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The current theory of cognitive skill describes knowlegdge
of procedures in terms of a productlon rulg representation whlch
1s constructed on the basis of an inytial declarative
(propos‘tional) representation. In these terms, learning &
procedure from written instructions consists of converting the.
propositional content of the written material into production
rules. Thic nrocess was studied in a transfer of training,
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experiment. Subjects Féarned from stenoby-step‘ins%rdctions a
series of rélated procedures for operating simple device,
with the major manipulation .being the-or?éféof learnirg the
‘procedures. -Very strbng transfer effectf were obtained, which
could be predicted very well by a simple model of transfer.
Individual production rules can be'transferred, or re-used in-
the representation of a procedure if they appeared in a >
previgusly leagned procedure, meaning that learning time is
mostly a‘funcgsqg of the number of completely new oroduction -
rules that must be acquired. K Examination of the-time required
to read individual tnmstruction steps_suggests, liowever, that .
this transfer mechanism involves p(ogesses agcting on declarative
propositional representations of the production rules. This
means that the transfer process is more similar to tomprehension
processes rather than conventional practice mechanisms, or
Anderson's- (1982) learning-principles. '
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The current theory af cognitive skill describes «nowledge: of
procedures inyterms of a ~ production rule representation yhich

‘is ' constructed JYon  the  basis of ‘an initial declarative’
( propositional) - representation. In these .terms,” learning 'a .
procedure from written instructions consists of ‘converting the -

propésitional content of the “written material intqo productigme
rules. This process was studie in a’ trangfer .of training
experiment. Subjects leaurned from step-by-step insdtructions a

* .series of related procedures for operating a simple device, with

the major manipulation being =~ the order of learning the
procedures. Very strong transfer effects ~were obtained, which
could be predicted very well by -.a, simple model of transfer.
Individual production rules cgdn be’ transferred, or re-used in the
representation of a procedure 1if they appeared in a previously
learned procedure, . meaning that learning time is ‘megtly a
function of ‘the number of completely new production rules that

. must bé -acquired. Examination of _the time required yo read
individual .instruction steps, sugdgests, However,, that ‘this
. gransfer mechanish involves. processes acting on declarative

propositional representations of the production rules. - This
means that the transfer process is moré similar to compreanension
processes rather than conventional practice mechanisms, or,

- Anderson's (1982) learning principles. . ;
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The Acquisition of Procedures from Text. o
A Production -System Analysis of Transfer of Trafhing
\_ David. E. Kieras & Suban Bovair

*
’ . ' -
. .,
A L4

-

_Quite often peo le must learn 'procedures from written i
instructions. - in e -dontext of. the currently developing
theory of .procedural ‘knowledge and-cognitive skill” (Anderson,

. 1982), this task mugt'involve the" formation of production Tules

from the jnformation available inm text. This process has not
been systematically explored; the. results reported here ppovide .

an  initial characférization. - Two general conclusions follow . -

from this work. ' The —first is that- a produetion rule
representation can provide a very preciase characterizatign of the
relative difficulty of learning a set of rela%ed procedures. -The
second is -that apparently there are powerful comprehension-like -
processes that operate ‘very early in 1learning on declarative
representations of production rules. This supplements Anderson's -
(1982) description of the acquisition of skill, 'in that. many of
the important ,processes involved in learning a procedure can take
place before a procedural representation has heen formed.

.
1 o~ .o !

The approach .was to have subjects lqgrn procedures'for”
qperdting a 31mp1e piece of equipment by reading step-by-step

" instructions. By measuring the veading time On individual steps,

and - “ne zccuracvy of execution of the procedure, it is possible to
track the acquisition of individual production rules. Since the
procedures are related, some transfer~of training is possible
from procedures learned- earljer.:. The key result, is that this
transfer is predicted very well from the similarities between the-
production system representationé for the procedures.

Q
L]

S DESCRIPTION OF THE szx

~

The subjects learned series of procedures for how to operate

-2 device . consisting of a simple control panel. The goal of

operating the device was to get a certain indicator 1light to

"lash. Note that. this was a rote learning situation; the
internal organization of the device was not taught to the
subjects. Jach 9procedure ccnsisted of several steps, as

illustrated in the step-by-step instructions in Tables 1 and 2.
Table 1 is the procedure for = "normal" situetion, in which the
device is operating.properly. Table 2 is the procedure for a
"malfunction" situation, 'in which some internal component of the
device was not operating. vepending on the nature of° the
malfunction, the device eivher could be made - to work by an

Lternate procedure, or could not. The final step 1in each
pPOCUduPe was to signal success or failure in getting the device
to work. '

¢ . BEST COPY AVAILABLE



D | . : Table 1 e
Example of a Normal Procedure

If'the~pommand is QO;do t@e MA'proceduré,.then do the following:

' Ytep 1. Turn the,SP‘iwitch to ON. o ¥
. : ) _ :
Step 2. Set the ES selector to MA. T

."y - ’ . .«

" Step 3.~Preéss the FM button, and then re%gése it,

- 3tep 4. 1f the PF 1nd10ator flas%es,'
- then notice that the gperation .is successful.

