
Jects nge befow :

q;;

RS e ‘?m: o
@BEroach ‘The appro&ch was" baged on the 1ogio of: o

quasi- experimental de51gn,r‘1n Whlbh the uampruug‘ﬁfsubJe%td ‘s L

used Lo’ vary the' amount’ ~of prior kno&ledge, and -8tatisticul ,"';‘

muthodq iomainly multlple regr9581on were ' used . 'to 90ntrol

nuisance variables such’ as’ general ,reading abilityy word: .

frcquenoy and so. forth«
‘Varied widely in.
.and
ooubJOCtS would be dLmost certain. to vary 1n

-
839
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recalled

rreading-or. studying the material, »*
" study the-

/but

also of ‘the time: spent

yn one’ 't
~material for /ae Lodg

Cwithe

ask subjeuts were: “ﬁ*:{;
as. bhey chosge, on -4 e
the "

‘self-pacel sentenceaby«sentence bagis,*
thoy would" ;be tested for rqcalh ]atér. In a Séc
‘thg subjepts knew thdt they wollld be tested for.,

knowledge Thdt'”}|
ohd reading tasky’”
ater recally buf.”

".'. oo €

were aliéwed

T In the‘fhird test, " subJects
ﬁ%sted«for 1at9r recall, b ing

;W at n tlmc ah

\,sﬁbgncts were then tested for e al

..‘

Results.“
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to study
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ear’ eff
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did. Ahot “know. Anat’.they woudd . be T
Z;ad rend- the paggages: a sent@nce '
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of the
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~requirement for later recall, or were limited .in the amount of
~time ‘they could study, then unfamiliar material was recalled less
Lhan Fainiliar. T . ) . e

: o o . - S o Lo
. The quantitative' size of the effects on gtudy time could be
‘accounted for by a simulation 'model that was based . on the.
.principlé that representations of previously known 1nformat10n do
not have to *be constructed froh "scratch", - but .rather, the
previously present representation could simply be "tagged" as
appearing in a particular passage context., 'This means that known
facts do not have . to be subjected to memorizaﬁion'pPOCesses to
the sape extent as unknown facts,  .meaning that study time would

"be a function of the amount of unknown 1nformat10n T

The simulation model ,was based on standard concepts in,
comprehensibn theory,. being based  -on. an augmnented transition ..

"network parser that constructs semantic network representations.
After vach " sentence was analyzed, the’ simulation would compare
* the content of the sentence with the contentgs of long term

~memory, and identify - those portions of* knowledge structure

that were already present in long term. memory. Then, only the "
new sﬂructure'would have to be added to memory. -

" gignificance. This "work provided a démorstration of-a’
thcoretlcally important effect which had not appeared in the
literature. It also showed that the effects of prior knowledge .
could be accounted ' for wusing standard"theOPetical_ concepts
deveIOped in cgomprehension research. One important substantive-
result is that readérs who are experienced students have mnemonic
strategies that are powerful enough’ to  deal with extremely
unfamiliar material. Another result is that a relatlvely ‘simple

R

interpretation of how prior knowledge is used in comprehension is .

viable, as well as more complex, and currently popular, notions
. based.on schema theory (e .8+, Rumelhart, 1980) « K

. However, perhaps more 1mportantly, this work. made it clear
that how prior knowledge 1is used.in comprehensien can- be highly‘l
dependent on the task required of the reader..- Standard recall

- experiments could give " highly -misleading results, because -
subjects can approach the .  task - in a way that can ellminate
diffetences between familiar and unfamlliar information

The _original approach"planned ~in this pPOJect vas tg use
standard . comprehension paradigms  to. investigate how pasdages
nbout -equipment were !rocessed in terms of the reader's prior
- knowledge. However, theSe results strongly suggested that the
‘tasks used in such experiments  would yield results that were
. either weak, or tied so directly +to these specific tasks that”
they would not be directly relevant to the actual tasks involved
in . operating equipment. For this reason, the ., remaining

< -

experiments in the project always required the sugdeot to engage |
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" Publications. The empirigal work was descrlbed.ln detail in

“-Technical Report Number’ 11 (Johnson and Kierus, 1982), - and the
simulation model was described in detall in Kieras (1983): The

empikrical work and the .simulation modeling of the eftfects

appeared in. the archival . publication Johnson and Kieras (1983).
The methodology used to compare the simulation to the data,. both.
for +this study, and' others discussed 1in this report; was -

degscribed in Kieras (1984a). Purther discussion  of . the
theoretical mechanisms of task effects will appear in Kieras (in
prepardtlon) : : ' '

ngert Knowledge of Equlgment

ggggggound. While there has be/n considerable research on
the nature of - expertise, _there, has been very little stully of
expertise with regard to equlpment, espeolally actual electronic

equipment. Compared to othet .domains, the domain of equipment.

has some important - psyohologloal properties. First of all,

rather than dealing with abstract concepts, as in ‘many fields of'

expertise that have been studied, expertise ~with equipment deals
with physically concrete -objects. Second, ~equipment is often
very -yomplex in terms of  the «different possible 1levels of
analysls and types of. 1nformatlon that can be 1nvolved. IPor

- gxample, knowledge of equipment ranges from the typlcdl colors

with which the eQuipment_is.paihted; all the wa¥ “to the physical

~principles 1involved in how the equipment operates. Third,

Y

equipment is” something that a person interacts with, and which
can have its own internal states . and rules of behavior. 'Thug,

» unlike some ° forms of expertise which deal.only with a person' s .
- skill, ‘expertise with equipment involves not only the . skill of - |

operating the equipment, but also how-.the equipment will behave
in response ‘to what the operator. does with . it. Thus knowledge
about equipment can have some important features that distinguish
it from other knowledge domains.

Notice that the domain™of electronic devices is very syited
for . the exploration - of ~schema theory (see Rumelhart, 1980;

Rumelhart & Ortony, 1977). A schema is an organized Dbody of °
knowledge that = represents a stereotyped, or a frequently "

ocurring, pattern of events that is wused to organize perceptual

and memory.. processes.  For xample, device schemas appatently

conform to very concrete specific physical features of:the device

and their relationshipd. Devices themselves have a very strong

hierarchical struoture, since, the entire device. is made up of

sub- dev1oes. -Furthermore, each sub-device normally has schematic
features as well. For example, many electronic devices include

some sort. of audio amplifier connected to some sort of

transducer, such as a loud speaker. Such devices almost aulways

have a clyster. of features. that vorrespond to this common

T T .4

i
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sub~device. For eXample, there W1ll be ‘a volume control quite‘
‘often a tone control, .and g speaker. which is normally a 01rcular
obJect behind a perforated grill. '‘While details of ‘the placement

~and "appearance of these features.will vary, quite often the two
voontrols will be 1located adjacent to each other, normally °

fclustered with other controls, and the speaker will usually be
fa01n6 toward the user. The volume and tone controls are very

" rarely separated - from each -other, and the speaker almost never.

appears on the top surface of a device. -Because of the' strength

and concreteness - of these patterns, it would probably ‘be much

casier to construct a schema theory in this domain than in the

traditional domains’ where_ the concept has been used, such as in

the understanding of Btor(e TS i : v
s L ~ :

, Approach Both experts and ndn-experts were used'.in these
studies The experts were individials ~who had years of"
cxperlenoe in electronics, many of them Dbeing former mlllﬁary
electronics .- technicians. - © The ' non-experts were ordinary
undergraduate and graduate students with no- special b%?kground
"The task was to prov1de oral descriptions of a piece of. gquipment.
which was placed in front of the -subject. The ject was

-videotaped, and the descriptions transcribed and analyzed for
_Lontent - The equipment consjisted of several . devices, ranging -

“from everyday  items such as a. tape- recorder, to very spe01a11%ed
equipment. In a follow-up study, ordinary  student subjects were
asked taq . produce ' descriptions from memory of several everyday
pieces of electronic -equipment, « such as 'a television .set. The
subjects were asked to prodiuece information .in several categories

- which were chosen on the basis of the prev1ous experlment

results. These responses were analyzed for content.