~

Step b When ‘the, PF 1ndicator stops flashlné, gat the, ES selector
to N, ‘ : v
Step 6. Turn the SP switSh to OFF. "

R

-

Step 1., If the operétion was subcessful,

j R then type "S8" for success. o ' .:
Step 8. Procedyre is finisged’ . a
-__f;;__r____---__i_______,_;____-____________--____-___1__-__ﬁ-
~0'
. ~

é

. al



. Table 2
. Example of a'Malfunction.Procede;e . .

If the command. is’ t3 do the.MA procedhre, then do the following: ' )

-

Sﬁep'1. tprn the SP switch to ON. - . N
" Step 2. Set the 'ES selector to MA. . "; -t
Step 3. Press the FM button, and then release it. .

Step 4. If the PF indicator does not flash, .
: then notice -that there is a malfunction.

3tep 5. If the EB inficator is on, and the MA indivator is off,
‘ then notice that the wmalfunction might be dompensated
for.- R ' : :

- Step 6. Set the ES selector to SA.

'Stép 7. Press the FS butﬁon, and then releaae it.
Step 8. .If. the PF indicptor does not flash, h

then notice that-the -malfunction ‘can not be compensated -

for. ' . ] g : ~

Step 9. Set the ES selector to N.
3tep 10. Turn the SP switch to OFF. °

4

Step A1. If the malfunction could not be bomﬁensated cor, -
.- then -type "N" for not compensated.-

"Step 12. Procedure ié finished.

-

ye
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“ne Cupgrol-Panel Device . .

. The device used in this experiment was the same as that used
“ in Kieras & Bovair. (1984), in which the _major manipulation was
. whether subjects were taught .a mental model for the internal
. organization and structure of the device.” In this experiment,
subjects only 1learned the. device by rote. ‘The mental model is8
included here only to explain the behavior of the device, and the
rationdle for the choice* of procedures to  be taught -to the
subjects. -, . :

2 ' . I v
The device. is a slope-front; box wf%h & simple front panel,
showd .in 'Figure 1, consisting .of four controls,. and four
indicator ‘lights. A 1laboratory computer detects the positions
of the controls and turns the indicator lights on and off.. The
four” control® consist of a toggle switeh (SP), a three-position
selector (ESS), and two push-buttons * (FM and“FS). -The four
indicator lights are labeled SPI, EBI, MAI, and PFI. The labels
are’ baged on ithe mental médel used in Kieras and Boyair (1984).

. ry A ¢’ . ° .
~ .- - . The behavior of the device -can, most easily be described
in  terms of the diagram shown 1in Figure 2, which was used
in the mental model experiments. Power flows through the

device from left to right, contirolled by the switches; and also
nffected by *he state of the imaginary internal cqmponents, shown

: 28 boxes in the &iagram. If a component is not fungtioning
L norrectly; then power cannot flow through it and the device
. d .mulfunctions, Theré are  four components, EB, MA, SA, gnd

PB. * .

The 5P switeh is, the on/off switch device and the 5P
indicitor is the pilot, light. The other. indicators’are status

ligh*.: tor *the associated. components.. Thus, if - the power switch
i3 sn, the EB imdicator will be on if *he EB component is good,
wnd ofY if the EB cemponent ‘is bag. ' Note that there 1is no
indiqwifr 1s30ciated with the SA compenent. . '

bower Tiows to-the Pb component . when the ESS selector is

f.t% vy dither MA or SA, and the corresponding button is pushed
Wioror ECU-MA, PSS tror EGS-SA).  When the PB componunt recelives

1vower, e PP indicator flasnes four times.,and then stops until

T button iz -released and pushed again.., Whether these
. combinatious  eof ‘cgntrol settings will -work' depends on the
. st cf the cbmponentssin the obvious, way. For <¢xample, if the
. WA Lo pad, then the MA indicator-will not be 1lit, and the EBU-MA,
ol oatrination -will not fiash the PF indicator. If the EP or the
' 'i% bad, then the PF indicator cdnnot be flashed becadse pdwer

coangt reach it, no matter how the gontrols are set, s

.