The value - of the schema cqncept was = explored with

.small—scale simulation models . for how a device would be

.recognized.-in terms of schemas.

Results. .The results of the first study showed that for -
‘both experts and non- experts, "knowledge of electronic devices
‘classifies naturally into the oategories..of:. (1) the function of
the device; (2) the operating progedures; (3) how the deV¥ice
works dinternally; . (4) how the device behaves externally; and (5)
the power - source of the device. . The knowledge appeared to be

-organized . in. terms of a hierarchy, in that. the categories of

function, operation, and how-it-works were applied recur81vely to

»

not just the device as a whole, but to edch of its centrols and
other external features. ‘ ‘ = o
There"was strong evidence that- the knowledge was organized -
in term¢ of schemas, in that there were. many cases 1n which the
subjects manifested \iaving definite -expectutions about device.
features, and- knowledge 0f general conventional, ‘patterns of
features. The devices :were recogriized and categorized almost -
immediately by - key patterns . of features. This is exactly the’

C T T L o




) o
mechaniam that schema organlzatlon would entall In -some cases,
involving unusual devices, an 1ncorrect schema can apparently be

triggered tby .a subset of + features, leading - to -serious.
misperceptions of the device as a whole. For example, 'one exper?t

K

¥

was. confused by,an unusual device that was dctually a form:of -

signal generator, but which.-had .its output cqnnectors on the
. left-hand side of the front panel, *a position eustomarlly used
“for input connectoqs.{ - : ' :

A
¢

“high frequency of  mention of the power source ."of ‘the device.

| A surprising result was the prominence of* procedural’
-inflormation’ gs-opposed to how-it-works® information, ..which even
. expert subjects tended not. to produce. * Another surprise was the

Pinkilly, there were many obvious features of, the devices that T

subljects often failed +to mention, such: as the fact that an’

"eleletric clock has hands on a dial numbered from 1. to 12.

A
rl

The "second study CldPlfled theSe, questions by promptlng

sudjeets for descriptions irom mefory 0f3 everyday-devices. They

je asked to describe the ‘function of each device, the features
+sug¢h ag  dials and indicators which they used to recognize the

fhnction , recognition featu%es, expected . features, and operating
nfurmdtlon reappeared in these results, which duggests that

eleetronlc dev1ces, plays an important 'rolez in this knowledge
domain. . o o '

'_The how-it-works knowledge, waS'sketchy?end inconsistenf, A8
in ‘the, first experiment, although subjects did -.produce a
'non>1derxbly greater quantity than they -did 4n the first

device, which. are frequently -experienced and concrete, ~the
‘how-it-works .knaowlkdge is generally abstract or "invisible,"
being hidden inside’ the device, and normally not involved in the
routine use of the device. TFor complex devices such as televison
sets, the how-it-works. knowledge was less cohsistent and

sketchier than for the simpler devices.. Thus,’ the lack  of
how-it-works descriptions in the firgt study was artifactual, at,

leagt to some extent, because ‘for the simplest devices there was
it reasonable amount of such information - “produced. Perhaps the
face—~to~face- 1nteractlon and task demands of describing orally a

presented device biaged subjects -agaimst producing much .of this®

knowledge :in the first study._-

The hypotheels that dev1ce 'knowiedge is organized in termg

6f schemas was further confirmed by the fact that the recognition

‘features and  expected features were distinct sets, even though

there was gome’ -overlap. In terms of sohema, theory, certailh.

- . S X
ay ’
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ice, and, in addition, the featwres one would expect to see on
the device, how the device was operated, and how the device works
inside. . There was high agreement- -between subjects about pghe’
eroeedure The surprising °~ prominence = of ° power source

ower  sources, being a  common feature of many different -

~experiment. Note that unliXe . the function -wand features of a

:/ \-
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\erutures_wduld trigger the activation of aISChema,;;Which,would
- then make the expected features available. - IR :

/schemas, such as expeétations-on'the part of the perceiver, and
confusion whén-confronted by & stimulus that- does not quite match
~a  sthega.  However, - it i®  hard. to:@ define  how .this.
. ¢characterization could bé"madef;mone precise on the basis of -
empirdical data; the research would quickly become a matter of
simply surveying. the population gtereotypes for various»g}éces
of equipment.. While this might be *useful,' it would not a vancél
the theoretical concepts very far. - = ' B N Lo

- Jome simulation modelling of, schema processes .was done. A
set of production. rules were written that would recursively
.instantiate .the dchema for a device, &y first recognizing low
.level schemas for individual clusters of features on the device..
These ‘gub-schemass would then Ybe slot-fillers for higher level
schemag. After working its' .way wup .two or three 1levels,. the
schema for the entire ‘device could then -be -instantiated.. Working -
"from a different' tack, other production rules  “could. recognize
particular patterns - of distinguishing features of a device, and
directly instantiate the'dorresponding'.schema. - " For ' example,. a

/////ﬁ_bOX with .an antenna and a ‘tuning dial.is .almost certainly a

radio. While this model was promising, extending it did not have
an obvious. direction, It . is hard to say what any empirical
consequences of such a model might be, other than the obvious
ones . already described. However, it.is important to note that -
much of. schema theory is not very well developed at’ the level of®
rigorous simulation models. Thus, 'further work along these lines
Mightrrelp firm up the theory. ke _ '

highificance..‘A major lesson ofgthiese results is that the
knowledge that people have about electronic devices is incredibly
rich and detailell, encompassing a very broad range of kinds of

information. Perhaps there - has’ Dbeern some tendency for..

psychologists - and educators to - assume that . equipnent was

These results also contaln many-bf the;effécts‘attribuje@;to'

L4

~relatively simple, in the sense that there was relatively little’,

~.one needed to know about it in .order to use. di._“While in some
sense this  may be true, it is also clear that people know a very -
large amount of information “of -several different ypes about -
equipment . e . T ' ' '

'Y ) i N ’ i F 4

There (are many facets of knowledge about equipment that
could be exEEpred with further research. For example, -fron the
fesults it-" ig clear - that’ familiar items of equipment often hawve
stereotypical layouts of .the controls, indicators, ahd so forth.
One might wonder if this is true of all classes of equipment, or
Just those that are very common. Tor example, does the extremely-
specialized  equipment used in the military- alsd follow

steéreotypical ‘patterns. in its control layout? ..Another related. -

question " is whether sterotypical external layouts of equipment

N4




are-jn fact related to the - internal structure of the eqMpment.
I'or exumple,. one intuition 1is that_ the external - features of a°
device ‘that are mosv, ‘&losely relatvd to  the purpose of the
equipmeht- are . often largé _agd'oentrally ocated. -An example is
that measuring instruments uSually have a Ihrge meter centfally .
plaoed on" the front panel. A signal genegqator usually
large didl centnally positiored. . How will the user 'reac
,5ignal generat that for design reasons’has a small dial lqcated
ine yn off—oentgr position? Note that, modédrn test, equipmen
which -digital ~circultry” and displays are used heavily, 0
sgem to depart "seriously *from previous customs on' the placement
o} oontrols. and indicators. For example, the front panel layout
- of service oscilloscopes has been fairly standard, because., to a
great extent Dbecause 'this‘ layout corresponded to the optimum
arraungement of the - tradisional large and .bulky vacuum tube

', - circuitry. Newer, more ‘compact circuitry -can .be arranged in many 4
different wayg, thus possibdly leading to front panel arrangements\,—\_
that are no longer familiar 6 most users. -+ -
! Puolloations. TheSe' results = are described “in Teohnioel .

‘Report Wo. 12  (Kietas, 1982a), and were discussed ' in 'a_
présentation at the Joint ervices Workshop on Artificial”

'Intelligenoe Applications to M intenanoe, whose prpoeedlngs were
published (see Kieras, 1984b) .

¢
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‘Expertise Effectg in'Following'Instruotions

\Baokground; ‘A very a0 task is o in-which.the user of n
‘piece  of equipment follows step-by€step -instructions for
0 eratlng it. gometimes “the goal of /the user 1is to learn the =~ ., .

» pirdcedure, but often’ the wuser is , strictly one-shot '

. ﬁtuution,. meaning ~that the user not -trying to learn the
procedure, only follow it once. Théoretically, the wuser must
obtain  specific - pieces of procedural knowledge from the
indiyidual- instruction steps, and then immediately execute the
procddural knowledge. While this__ghould be a very simple tawk,
it is. clear from everyday experienoe that instructions may not bef

. written well ehough to followed easily. Furthermore,  the
experience of -the user should play gsome role in the ability to
follow instructions gorrectly. ' This study was designed to answer

. three questions about how people func®ion in a task involving

/ operatlng a. plece of equlpment from written instruotionﬁ

The first question concerned. the instruction format . wTWOT
Jornats were examined. In both instruction formats, the overall
.task of the subject was to ‘gdt the device into a specified

., 8tate; this task was stated | at the . Dbeginning _of - the
.~ instructions. -The firgt format was step-by-step ingtructions, in
‘which euch step ooncerned: the setting of g lndividual control on
" the "equipment. -The subjeqgiy had: read each  step 1in the
presented order, and. was eXpeoted to oarry it out immediately.
The other instruction. format was a: hierarohioul menu. - Following:

’*' . b . i \
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the' 4nitial task- statement, the gubject was presented with a menu
_of choices, each of which consisted of a natural "chunk" in the.
Operﬂtlon of "the device., For exampley {f the - task was +to get a.
radio tuned to a %pecific gtation, the first menu would contain
the choices of getting the Tadio ~powered up, 'getting .the radio
tuned to the oorrecb station, and making the final adjustments to -
the radio.controls. - At each level of the hierarchy, the subject
A oould either attempt to execute the ‘task using the information
‘available at that level, or could choose to get more detail by’
selecting. one of the chplces.. This would produte another menu.

- At, the. very bottom-’ .of the* hlerarohy was the pame step-by-step
ingtruction®.as in the ; other condition. - Thus, the contrast was
between following a linear sequence ‘of steps” to operate the

. controls, ‘or having the ssame steps arranged at the bottom of a

. hlerarohy that allowed the subject to redd only to ‘the level ‘of

"~ detail  that hg or she desired in order to complete the task. °

"“Intuition would hold +that. ‘this highly organizédd form of
instructions would . be  superior "to' the  linear ~“instructions. . .
Furthermore, Smith and Goodman (1982), found %that a similar form
of hlérarchlcal organizatlon did 1mprove performance

\-\

‘The” @econd' queqtlon’was_ whether there would be aubstantlal
ditferences between experts and non-experts in following
instructions. It .was. EXpected that experts would be faster
overall. Howover, expertlse should also ‘be relative toy the
specific ddvice being operated. This was examined by including a
wide range of &lectronic devices, ranging from ‘everyday items,

- 8uch as an -ordinary portable radio, to ones familiar only to

~experts, such as a dual-trace triggered oscilliscope, to devices .
that would #e unfamiliar even-to electronics experts, such as a °
?9»oratory physiological stimulator, or a unique device.

: The “third %gﬁstion ‘con e?ns' the nature of the prhor
-knowledge that bjects hgve about devices. In the :work
described above, it was concluded that nowledge of ‘devices is . .
organized as schemas, which reflect steredtypical arrangqments of ™
ﬁvents. A straightforward eextgnsion of +this tdea 1is that

- knowledge . of perating procedures for familiar devices should
also’” have //fgtereotypical pattdrn. If people's knowledge
of how +to ‘operate devices -has.stereotypical properties, ‘this ~-?
ghould be reflected in the pattern of menu choices that people: -
make 1n, the hierarchical instructions condition, or a chunking
.eftect in execution time of the linear instructions. Also, there

. weré many cases in the hierarchical instructions condition- 1n\
which the device was woperated combletely from memory; th¥t is,
subjects read only the portion. of ‘the instructions that~stated
the'oyerall task. In- this cage. ‘there should be schema~bas?d~
ntere typioallty in the gequence of ~Qperatlons that peop
perfoxmed from memory. L S ‘ '

. Qggpouohg Several de, ceeHWere ‘used, and)\ there were two -
Sypes of - Bubjecte: ™ perts, who had extenWkve electronic

14
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‘gpent a lopg, .
intuition thut.the menu hierarchy 1is *bettér than the linear
sgquence " myst be strongly qualified by whether the, user is .

A
] . ‘l.
o‘ ., , )
- - " l .. . » ' : . - '1)1
' ) . . '; o .
expericence, aund  non-experts who. did not.. The instruction type

wWag o1 bebween gubjects m&nipuLation;vbut each subject .operated

eneh one of the several devices.» A laboratory computer was used
to presentsthe ingtructions, and méasure the tine each segment. pf

the ingtructions was viewed:s -+« The subjects'  behavior was_
videotaped . in order to permit detailed -8coring-of the subjects
activities. : R Yoy , \

. . L \
]

¢ -

, Before beginning ‘the e!ﬁe ent, the subjects answered &
questionaire in which their ’familiarity with specific_stems of

cquipimgnt wag assessed.. The major ‘dependent ~variable wag the

total time . required to wtomplete the task., In _ the linear .
instruction condition, the individual time spent on each step was .

an pdditional dependent variable. In the menu format condition,
the%major ‘variables were the time spént on - each frame of the

~ instructions, -and thé. choLces made in. moving down the menu
" hierarchy. Finally, the sequence of. operating the controlg was

&lso assessed, although this. only has particular value in the
menu hierarchy condition, in cases Where very few or no frames of
instructio were read. Otheizzge, the controls operated are
almost coggiktely deﬁermined by ~what the presented ingtruction
step actudll ' '

n

‘ esults ,  Contrary ﬁo intuition, phe hierarchical menu *
. tformat was mnot - superior overall to the 1linear step—by step

instruction format. The menu format was swperior only if the
subject was familiar with the type of device, and.was sometimes
substantiallys inferior. For example, while the d@nu condition
took less thian half .the time- of the . step- by—step condition,for

oporutlnb the radio, in other cases, in which. the subject.was not - .

tamiliar with the deyice, the menu conditjon-oguld be 49%  to.T1%
glower in total/ZPsk time than the step- by—sgﬂ condition

The basic, eason for the menu' condition being 1nferior in
gome - cases appeared to be that subjects would often mistakingly
nttempt to ‘operate an unfamiliar device on the basis of very
little instructions; this ".go it alone" approacn could sometimes
be disasterous. For example, expert subjects often attempted to

~operate the physiological stimulator only on the basis of the
. main task gtatement. The task redquired cénnecting nn indicator

light %o th

stimulatg but there -were.'several possible
where the ight could be plugged in. Many expert
ed the . fMdicator ®amp into the'wrongtﬂaok, and then

time trying +to  accomplish the-task. - Thns, the

gubjects plu

familinr, enbugh with the equipment to +take advamtagé of the
hierarchy, and also whether the subject 1is Iikely to attempt to

operate the equipment wiﬁhout helpﬂfrom the instruotions whtin the
devicd kg unfamiliap.' L ..
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ixperts were faster overall than the non-expert nd were

able to operate equipment with fewer ‘instructions in"“the menu
conditions. In te;ta of total time, experts were about one third®

fagster than non-expbrits. However, there‘ﬂér strong effects of
gpecific experience with the device as ‘well as generfil™expertise
- effects. Another major expertise effect was, that experts weres .
" much better »t executing complicated physital activities, such asg
» plugging in a cord, and also at complex ' physical activities that

appeared that nom-expert subgects 'often would sypend a lot of time -
. fumbling w1th cords and connectors, while experts seenf 'to know
exactly how to. perform these activiti smoothly and precisely.