"9 BEST COPY AVAILABLE .
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Figure 1.- The -control panel device.
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.
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: R
NEUTRAL SELLLto

.

The %imhlated internal structuré of the

Figure 2.
device, not known to subjects.
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Although'there are sixteen possible 'states) that ‘the device
sun- be in, only six of these can be distinguished in terms of the
behavior of ‘the device. « For example, if the EB component
i3 bad, ' then the “wtatus of tRe other 6 componengs is irrelevant
because the: pattern of .ndicator lights will be| the same in all
cases. . These distinguishable states are shown in Table 53,
which shows for each state of the device what indicator lights
will come on, and which settings will aake the. PF indicator
flash. The -states are labeleéd by the defective component label
. prefixed with X; for example, XMA'means that thre MA component is -
defective. wWhile knowledge of +the internal structure of the
device, and component  status for each malfunction, makes it easy
o understand the behavior of the device, it is important to note
that this information is,wot - grovided to the subjects in the
experiment. o '

. . ‘o

' : " %Table 3
Possible 3tates of Control Panel Device.
S i it kbbbt r-r~~r~\r-~ﬁ¥—- e m e e s
Liabel Sub-device . Status of - PFI flash on PFI flash on
"status - _ EBI, MAI 'MA procedure SA procedure
©HORHA L ALl good ‘Botn on . yes . yes
#B . .EB bad, " Both off . no: - © no
~others any . . : .
A A only bad, EBI on, no yes
" " ‘others good = MAIL off '
LA DA Qniy bad, \ Both- on e yes mo
' othiers good * . ' I
S PB bad, EB  Bou. op no " no -
0 and HA good, - ' ' ’ ‘
..,i\ nny .
A=A WA bad, BB . EBL on, N no
good, PB or © MAL off

GA or boti bad

—— e - — e e o s e o> > a1 "~ ——— o ——— . — - —— - - =) " ¢ T Y G S e ok o o s e =S - ——— - o -
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A

Hperating Procedures

»

There are a total of twelve procedures that could. be used to

. operate the device in its six possible states, six wHere the JMNA.

_setting of the ESS 1is tried - first, -and six in which the SA is
first. In the ekperiment, the subject was commanded to do either
the MA procedure of the SA procedure, where these commands
referred to which ESS  setting was .to be tried first.- Of the
twelve possible p"qceduresq'the PF indicator can be made to flash
in 'six (NORMAL, XMA, and XSA). ., It' was decided .that the
def;nit%#n of ' a malfunction should be that the .first settings
tried would not work, and so SA-XMA and MA-XSA were .ot included,
leaving a total of ten procedures; two normal and eight
malfunction ptocedures. <The procedure steps are listed .in Table
4. Tables 1 :and 2 glve examples of the "step~by-step instructions
for a normal and a malfunction procedure. ‘ f

¥ Table 4 ° Yo

Procedures Used to Operate Contprol Panel Deyice.

———c———————_——————--——————————————a—————--‘ﬂ-—.‘--n—-———————--——-q————
.
.

MA'procedures

MA-NORMAL ~ MA-XEB HA-XPB Mé-xmg " MA-XMA-XSA
1) SP on (1) SP on (1) SP on (1)SPon  (1)SP on
(2) ESS-MA (2) ESS-MA (2) ESS-MA ++(2) ESS-MA (2) ESS-MA
3) FM push (3) FM push (3) FM push  (3) FM push. (3) FM push
4) ESS-N  (4) ESs-N  (4) ESS-N (4) ESS-SA . (4) ESS-8A
(5) SP off (5) SP off (5) SP off- %5) FS push (5) FS push
(6) Tap "S" (6) Tap "N" (6) Tap "N" 6) ESS-N (6) ESS-N -
- (7) SP off (7) SP off
(8) Tap "S" (8) Tap "N"
————————————————————————————————————————————————————————————— -t-—
L] 0 N ) v
LA procedures
SA=UCRMAL SA=-XE™ SA-XMA-X3A . SA-X3SA SA-XPB
1) P cn (1) SP on (1) SP on {1) 8P on (1) SP on
(2) BUS-SA  (2) ESS-SA  (2) ESS-~-SA (2) ESS-SA EZ; ESS-SA
:3) F3 push (3) PS push (3) FS push  (3) FS push 3) FPS push
4) E3S-M (4) ESS-N  (4) ESS-N (4) ESS-MA (4) ESS-MA
(5) SP{off §5§ SP off ‘ésg SP off (5) FM ptsh  (5) FM push
L) Tup "S" (6) Tap "N" (6) Tap "N" (6) ESS-N (6) ESS=-N
: ‘ (7) SP off (7) SP off
(8) Tap "S" (8) Tap "N"

- - —_.——-—————————————————-———n———--.——————-———————————-—————-——-.-—-———
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The eight malfunction prodedures can be divided into two.

typés.+ .The first=- is those 1in - which the first ESS setting
tried does not work, and the alternate, setting- might work,
depending on ‘the malfunction state. 'These were termed .possibly
compensatable malfunctiodns. In . the second type, the dlternate

Transfer Effects _ '

setting wiIl net wWorky;  and so need not be tried. These were

state .i8 a non-compensatable malfunction for either the MA or ‘the
SA command, and the MA-XMA and SA-XSA states are possibly
compensatable malfunctions. This distinctggn was presented to
tr2 subjects as part of the overall' instructio g, to rationalize

the details. of the procedures.gyu-ma'

x . 'THEORETIC§E ANALYSIS

—— - ——— ————— T
-
'

In earlier work with this device (see Kieras and Bovair,
198%) it was noticed that the time required to learn the
procedures under rote conditions wvarie? over a very wide range.
Training times for the rote-learning & ' jects are shown in Figure
5, which ¢qows the training time . r each procedure in the
order that they were learned. Note tha. the order of pro:edures
wis fixed, rather than randomized, as would traditionally Dbe
done. UNote that rather than being a smooth , descending learning
curve, there are large ~peaks for the times of the third, fifth,
and ninth procedures. The number of steps in each procedure- does
not explain  this pattern, because while the number, K of steps does
vary for different procedures, the difference is not very large,
and is frequently in, the wrong direction. For example, procedure
5 nas 8 steps, which is more than.procedures 3 and ‘4 with 7 each,
but procedure 6 has 9 steps. Rather, the pattern could be
vxplained by the fact that the first procedure conptains all new
information, the ' second (the other nprmal procedure) contains
only 2 little pew information, the third (the first malfunction
proceiure) contains some new information, the fourth (the second
muilfunction procedure) very 1little, and the fifth (the first
ryusinly compensatable malfunction) quite a lot. -

-

i
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'Tratning Time
(secs)
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150 + °
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12 4 3 s. 6- 7 .8 9 10
Procedure (in order trained) -

Figure 3. Predicted and observed trainin§ times for the rote
[earning condition from Kjeras and Bovair (1983).
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These data then suggest that the amount of new informatiop
in 2 procedure is .a plausible candidate for a predictos of
training time, but it 1is not well-detfined. Transforming the
instructions into .production °rules could provide a precise
charucterization of what is to be 1learned, +thus it could be
determined which rules could W®® transferred, resulting in a
quantitative measure of the amount of nev¥ informetion, namely,
the number of new production rules that must be learned.

¢

Production Rule Representatibn

' Table 5 provides an example production rule set for the
procedure in Table 1. The syntax of these rules is very simple.
Each’ rule is in the form: e Ky

(Label IF (condition) THEN (action)).

The production system's working memory contains the GOALS to be
accomplished, and NOTES, which consist ‘of non-goal -items
Boncerning current proceésses, the environment, or specifications
of the tasks to be accomplisWed. See Kieras and Polson:(in
press) for *a full description of the production system notation,
along with a . description of the user-device interaction
simulation that was used to test the® production rules for
4CCUrucy. ) .
A set of production rules .was written for each procedure
used in. the Figure 3 experiment, and tested in the user/device
interuction simulation to check for accuracy and completeneds.
vriting the production rules was done using a computelr text
editor, and it became obvious that once the first set of rules
wis generated, then subsequent sets could be generated easily by
copying the first set, doing a few substitutions, and adding a
few rules when necessary. By analogy, ‘the transfer process cculd
consist of recognizing which new rules are - 1identical to
previously learned rules, which are extremely similar to existing
rules, nwnd which are totally new. The subject could then spend
most of the training time acquiring the new rules, and m~rely
"tagging" exiasting rules as applying to the new situation.

bt
Ci
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- o e Table % ‘
* Example of Production Rule

—-—--—----n--——-----———--—-—---—_—--———_-—-—---—n—-—-——-—————--——

( MA-H-START | '

[F (AND (TEST-GOAL DO MA PROCEDURE) |

n (NOT (TEST-GOAL DO ??? STEP))) .