This resultﬁife particularly 1interesting, because: it shows,that -
expertise -Wwith electronic equipment has other components in
addition to cognltive factors. - ’ . o

The reSults showed that’ prggzzknowledge played a specifrd

role in following instructions in the step-by-step condition. "
~Examination of. the times to complete individual steps showed that

a steg that was always read in . the menu condition took
“appreclably longer to execute than one that was,6 never read.
"Assuming that,the'menu choices reflect the familiarity*® of the
procedure chunks,  the amount of time taken to complete a step is
thus a function of 1its predictability " on .the basis of prior
knowledge. —~ : co ‘

Unfortunately the information in the pmttern of menu choices
was very limited. The hope was that the subjects' choice of
branches of the menu would refle¢ct their knowledge ' of
gtereotypical portions of- operating ‘the. equipment..” This would
only be true if the device was familiar to the subject. But, in
this case, the subject would need to rdad very 1little of the
instruction hierarchy. Thus, the subject being familiar with' the
equiprent meant that the sub t made very few choices that would
- reveal ‘that familiarity.’ yture research along . thase lines |
should take +this, into account.  There were, ' however, some
interesting effects in the -menu cholices. Almost everybody,
including the non-experts, knew how to get even .the expert
equipment powered up, even if it was unfamiliar. o

\

‘Another 1interesting . effect is that non-experts could
learn how to. - perform repeated activities 1in -the course of

following the 1instructions. Por  example, " on one device, two
indicator lights had to be plugged in one after the other. While
half of the non-experts read the detailed - instructions for
plugging in-the first light, very few read, the instructions for
- doing the same to the second light. ©OSimilar effects showed up in
more, complicated situations. The implication "is . that subjeécts .
are not simply executing. .the instructions as they are read, and .

“then simply forgetting the ingtruction content as they proceed to
thae next instruction. Rather, they sesm to be able to
immedlately generalize the content of ore  set of inetruetione and

- !
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are familiar to experts, such,as zeroing a meter.” Informally, it . -
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~ upply it ‘immediately to u’sidmilar situation. This suggests that
X " sybjects' ability to induce  and generalize *procedures 1s very
rapid and powerful; a similar conclusion was reached in entirely
-, different pasks (Kieras and Bovair 1985, Kieras, 1984c). .
¢ ' "~ An important -aspect of the role of ‘priori knowledge .
- was' revealed - by the sequence of actions performed by subjects in
the menu condition, congidering those cases in which the subject .V
operated the ~equipment successfully using | only' the main task
stutement. It was expected that these sequences of actions would
show fairly stereotypical patterns. However, ' the detailled.
nakglysis of the sequences yielded the conclysion that' there .is in
fact very ‘little stereotypical content in the activity. ., The .
initial stages O0f operating ~some of the deVvices were fairly
patterned; for example, all of the subjects plugged in the radio
before . operating uny other controls.. Thus, there is gone
. tendency for the power—up . operations to be done-prior "to other
' steps. lowever, there were very few other patterns. ' o

Tais luck of stereotyped patterns led 10 the conclusion ,thdat
subjects operate familiar equipment from mémory not by executing
"eanned"  procedures,.. but by problemdsolving within- the
constraints imposed by the nature of. the device. VFor example,
many equipment controls * have loose- sequential - constraints’
on their opeﬁation, but - these constraints do not predetermine-a
particular sgequence of operations. ‘Thus, the subjects made
many idiosyncratic ~passes over the controls, and the overall
state of the device gradually conwerges to the desired one. In
many cases, - the nulhber of cofitrol operations ' performed 1is
considerably more than.is” technically required." :

The best characterization off how a .piece ~of equipment

. is operated "from memory seems to, be that ‘people determine what

RS construints need to be satisfied, and then operate the controls

" in a manner thht meets the constraints and accomplishes the

task, but does not necessarily follow any. fixed order. Thus, the

major predictions of schema theory with regard to how equipment 1is

operated, namely stereotyped sequences of agtions, does ,not
appear to hold. " ,

Notice that this is a task. situation in which subjects’ were
not specifically trained to operate a piece - of equipment, but
rather werg operatfhg the' equipmerit based upor their general

L prior knowledge. A distfnotion should be made Dbétween what
~ people do _when they have a highly uutomated skill at operating o
particulur piece of equipment, a result of ,irtgnsive training and
practice, and the ability to operate equipment in a more' general

getting, in whikch each .piece of equipment is familiar,”but not

highly practiced. Under certain.*conditions,  the strategies.

.- used by experts may be less effective with unfamiliar equipment

than the performance of non-experts who are following strict:
dtep~by-gtep instructions. . = . :

.
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"lven  Lhough  bhin ,oproblem-solving . approach . is rather

sub-Optimal from n strictlye technical point . of view, it is8 in

el very robust. - That is, the.. subjects could apply the same =
"approach ‘to any device ' within a . class' with which they were. -7
familiar. . Por example, . elmost any . electronics expert.would
operate almost any type ~~of volt-ohm-milliammeter. They would

- simply recognize which cOnstraints have to be gatisfied before

the desired measurement “could -be obtained, and would "work'zJ
with the controls until these Constraints were satisfied. "It ig - ~-
this robustness. of expert ‘knowledge which .ig. particularlyi;gug’

valuable-in operating with - equiphment.. In_ this experiment ‘the

exports could operate some of the completely hovel dévices

~ without any, instuctions, and do -so quite oftén wtthout any.
'-uUTLOHS mistakes or 1neff101en01es. o :

Thusg, expertxse at operating a varlety of equlpment dqes not-

conzist of  having a set of canned procedures for operating
different devices, Dbut rather. of having a set. of powerful

problem-solving heuristics which can " be applied to devices that.
might be unfamiliar, .but which may not be very efflcydnt when. -

&pplled to familiar devices.

' ﬂlgnlflcance. These results are 1mportant to the'design of .

, equipment malntenance documentatlon, which 'is usually uBed. in
just the manner explored -in this study. The i*ntuition that the

hierarchical instructions are clearly better than a sfrict llnearﬁ
‘gequence is false, the experience of the user 1is critical.: With.
eregard to. training individuals to become expert users of a broad.

variety of equlpment,' it should be recognized that teaching

gtrict procedures is probdbly not the wappropriate course..

Clearly, if the individual is being trained to -operate one piece
of equipment, under stressful  conditions, - training specific
operating procedures "to the point where they become automatically
exetuted is clearly optimum. ‘However, if the individual is being
trairted to do maintenance work that might involve a’lurge variety
of equ;pmsnt an understanding of the general congtraints
‘involved ~ in successful functioning of the equipment . would

probably be more productive than attempting 'to teach specific

operxtlng sequences for each individual piece: of equipment.

' Publications. These results are described .in Technical
" Repurt No. 14. (Kieras, Tibbitts, & Bovair, 1984), and are also
cited in Kierus (1984b) A e
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\ FXP!RIMLNTALLY ACQUIRED PRIOR KNOWLEDGE

brior Knowledge of How g Systen WOrks'

— -«a._y-'...—..&

3

Buvgﬁround.. There has - been' a long-standing disugreehent
‘over whether users of equipment:should be fully informed about
how the equipment ‘works inside. Should the user simply be told




\ hould tne uaer bﬁ

v how to. bnt Lhe Job done with the equlpment,,or

o told - how the . 'equipment " works? <. For exapp 6, thepltrgining %
materials for word”’ pPOCGSBOPB : rmally -com

F'withe extenslve

dleoussion “of=how: to. accomplxsh Nariols * tae ?‘Wﬁdh the word.

. .. .protesgor, but ; nOrmall have " little no dscgeeipn ovh
_.gﬁl'description about hom the sysbem 1taelf works. ! -

N k A . e
4. 0n .the. other hand, " there“are | claeeical results -in
expeplmental psyohology that _-suggest - vémy strongly - thet
, 'lunderetdnding how 4 system works wodld make At "meansngful and.
" this  would " greatly. mproVe ar penson X ab{llty to learn the
:prooedures and to Jew ber «thenm laten. . ATV . ,

Lat

,

jr* There have been many attempts %1n experlmental psychology
to demonstr te just’ ,such a benef#cial effect of how-it-works
'”wknowledge “thev, oontéxt of systems like text @dﬂtors, but

these uttempts have wulmost uniformly fafied to demodstiite Che.:
desired effects (e.g., Alexander, = 1982 Fqssﬂ Smith, & Rosaon,
1982). Thé work done under this project jnot only demonstrated

these gffects in the .context of a simple control panel device, .
but.also  shed considerable light 2 “the conditions under which '
p;ov1ded a theoretlcally~based o

simulation model that explalns +the effects. . N R LR

theve effects would appeary and

_ 'Approggg. ' Subjects- were .asked to learn how to operdte a

simple -control panel device that had & few switches, push
~‘buttons, and indicator 1lights. All ~of +the studies 'involved
" comparing two conditions: In the rote condition, subjects

learned how to operate the device siri ctly by rote, without any’
knowledge of the internal functioning or structure of the device,
or without any explanation of the behavior of the device. In the
model condition, before attempting to learn how to  operate the
Jevice, the subjects learned a "mental model," in the form of a
block diagram of the . internal structure of the device, and
learned how the 1nterna1 components ‘of the device. were related-to
ench  other -and to the controls. Performanoe in the learning task
WO then ycompared. ~

- In the first. study, subjects-'were explicitly trained to .

Opexute the device in several situations.  These situations
Lorxeaponded not only -to nqrmal operating condltions, but also to
Situations- in.which- some interndl componént to the  device wug
malfunctioning, and an alternative procedure had to be executed
in order to compensate- for the malfunction. This was intended, to
simulate the situations involved in. working with real equipment"

After subJects had learned all the _procedures, they\were‘

- ‘then gYven u series-of retention tests. The major variubles were

the time™ taken to- study the .how-it-works explanation, the time

taken to oomplete the training phuse, the execution sapeed and.

accuracy - during the retention tests, - and ‘certain qualitative:

feantures of retention, such as whether the reoalled procedure was
"b\,- .

\J




_— ;fi;;fyl |mprovvment upon? thoee Cthat had been taught | Thut 1e,,the_J
e P hasbrueted. prOoodurez had been‘dgsigned so that somexof -them ‘were .-
G quide, Lneit1e{ shte.. . IE. “the | subject . knew “héw oorrectlyxﬂ
BRSO inLerpreb the'-lndlcator ',lights, the procedure oouIdffbe’pf
Ler j_oonqlderabdy Shorpened.. L S '

5"'ﬁ"*“ > ln the seoond ,and thrrd Btudles, the subjeots inferred how _
LT to Operate tﬁe devicé,r rather than. being ‘oxplicitly. ™ trained to -
*ﬂ@t,“f - “opetate it. “Fn-ithis ‘Procedure, thé subjects were ‘given the

deViOE,xtOId what the' desired godl: state was;, -and:- then . were freef"'

AR TORENE T M ol operate "the controls to.arrdve at that. goal state.

N Afthouah operatord of. ‘equipment ‘aré - not normally - put -in thig

: -:T;f "qmtuatlon, this" procedure proved to.Be a simple and effective .way . -

-] : of dotermlning sand - examin1ng . the  effects of having .the‘;*

). hourlt worke knowledgqh._' o N o . RS
¢ ‘ 0% ;,:g\ S LT . T ' '

'_'2'

were exﬁT&cltly tralned .the group who had’ studled how the system
oo work leurned ~the prooedures fastér, retained - them_better, and
' - executed “them faster, even after one week., A typical-effect size
o wig a  20% improvement.  Qf speeial . interest is. that the model
.. " group made fthe procedures more efficient far -more- often than the

Res ults. In fhe first 'experlment in which the - procedures ..

., rote groups e This mgans < -that not.  only was the how-it-works S

' knowledge producing. a - general 1mprovement in - performance,'~
but also - a qualitative . improvemeht in subjects! ability to deal

~-intelligently with ‘the device. =~ The time +taken +to learn the .. .

mental | model was roughly ' the same as the savings in training
time, b\t notice that the model materials were not optimized.

Thus, (th no ‘additional +training time :  penalty, the model
subjects Were able to deal with the device much better. ' :
. A simple explanation for'theee'resulte -ie tham knowing hoWw

the system worked made it more . "meanlngful " However, this

explanation is not .detailed e ough. ' A more precise .hypothesis is

that the how-it-works kndwledge allowed the subjects .to infer the

procedures, which would give the subject two independent means of -

exeeuting a procedure correctly. That is, the direct rote memory

for the procedure failed, the subject GTould .reconstruct the-
procedure based on -inference from knowledge of haow the device

" . . worked. 1In 'some cases, this' inferred prodedure could in fact. be

"7 . more effrcient than the 1nstructed one. '
The second and third experiments confirmed this inference

. hypothesis; The subjects were asked to infer the procedures

- +rather +than learn them from- explicit +training. The second

experiment simply compared a . group trained on the. model with a
rote group-in. the procedure inference paradigm. The results were
quite elm lej the model grqup could infer. the opfimum procedures
on the irgt try, whereas the - rote group took several tries to
arrive t the\,eame procedures by sophisticated, but.limited,

- quite olearly that. the model group was baming their 1nferencee on’

.
o * . . *
. \ . 4
, » ¢ N
: - ;
. ‘ *
s .

trial nd “error “approaches. Think~out-loud protocols showed.\‘
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'ﬁkﬂdWTédgéfo”fhbwfmhefﬂﬂysiem,workedﬂ.“whereas'thg fote'group was

Vi basing their inferences on the superficial details of how the

RN g
e, JB
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‘contPgls -and ‘indicators.  Another interestjng result from the

... ~device: " looked:. mnd- behdved, such as the fact. that there were -
.~subtle . mnemonic relationships. between +the 1labels on various

think-ohfidoud” protocols is that the rote g oup subjects tended .

R to view -the device’ as.unreliableand capricious®in its behavior,

. oandsdien isuspected duplicity on the .part of the experimenter.
o TheSe affect-laden reactions suggest that much of- what we think

of, asMcomputer anxiety" could in ' fact be dye to the coghitive

" problem of not being able to gxplain or predict gow a -system is/ -

_ behaving.

4

L

\]

:The third expérimgntvwas'intendéd to determine what aSpects '

~of knowledge, fo-how ~the device workﬁdﬁ,WQS- impaoytant. ° The

-~ previous experiments had supplied information® abeut how the

.
.
4

System worked in terms. of a fantasy explanation based on the

"Star-Trek" televigion geries.  \Namely, the control _panel was

- described as - being the control panel for a "phaser bank".abaard

the "starship Enterprise". While = this  fantasy cert#inly
motivatéd, and interested subjects, there is an obvious eoncern

about: whether the effects produced were due to general propetties .

of this :fantasy. Also, . the material .“included  not- only a

description of the internal components -of the system and their
relations +to  each. ‘other, but also some discussion "of: the
fictitious principles of physics invqlved. These principles may

have provided some - organizing structure, and thus might have.‘

produced the effects. . _ . e
The third study was designed to demonstrate more clearly the
nature of #he critical information .in the mental model, based on
the idea-that a good mental wodel - supports inference of: the
proceduress The  two - factors compared werg whether the
how-it-works material had the fantasy and fictitious principle
content or not, and whether +the material provided the system
‘topology, which is information about how the components and
controls are connected to each other. Such materials included a
block diagram and discussion about the actusl controls on the
control panel and how they were connected to the actual internal
~components of the gystenm. The materials in the no-topology

information with fantasy-principle content also presented a block

diegram, bug this diagram did not include any of the actual -.
cpntrols of  the system; rather it corresponded to:an idealized . S
~ «general description of how systems of this sort worked, rather

than the specific system that: the subject was dealing with.

' The condition corresponding to no. fantasy-principle content
afl no system topology information.was gessentially the. same as
the rote condition g; the earlier’ studies. The condition with
the fantasy-principle®content and the ‘topology information' was
the . sape. as the previous model <¢onditions. . The ‘critical
comparison is whether the fantasy and - principle content provides
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&ny performance facilitation, or whethe
"is the critical content

Th§ results were very clear. The/ fantasy-principle content
provided no facilitation at all; the critical information was the
system topology information. The (fantasy-principle condition
with no topology information provided/a general discussion of the

~ principles of how systems of this- typﬁ worked, but this aid not

~allow subjects . to infey the actual procedures needed to operate,

ks . .  the device. Rather, it was crltlcal to know how the controls
S »:_hr@lated «t0 edch other and' to the com onents. ’
- ' ~ &
. “Thus - h,' general conclusien./ can .be stated in berms of .a
crlterlon for when, how-it-wdrks kno 1edge Wwill'=be of value to the
¢ - - .user: How—it -works  knowledge will be of value dhly f it is

procedures. hus, the earlier atitempts to demonstrate positive

the topology infofmation

m@peclflc enough %o allow ~ the user | to infer the exact operating

benefits of undérstanding how a word processor works probably did
, - not provide knowledge . thdt - was lspecific enough. On the ather
’ “hand, only some of . the: informatiQn about how .a system works

- should be lmportant; trying to  understand. technical detail that

procedures is simply a waste- of time~

is n:;. needed in order to be lablg 'to., infer the operating.