THEN ({ADD-GOAL DO SP-ON STEP)) .)

(MA-N-SP-ON

IF (AND (TEST-GOAL DO MA PROCEDURE)

X (TEST-GOAL DO SP-ON STEP))
. THEN ({OPERATE-CONTROL *SP ON)

( WAIT-FOR-DEVICE) )
(DELETE-GOAL DO SP-ON STEP)
(ADD-GOAL DO ES-SELECT STEP)) )

(MA=N-ES-SELECT '
[# (AND (TEST-GOAL DO MA PROCEDURE)
- (TEST-GOAL DO ES-SELECT STEP))
THEN {/OPERATE-CONTROL *ESS MA)
(WAIT-FOR-DEVICE)
( DELETE-GOAL DO ES-SELECT STEP)
( ADD-GOAL DO FM-PUSH STEP)) ) -

(MA-N-FM-PUSH = '
it (AND (TEST-GOAL DO MA PROCEDURE) o
(TEST-GOAL DO FM-PUSH STEP))

mHEN ({OPERATE-CONTROL *FM PUSH)

| WAI7-FOR-DEVICE)
(OPERATE-CONTROL *FM RELEASED)
( DELETE-GOAL DO FM-PUSH STEP)
( ADD-GOAL DO PFI-CHECK STEP)) )

A3
.

(MA=1I-PFI-CHECK .
TP {AHD {TEST-GOAL DO MA PROCEDURE "
(TEST-GOAL DO PFI-CHECK STEP)
v (LOOK *PFI FLASHING)) ~
"HEN {{ADD-NOTE OPERATION SUCCESSFUL)
'DELETE-GOAL DO PFI-CHECK STEP)

T, ( ADD-GOAL DO, ES-N STEP)) )

L
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Table 5 (Contlnued)

DO MA PROCEDURE)
DO ES-N STEP)

OFF)) . . ' . s

THEN ((OPERATE-CONTROL *ESS N) .
{WAIT-FOR-DEVICE)

| DELETE-GOAL
( ADD-GOAL DO

(MA-F~SP-OFF

LF (BpUD éTEST-GOAL
TEST-GOAL

THEN

EDELETE -GOAL

ADD-GOAL DO

' MA-N-TAP
IF (AND (TES?-GOAL
(TEST-GOAL
{(TEST-NOTE

”HEN (QDbLETE-NOEE

. ADD-NOTE TYPE S5-FOR SUC

(DELETE-GOAL
( ADD-GOAL DO

an N-rINISHED
F (AND (TEST-GOAL
(TEST-GOAL
(TES?-HOTE
THEN ( ( DELETE-NOTE
DELETE-GOAL
( DELETE-GOAL

. S G Gy = CuUD W b = w—n

DO ES-N STEP)
SP-OFF STE?)) )

[ 4

DO MA PROCEDURE) ' .
DO SP-OFF' STEP)) *

( OPERATE-CONTROL *SP OFF) . . .
(WAIT-FOR-DEVICE)

DO SP-OFF STEP)
TAP STEP)) )

Ta

DO MA PROCEDURE)

DO TAP STEP)

OPERATION SUCCESSFUL))

OPERATION SSLCEbSFUL)
ESS)

DO TAP STEP)

FINISH STEP)) )

DO MA PROCEDURE)
DO FINISH STEP)
TYPE  S-FOR SUCCESS))
TYPE S-FOR SUCCESS)
DO FINISH STEP)
DO MA PROCEDURE)) )
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"wo, basic trunsfer rules were defined: identity (from
copying), and generalization (a form of substitution).
Production rules can be considered identical »f they have the
same conditions’ and ,the same actions., The original definition
of the generalization transfer rule was: 1if rules have the same
actions, and only one point of difference in their conditions,
then the rules could be generalized. This was done by replacing
the differing point with a."wild-card" +that matches any value.
Thus, if the only, point of difference. between two rules was that
one had the condition tlause {TEST-GOAL DO MA PROCEDURE), and the
other nad (TEST-GOAL DO SA PROCEDURE), then this clause could be
replaced by (TEST-GOAL DO ??? PROCEDURE), " where "?72" is a.
wild-card that will match any item in +that position. This
version of the generalization trunsfer rule was later mdyified as,
described below. . . .- )

When these trunsfer rules were applied to -the production
rules for the procedure training yfaar shown in TFigure 3, the
nunber of new rules that needed to” be added for each procedure
was determined. The, assumption is that the only rules that
require substantial effort to learn are the completely new ones;
the identical and generalizable rules should be very easy to
learn, since all or almost all of their content is already known.
Thus, the number of new rules. in a procedurer should be closely
related to the diffiéulty of learning the procedure. 'In these
data, the number of new rules in a procedure accounts for 79% of
the variance among the mgan truining times for the 10 procedured,
supporting the value of the production system analysis of
. transfer in the learning of procedures. However, this'result was.
based on only ten data points, and so is no more than suggestive.