S | . This leads to a second cFiterlon for -when how-it-works
, . knowledge ~should- be  provided +to the user of a piece 'of
’ equipment: How-it-works. knowledge, should only be ‘provided if it

is actually necessary . or advantagdelous to the user to be able to
s "infer the -procedureg rather than learn then pxrrote. Notice that
P . -+ -the ordinary telephone system 1s dgo easy to learn by rote that it

is doubtful whether being able to infer how to operate it from . .

. knowledge of the switching mechaN1sms ,would" be -of any value.

Similar arguments can be 'made! for evenyday systems like the
automobile. T - -

o f X .
PN L0 T . : .
|-
L s ;

In the tcase of word processOrs, many of the commands that

¢ are 'involved 1in operating a word processor are elther determined

arbltrarilybby the person who wrote the software, or are.obvious .

to the user 1in terms of the text editing task itself. For
exumple, "no explahation .is necessary for why pressing the
up-arrow cursor key: cpuses - the cursor to move up. Likewisge, no

processor design will explain why "EUN" is the keystroke sequence

~that will.exit the editor; this was simply an arbitrary decision

on the part of the designer.

Depending on the 'Specifics ofA ‘the design. of the- System;

amount of explanation of " the prin01ples of ' computing or word.

ﬁhere may indeed be aspects of the how-it-works knowledge that is

" {important for +the user. to kdow. “However, this knowledge should
be very specific,. and severely limited. in technical detail.
"1t is 'a problem for future research to determine whether this

e | o ; o . |  i .




structure,

knowtedge' has  characteristics ™ that - would allow it ~to De
determjned on an afpriori basis. : - AR '

To explore  these  hypotheses theoretically, - a simulation
model was constructed  for how.procedures ¢ould be inferred from

_knowledge of the system. topology. The simulation model has a

declarative’ and a ‘procedural component. - The ‘declarative.
component” is a propositional representation of the 'block diagram, .
or topological description, of. the.systen. The content ~of the

‘block -diagram, and the explanation that accompanied it, was -

basically the power flow - connections through the system. That
ig, the diagram ‘started at the main:power source and went through
various internal components .4nd Bwitches until it arrived at the:.
final component of the system which required the power. The
procedural component is a set of about 50 production rules which
operate on the declarative representation. Phese production

"rules generate a plan for operating the device, and then exetute

the plan.  -If the’ plan fails to produce the desired result, the
rules attempt to determine the problem in the “system that caused
the failure, and then attempt to devise a new plan.

»

The . plan -is constructed by finding a pafh’through the block

.diagram of the system that routes power from .the source %o the

desired 'point.- The plan consists. of a 1list of the control
sebtings that will establish- the route. in .order to devisé the

- plan, the production rules essentially simulated the tnternal
‘state changes of the device. This = corresponds: to a popular.
" notion of- the role of mental models as allowing. the person to
 ginulate internally the states of .the.external world. _ Thus, the
‘rules modelled. - the flow of .power through the system, and made

simple inferences about the conditions of individual components
based upon the states of the indicator lights. N

. Although rather siﬁple; this”simulafion model répreSents a
potentjally broad and importent class of mental models, namely,.
any system = in which some .commodity, such as energy- or

. information,~is routed from one point to the “next, through
~discrete and all-or-none components. - Furthermore, models
.of this class ‘Thave potential - significance other than as
. simulation models for cognitive pro#essing. .They bear a strong

resemblance to ceftain problems now being attacked in artificlal
intelligencé, in which it 1is desired to .troubleshoot ‘or analyze
the/ operntion of a system based on a.descriptien of its internal

!

Phe processing’ in the “simulation model was compared in

‘qonsiderable detail to the response times of individual notions-
by wsubjects in  the * topology information conditions of third. 7
.. experiment.  The basic question 1in this compurison wag whether

the wsimulation and human subjects performed their inferenocoe:
rbceases at  the same . points in  the | Bequence off mections
performed, given the cases ‘where. gubjects performed the sume

L
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.sequencge TRactions as the simulatipn: * If . so, the relative.

amouNt of stime required for the inferences ghould be accounted

for by the model.

It was found that .a reésonéble, pdrtion of the variance in "I

.the .response +times could be accounteds~ for sby the simulation
model,. supporting‘the explanation for" the role of how-it-works
knowledge. The simulation was based . on the principle of
inferrfnf procedures from a logically minimum - required amount ‘of
knowledge of how the system worked, namely, its- topology, atong
with o few simple and general principles for. how power flows from
one point to the next in- such a system. A matter for further
rescdnch i3 whether it is -possible to formally characterize which’
portions 0?; a device“description. are' logically required for this-
form: of inference. " - e - '

-
® u

Significance. This gork bears very directly wupon a basic -
‘issue - in - the preparation of training materials - and of
documentation for equipment.. There has been some controversy for
some time about the role of training in basic electronics theory
in the training maintenance personngl. - For example, Bond and
Towne (1979) report that},a common experience is that standard
traifiing in electronics, ‘theory 1is. . .of 1little .or* no value in
troubleshooting even complex equipment. ' :

' ' 4

Praditional = electronics " training deals with very general
‘principles, which although important, may.only rarély explain the
behavior of a piece of equipment at the 1level of analysis -
required for +troubleshooting and repair. TFer -example, much
electronic - repair of complex systems .is done by identifying a
- defective module and replacing it.. The logic of -identifying the
‘defective module  usually involves reasoning based on tracing ‘the
. power or signal flow through a set of ' interconnected. modules.

. With compkex systems, this reasoning may in fact be quite subtle,
but it simply does nSP involve basic electronics theory, such as -
Ohm's law, or the.details of transistor functioning. Rather, the
logic of identifying.a defective module is likely to be specific
to the behavior.of the modules and the topology of the system
. being repaired; only when one is troubleshooting - at the
‘individual  discrete . component level 'will the more basic
electronics theory become important. . ‘ ¢ b

Continuation of this research, ‘and-an attempt to apply it
- more directly to training . situations, potentially can result in
much more &fficient and ,effective Jraiming approaches. -Also,’
potentinlly more effective ..equipment .documentation ~could be:
prepared by ensuring. thdt. the critical how-it-works information
" required is , prominent, - and . not obscured’ by unimportant

information. -It is not known -at thig time whether documentation o

.in fact provides this critical system topology informatidn™in an
easily used,way; this would be a topic for further.research.

. " . 8
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| Publicat£;ﬁs. The " details” of the experimental ' work is
\described Tn Technical Reports Nos. 13 (Kieras & Bovair, 1983%)-
\and 15 $Kieras, 1984c), and the simulation model and "its
\comparisen to ~data are described in detail in Technical Repart
o. 15 (Kieras, 1984c).” A  condensed presentation+ of the
\xperimental ‘results appeared id Kietas and Bovair (1984).
peper based on Kieras ”f1984c) concerning the simulation model'
and the .comparison to .data, has .been submitted to. Cognltlve

Jclience, and word on acceptance is expected WItPIH a few months.

: . This’ workf has been- ‘described in several conferenbe and
7 .colloquium  talks.’ The . work was presented at the 19873
Psychionomics Bociety meetings, in a colloqulum series on applied:
-~ cognitive psychology at the University of * Michigan. in December
'u“1983,;amd in a colloquium At Bell Labs in February of 1984@ .Many

In recent years there has been developing a
nature ~ and acquisition of cognitive -skill
\ According to. this theory, people have .both
declaratiYe and procedural’ knowledge. Declarative knowledge °Is

I

Knowledge_ﬁf- facts, whereas procedural. Knowledge is knowledge of .