-

. EXPERIMEN?

3y using three different training orders, this study was
lesigned to get a more comprehensive set of duta on the relation
of the production rule representation to transfer of training.
- ?ne three different training orders were chosen by analyzing the
production rule sets for each procedure using a transfer process
simulation program, described below, and selecting training
.orders that produced substantial variation in the number of new
rules In each progedure, and also the number of new rules in each

" serial position fﬁ the training order. :

gverview

v o e crs——

Bach subject learned a series of 10 procédures ‘in a fixed
order. "here were three different orders, chosen as described
below, with a separate group of subjects for each®order.
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Yo learn each procedure, the subjects’ first read a set
of 3step-by-step instructions -for +the procedure, -such as those
in Tables 1 and 2, and then attempted to execute the procedure
on the device. If they made an error, they were immediately

informed, ang then began to read the instructions again. They
were required to execute ‘the progedure correctly three times

in a row before proceding to the next procedure. * The data’

recorded were reading time on each step of the instructions,
the acguracy of e 9H'step while executing the procedure, and the
~ speed d accuracy of .a . final retention test, which will not
be discus ed‘in-this report. S

’

Method =y

—— - - "

grangfer Simulation. A simulation program - was written in
LISP “that could perform the transfer processes automatically.
‘The program (COMBINE-HARVEST) can be given a set of production
rules for ga procedure whic& it then examines for possible
transfer with the set of rulesValhready known. It gbenerates a new
set of rules, and also reports on the number of rules considered
identical to existing rules, the number that couid be generalized
with existing rules, and the numbgf of new rules gdded. The
output from COMBINE-HARVEST was' tested 1in the user-device
interaction simulation +t6 - check that a proper rule set was
generated,'that is, it *followed the correct procedure 1in any

given situation, t;)f“

The program's generalization criteria,were modified sllghtlyf

from the original definition; some of +these modifications were
pore restrictive than the original, while- some extended the

definition. * The new generalization  rule for transfer

gpecifically exciluded certain types of clauses from the
generalization process. These are: clauses that sequence the
firing of rules (e.g., goals of the form DO STEP X), clauses that
look for a particular configuration of indicator lights on the
dov1cp,;4nd clauses that operate controls on the device. These
changes in  the generalization criteria mean that, in prdctice,
onL/ operations .on notes, and goals can be generalized. The new
generalization rule was extended so that it could generalize more

tnhan one clause in the condition, and could also generalize the.

~squivialent clauses in the 'action part of the production rule..
«~dq

The progran thls would generate the number of new rules
reqaired for each procedure. Different orders of procedures
produced very different patterns of the number of new rules, both
in terns of the serial position in the sequence, and when
comparing particular procedures in .different orders. Depending
on the order in which it was processed, differeht trainkng times
would be predicted for the same procedure.

o 13 BEST COPY AVAILABLE
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Training Order Conditions. Three different training orders
were selected for the experiment <{hat. wquld maximize +the
predicted training time differences, |Either a procedure would

_have different predicted. training- times because there were a
different number of new rules to be acquired, or if the number of
new ‘rules ‘'was. the sanme, .then the procedure would be in a
different position in terms of the order of learnings It was not
possible to maximize “these -differences for all the procedures,
but it was done for as many as possible. These different orders
4lso produced different numbers of rules ‘accepted by the transfer-
‘process as identical ore generalized, because it seemed likely
that recognizing identity - could bve a faster process than
generalizatian. The trainihg ordérs were therefore chosen %o
produce different wvalues for the number of identical rules, and .
the number of generalized rules. A final copstraint on the
training -orders were that they should be, 1in some seqse,
meaningful orders. . K oy