‘how to do {hings. - Thus, in ‘the context ' of;operating equipment,

the job of\ the learner is to acquire the knowledge ofi how %o
actually op\rate the equlpment which is/ procedural ‘knowledge.
Knowledge of how the equlpment works, as discussed above, is
%declaramive fnhowledge. '

‘The theory goes beyond this simple distinction, howeverj to\
propose .specific. representations for both declarative and
.procedural knoQiedge In. line with established- cognitive theory,
. declarative kndwledge Is represented as a. semantic network.
" 'Procedyral knowledge 1is represented as a set of production

rules. A production rule is in the form: S

iﬁIF.(Oondition) THEN (action).

‘A production rule \consists ' of a condition and an action; if the
condition is satisfi{ed, then the rule is "fired," and the action
is performed. A sdt of production rules congists \slmply of a
~ large set of such rgles, with <« ne built-in constraints upon-the
order in which the. Yruleg may - be executed. Rather the order -in
which the rules .fire \s specified by the conditions and actiong.
The cgnditjons can tedt for both external events,  such &8 outsidg.
" 8timuli, or internal chnditions. such as the state of the semanti¢ -

network representation\ or the contents of a working memory. The ' :\
eré

actions’ can both modify\the ekterngl situation by means of ov

responses, or can modi ‘the: state of memory. Thus, a piece oj
procedural knowledge conbists of a set of production rules whose
conditions and actions cduse the rules to.be fired in the correct

'\_ :

\‘

\
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- ‘order, Lo produce the proper sequence of ‘overt actiohb. .
Y Anderson's work hag focussed on ‘developing prin01ples of learning "

that-describe how an initial set - of Jbroductien rules can become,
mone compact and etfigient. as learnlng proceeds. This tHeory hasg
been able to explain many of the importamt and classichl results

cein leurning, suot»as the exact mathematlcam shape of the learning -
curve. : . .

k3

"h‘ ."" S . - .~ o a

In the’ théory of cognltlve sklll "the initial set of
production rules for a particular skill is assumed to be deriyed

. from declarative knowledge that: is - the- original® input to the * -

- system. That 4s,.when first learning a skill, the Yearner' would:

"~ .acquire. a body: of declarative knowledge that provides the. T
jrpeoiflcatlons for the skill to be learned. These specifications *J/-
would be interpreted by some general problem solving process, »

) itself represented as production ruleg, and as a by-product “of
’t the activity of these. general ' rules, ,h specific_. rules for the e
":partlcular skill will bve formed. . _ - ’

* Quite often “id learnlng to operate " equipment, the learner
gets the initial spe01flcat10ns for the skill in the ‘form of.
“written step-by-step’ instructions, In terms of the theory, what
the- learner must do is to derive . a ¢orrect 'set of production -
rules from the content of these instructions.., Presumably, the
written instructions would be comprehended by mechandisms similar -
to those already proposed _in current theories of readlng '
comprehension (e.g. Kieras, 1982b 198}); These mechanisms wouid "
‘result in -the learner .having a declaﬁatiVe repregentation of the
.procedure- available in memory immediately after  reading the
“instructions. A general set"of instructien~following processes,
a pre-existing set of production rules, would then interpret this :
representation and carry out the correct procedure. Again,'as a- .,
by~-product of the . activity of -these general procedures, the '
~specific producthon rules f01 the.particularaprocedure would then.
be formed. - « I R
Anderson's' work has focused almost completely wupon. the
processes that occur once the  correct production rules have
already been forméd. This work focused ‘on the process by which
e © the written instructions were . translated into production rules.
Thuq, this work complements Anderson's, in that - it focuses on the
‘very initial stages of learning a sklll from written material.

Agggpach . The' rote condition* of the first experiment on
how-it~works knowledge described above yielded data on: learning a
gseries of procedures by rote. The timeé required to learn the
individual - procedures varied over a very large range, and
appeared to be a -function of the order in which the procedures
were learned, After translating the procedures into production
rules, it appeared that the excursions in training time ‘could bhe .
accounted for by a simple transfer of training hypothesis. This . .
hypothesis held .that in learning a. procedure, production rulé% »

\.Q’, )
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that had bden' learned ing\a previoue, proceﬂure could be.. '’
‘transferred into. the. réy rqsentswimn £Or ¥he new procedure if the
rule was either identical“arzve sdmil ;T to,% the rule required

R ‘for  the -new procedure.”pv.hus”\ 4he “Lime Teéquired to learn a
\ procepure would ' be’ mostlyk 8, funbtaon -of ‘the number of nl"“ :
] % production rules’ requiréd by | the '‘proce ure. This simple rule ;

coulq acecount for most’ pf /the vargance in - thg rote learning data o
from the h0w—tt ~works. knowiedge{expegﬁmeht desoribed above. |

G . The wor describ d 1h fthis sectian,, was then undertaken to
" - provide a ﬁgyg comprehenste‘ best  of ’th 8., simple ‘transfer of
training tWeory. The subjects learned pro edures for operating a
. - simple control panel rdevice, which was the’ same one used. in.the.
e studies, of * how-it-works. knowledge. i scribed above. However, -in
: this worl, sub jects wereﬁnot provided any information about "how
the system worked. - Rather,. “they ledrned how to operate the
device strictly'by rote. . The tralnihg was done Dby explicitly -
, llstlnv the 1qd1v1dua1 steps in. e procedures, and having the =~
‘subjects. study rthese instructions folrowed by  attempting to
* ° reproduce the procedure frpm' memoryl‘ ‘This process was repeated
‘© uwgll the, subjects had 1earned tge procedure.

A s1mulatlon model, was constructed to rigorously simulate .
the transfer process. ' The production rule representations for
_each of the 10 prﬁqeduree used were then ‘put through the transfer
"sipulation in- ous training orders. A set.of three fraining -
orders was then chosen and. used pin the experiment, - A set of -, _
step-by-step instructions was devised for each procedure that had . #.
. the. property that “sach ~ individual . sentence . stating an )
. instruction step” corresponded very well %o the contents %f one
production rule. ' o ST SR

'In the experiment, subjects first read through the step by
step instructions, and then attempted to - execute the procedure
from megory. If they' made a mistake, thley were cycled back

: thrcu5h the instructions. They repeated this alternation between
reading the instructions and ‘trying to execute’ the procedure
until they successfully executed ‘the procedure three times in a
row. Then they went on to the next procedure in the speciftc
training order. The variables! of interest were the total time
taken to' ledrn a procedure, ,the time spent reading each

© individual instruction step, the accuracy of execution of each
‘individual step in" the procedure during training, and the speed
and accuracy of retention In each step in the procedures in a

~  afinal, test for memory in the procedures. . - o ‘

‘ i J ' Co- -

: ‘ . ' The transfer simulation model 'was used to make rlgorous'

3 "~ a priori predictiéns of +the : number of 'new und transferred

o : pquuctlon rules in each procedure as. agfunctionp_ofathe training

o - order. It was expected that these predictions could account for
.8 substantial ‘partion of the variancé in training times, as wasg ,
.suggested by the .preliminary analysis of the data disouesed |

. ' : A ’ . .
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'tbove.’ By examlning the relationship between _the reading fimes

of tndividual ingtruction steps withv the accuracy of execution of
Lhe gorreaponding step in the procedure, it should be possible. to
egsentially “track  fhe acquisition .of individual -production
rules. In this way, information coutd . be obtained on ‘the very
1n1t1al gtages  of " gequiring o a procedure . from  written -
lnstruutlons. . S . : ‘ '

Results. As expected, .the " analysis of the procedures in
“terms  of the.. transfer hypothesis -was: able_. to account for a

‘_% considerable proportion of the variance in training times. The

number of new production. rules required by a procedure®was the

. single - most ‘important™ of -"the possible predidtor variables

considered, and alone could account for 69% of the variance in

“training tlmes,vand was a better predictor of training time on a. -

gingle procedure than a subJect 8 own mean tralning time.

"

A detailed regr9381on ,analysis Vrevealed that there were

" other effects 'involved: in procedural learhing us well. Of

special interest 'is. dn apparent "overload" -efféct, in which
i certain complex procedure was the first to be learned, “and
con81derably more, training .time was required than would ,be
predicted on the ba81s of the amount. of new production rule,
information involved. Thus, while tralnlng time on the whole is

very closely related to the number of new “production rules,’ ‘there .- _ -

are other aspects of training order Wwheeh can he very important.

These aspects can be gbequy‘widentified ’bﬁ' applying the

production rule analysis.: - . . ‘
7i' A, matter for furt ‘Yesearch is exploring the nature of

gome.of the additional] effects, and testing the generality of the

‘trangfer theory, andjwhether - the production rule analysis is' as

powerful in a variety|of different task domains as it is with a

"+ gimple control -panel7™ Notice that Polson snd Kieras (1985) have
"applied a similar analysis to the 1learning of a word, processing :

system, and found similar predictive power -of the production rule

- wnalysip. Thus, it appears that "the production rule analysis
" is very " general,- but further research 1is needed to explore its

limlts.

A detailed analysis of* the reading times for .the ind1v1dual
“instruction steps showed that people esgentially cease to spend -
time on instruction steps once  the. corresponding steps - in the

--rocedure has_ been mastered. What is particularly surprisihg,

however, is that this effect only appears for instruction steps °
that coxrespond to ' new production rules as defined by the

trunsfer theory. Procedure steps thg} correspond to previously .

learned production rules do not show such a sharp decline in
reading time. In other. words, upon the very first reading of a
‘procedure, subjects c¢an -distinguish between those. instruction .
steps that correspond to production rules they already ' know, and -

“those ‘that  correspond +to rules: that have to be 1earned.
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inétruction_stepa that are already known are read for very littlé.‘

time, right from the outset, whereas steps for new rules are read

_and studied until they aure mastered, after which the reading time ’
' ‘drops down to the same as that for steps alreudy known. - ° v

.. - -What» this - pattern.of 'reading time effects suggests is that
the cg!?ect_execution of a procedure “lepends on when a correct

tive representation of the procedure has been formed, and
not upon when ‘a production rule _representation  for it has
been  formed. That 1is, the pattern of reading time results
appears to resemble what would be expected from .powerful
comprehension processes that.. can comparg and manipulate
declarative representations. It does not appear to' bhe casily
explainpd by the learning rules proposed by Anderson (1982) that
are defined in terms of operations upon procedural knowledge.
This feans that the initial stagedﬁpi_learving from written text

have more to do with comprehension. processes than originally

believed.

A preliminary analysis of the retention data suggests that
the production rule analysis may .also be very powerful in
explaining the details of retentioh of procedures. Many of the
errors made in recalling procedures could. be accounted for by

_Interference between two of  the production rules in the
procédures. Such-rules had very &inmilar conditions, differing in -
literally only one bit of information, but different actions, one

pbeing thé correct action, and the other. producing - an incorrect
action. 'About 95% of the errors in recall were due to the
gimilar incorrect rule being fired instead of the- correct one.
] i ’ . ; . L .

" lowever, the severity of .the intetference of  the incorrect
rule was strongly” - relatéd to . classical variables from
interference ‘theoﬁg. For example, the _amount of practice
with the two rules, and their ordering during training, were gery

important. This shows that the traditional degree of learning -
~and proactive versus retroactive 1interference considerations ure

at work in procedure.’ retention. More- importantly, the exact

"details of how these classical Vvariables show up in recall

can apparen}}y be easily characterized in terms of the production

8. A matter for future research is, to clarify these

effects further, and construct, a rigorous model that 'predicts
s;fffects will occur.-

Significancg. This-work.is'u

precision by a completely a prifri- analysis. ‘As “gghown by - the
Polson and 'Kieras work, .this analysis also appears® to be. very

general, - but- additional research is - needed to/ confirm this

A urfique and unprecedented in that:
it is~ the first time that important quantitativé features of the
learning process could be accounted for with .sudh -power -and.

v

Slmim. & If this theory of learning and :tragsfer can be.

successfully extended, 1t provides a very powerfy, analytic tool

. N f
4 * - . . . "
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for 1nvestignting and improving‘~the efficiency of training
materiele and training sequences ' L

Ag applied in a"related project being conducted by Kierae
and Polson under Sponsorship of the IBM corporation, the analysis

" can be used to evaluate proposed designs for user interfaces of

.

- vulnerable to producing misleading " conclusions about prior °

computer systems (see Kieras & Polson, in press; ‘Polson & Kigeras, .
1985). That. is, a high-quhlity user interface is one in which
there is relatively little in- the way of procedural knowledge

“that has to be 1learned in ordersto operate. the system,. and in

which there will be §trong positive transfer of production rules

. from one procedure o the next, corresponding to s "consietent“-"

user interface. Thus, - Yhe» practical significance of this work
could be “very ‘large; _further_ research will tell -whether this

'potential is real.

On the purely theoret1cal front this work has played an
important role in clarifying the nature 0f procedural knowledge,
and- how it is acquired from written material. Together ‘with
other work being -conducted: under ONR' sponsorship, ~such as
Anderson's,| there should soon be a comprehensive body of theory
directly reEated to training issues at a level of precision and
practical value that was simply not available before.

Publlcitions This work has been deecribed “in Technical.
Repor¥.'No. 16 (Kieras & Bovair, 1985), and in a paper at the 1984
Cognitive Science Society Meetings. Related work from the Kieras
and Polson project has Dbeen-described in Kieras and Polgon (in~

reee), and in conference presentations ,¥y ©Polson and Kieras -
11985). A Jjournal article based on Technicnl Report No. 16 pill
be submltted within the mext few months. .

¢ ;;e i ]
. . n
. , ' SUMMARY .
. . -

The work in this project has made lmportant contributions -to
the understanding of the role of prior knowledge in operating
devices from written ingtructions. In terms of experimental
methodology, Bome useful conclusions ' cen be stated. Pirat,

" readers have specialized strategies: for dealing - with unfamiliar

material, which’  means that many traditional prose recall
paradigms should be used with ‘caution 1in" the invedtigation of -

prior knowledge. . The -direction of +this project had to be - .

changed,. because as originally . proposed, it would have relied
heavily on standard cdmprehension paradigms -and . thus was

knowledge. Secpnd, 1in experipents inveetigating mental models,
or other forms of prior knowledge, careful attention should be
paid to the relatlonship between the knowledge being supplied to -
the subject, and the exact tasks that the subject is expected to
perform. Previous research in this area has not considered this

rolutionship’ in .enough detail, leading to many falled experiments

30
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" and confuslion: over the role of prior knowledgeﬁ especially in the
howsit~workes domain. - ceo

On the thebretical front,'ithis ,wbrk' has- continued to

‘demonstrate the power and - effectiveness of rigorous theoretical -~

analysis of the sort that » can be represented in:a simulation
moduvl. <& The: effects of prior knowledge in .prose memory
situations, how-it-works knowledge utilization, - and transfer of
training, can 'all be explained ‘by simulation models in a way that
is theoretically precise, and in many cases quantitative and
ompirically powerful, On the whole, the results.support what is
perhups becoming the consensus model of .cognitive architecture,
namely the ACT class of theories described in Anderson's most
recent textbook, The Architecture of Cognition (1983). >

The practi#al significance of these results is subgtantial,

‘but will require further research to.fully realize. With regard
to instructional materials, both for immediate execution and
long term 1learning, there are several important conclusions
regarding the arrangement, = sequence,  and content of the
paterial. If the conclusions from this research .are confirmed by
further research, it 'will. be possible to make very precise
.decisions about what should “be included in both training
maiterials and operating instructions for equipment. ‘Good choiceg
could be made. about  what level of detail of hqQw-it-works
~knowledge should be included in' trainipg materials and equipment
documehtation. The exact 8equence and . content of procedural
instructions ¢an be chosen- with great . precision. - The overall’
arrangement and content of instructions for immediate execution
“¢an be chosen with regard to the expertise -~and knowledge of the

" ugers of- the instructions. Thus, these results of this project
. clearly provide a good foundation for future applied research.

L]
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