"he selected training orders are shown in Tablé 6. In
training order condition 1, the order is: all. the MA procedures
first, then the SA procedures® Within this division, normal
procedures are first, not-compensatable malfunctions second, and
possibly compensatable ma functiors last. + Training order
oondition 2 is based on the idea that once the longest procedures
are learned, the shorter procedures should be 1learned
comparatively easily. Thus, the order for training order
condition 2 is: ,possibly compensatable malfunctions first,
non-compensatable malfunctions second, and normal' proceduret
last, and within these groups MA procedures are, presented before
SA The order of training order condition 3 is on the principle
of underlying causes, even though subjects have no information on
these causes. Thus the order is normal procedures first, then
XEB malfunctions, then‘XPB malfunctions, then the XMA and the XSA
pair, and- finally the 1two XMA-XSA malfunctions. . Within these
pairings SA procedures came before MA procedures. This order is
quite different from the other two in that. orders 1 and 2 are '
based on_ the procedures themselves, actions carried -out by the
subject, ~ while training, order condition 3 is Dbased -cn the
behavior of the device. oo )

»

~~ Instruction Materials. A set of step-by-step instructions
were prepared for each procedure; examples appear in Tsbles
{ and 2. These were prepared so that each sentence in the
instructions appeared to correspand -to a single roduction
rule, one for.each step or sction (internal or external) involved
in the procedure, . .and care was taken that these steps
corresponded to the produgtion rule sets themselves, as
:1lustruted by the correspondence between Tables 1 and 5 fcr the

corresponding steps in the different procedures.

A

MR LU P ;,‘.4')""
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. ’ ) . Table 6 . ) 9
| - . Number of Néw Production RuFes o ' ‘
S . for EBach Training Order Condition

Training Order Conditions

. 1 . . 2 5
.ggrial Name ‘New.rule§ .Name New rules Name New rules
-Position added » _added - . . hdded.
1. MA-NORMAL 9 MA-XMA ' 13 SA-NORMAL 9
2. MA-XEB 5 - MA-XMA-XSA 4 °  MA-NORMAL 2
3. MA-XPB 1 SA-XSA 5 ' SA-XEB 5
4. MA-XMA-XSA 4  SA-XPB o MA-XEB 0
5. MA-XMA 2 MA-XEB 1 SA-XPB 4
6. SA-NORMAL 2 MA-XPB 1 MA-XPB - 1
7. SA-XEB 0 gSA-XEB . 0 . MA-XMA 5
8. SA-XMA-XSA 1  SA-XMA-XSA 1 SA-XSA /gp \
o .
9. SA-XSA I MA-NORMAL 2 SA-XMA-XSA 1
10. SA-XPB 0 SA-NORMAL O MA-XMA-XSA » O
V4
L}
a .
. : R™BEST COPY AVAIBABLE
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apparatus. . The device \consigted of an actual physical
- control panel connected to a laboratory computer, which monitored
the settings of the switches and push buttons and controlled the
indicator lights vaccordingly. . All instructions and commands to o,
. the subjects were présented on: a standard video terminal ..
positioned next . to the device. A computer-assisted instruction
fucility was used to present all of the procgdure training and
the retentlon tegts. The subject was seated in a small room at a
table with the.ferminal and the con rol panel, and was observed
b: means of aWideo camera and mogitor. T . )

Subjects. . Subjects. were . recruited through campus,
) advertisements and were paid $5 for- their participatior.
Subjects were randomly assigned o each of the three trainiag
. order conditions. A total of 70-spbjects participated in the
o experiment. Ten subjects' data was discardzd, leaving a total of
60 subjects, wich 2Q spbjects - ih each condition. 0Of the 10
‘‘suybjects whose data was discarded,” two 'final subjects were
discarded because their data was not needed; three subjects did -
* not finish the'training part of the experiment, one subject was
discarded because of a fire alaym ddring the experiment, and the
first four subjects were not used Dbecause the experiuwental
. software required changes. '
. Tt - .
*Design. Training order condition was ~a between-subjects
factor, with each subject randomly agssigned to one of the three
. training order conditions, subject to the constraint that
’ approximately equal numbers were maintained in the three
conditions. Each subject learned all 10 procedured 1in all three
_conuitions. Subjects were also assigred by j;)der,'so,that there |
f

»

would Be an equal number of males and females An each condition..

Instructions and , Procedure. The first ia"t of the
instructions famiiiarized the subjects with the layout and“labels
, on the -device. Subjects were then tdld that they would be

trained in several procedures for operating the device. They

were told that tNe goal of operating the device was to make

~the PF indicator flash. .Part of their training would include

procedures to be sqerformed 1if the device malfunctioned. They

wsere told tnat for some malfunctions the PF indichator would not

fluash at first, but it might ©be possible to change the control

settings so that it would flash. This was calied compensating

for a malfunction, and it was pointed out that some malfunctions

sould not be compensated for. The subjects were instructed that

whenever they were asked to turn the device to the initial«mtate

that they should set the SB' switch off, the ESS selector to N,
and hot push any buttons. °~° -

{ ’ ' T L 4

"he raining' procedure consisted of alternating reading and

trying phgges. In the reading phase, the subject read the

procedure a 8Single step at a time, in a self-paced reading

paradignm. Then in the trying phase, the subject attempted to
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execute the procedure correctly. After the attempt, the subject
would return to the . reading phase. This process‘was repeated -
until the subject had completed three correct attempts in a row.
Then the subject would ¢ommence learning the ngxg procedure.

.In the reading phégé, the subject would tap the space bar to
read each 'step on the, terminal screen, which‘®ppeared as one,

~sentence, as illustrated in Tables 1 and &. The* previous step’

was erased from the 8creen. Subjects were instructed to study
each step for asg long as they felt necessary. The lab computer
recorded how long‘ the subject 1left each step on the screen,
defined as the'reading time.. When the subject had read all Ythe
3teps in the prpcedure, a command, such as "Do the MA procedure,"
would appear on the screen gnd the subject would then y to
perform the procedure fromM geméry. If the subject made a miskake
while attempting >the procédure, the 1lab computer immediately
sounded a buzzer, as -a vignal to stop trying. Then the subject
was returned to the beginning of +the reading phase.. If the
subject performed all steps correctly, the computer sounded a
bell tone, and either retr - ned to the beginning of the reading
phage or went .on %0 the next procedure if the criterion had been
nchieved. Throughout the procedure¢, the subject was prompted by
displays on the terminal screen, such as a message that they had
aude an error and were being returned to the reading phﬁgg.

“

Since some pilot subjects tended to ignare the indicators

during training, the instructions included a notice that although

1t might seem unnecessary to pay attention to <the indicator
lights during training, during the testing phase at the end of
the experiment, it would bé necessary to rely on the pattern of
indicator lights to Qnagse the correct procedure.

After being trained to criterion in all t1O procedures
subjects were instructed that they could take a 'short rest or
brouk  before sturting the test. They were told that they
401ld see each of "the 10 procedures three times each in the test
in u randow order. No feedback was given during testing.

RESULTS

"3

raining,rime

The total training” timeg for wu procedure is defined as
stirting when a subject begins the first reading of the first

sentence of the instruction steps, until completing the last step
of the last dttempted execution.

The first analysis was simpMy to verify the presence of
(Broos @1ffects of the the training order on training time. An
wnielysis of variance was perfermed on the total training time for
»nch procedure  in each training order condition; the means ure

‘. 23 BEST COPY AVA|LAB&E

3

-

g

-
v



e

r .

19

shown in Table 7. There were main effects of training order
condition and procedure, and aq interaction between training
order condision and procedure (ps<.05). While female subjects

. 4yerg an average of. ten seconds faster than males on 'the training,

this difference was not significant, and there are no significant
interactions of gender. ’

' Multible regression analyses were performed .in order to test

* the predictions from the, theoretical analysis. The ddpendent

variable was the total training time (TRTIME) giving 600 data’

points, one for-each subject on each. procedure in each condition.

_ The predictor variables were * those derived from the production

rule model, the number® of mew. productions (NEW), the numbder of
generalized ‘production nﬁies (GEN),.~and the number of identical
or old production : rules (OLD). Other predictor variables
included the subject's mean training time for all procedures

(SMEAN) to handle the within-subject design (see Pedhazur, 1982),

+ne wmain efifect of training order (ORDER), and two dummy
variables (LOND1 and CQND2) to test for a main effect of
condition, with confition 3 as the baseline. Since the first
procedure trained usually required a disproportionately long
time, 2 dummy variable, FIRST, indicated whether the procedure
was the first to be traimed. Two interaction variables, C1FIRST
and C2FIRS?, were defined to represeut the interaction of
condition and first procedure trained.

The results of the regression analyses on the training
time are shown in Table 8. The table shows the coefficients
in the final equation that includes all variables that entered
the step.ise analysis. The F-ratios are the 'P-to-remove", and
so provide a test of significance o¢f the coefficients 1in the
final equation. Finally, the standardized regression
coefficients allow compardsons of the importance of each variable
independently of scale differences. About 76% of the variance in
total truining time wag accounted for by the final equation.

Figure 4 shows the predicted and observed mean times and the
final regression equati{on. The most important predictor variable
wu3 the number of new rules in each procedure (NEW), which alone
rould account for 69% of the variance, and uniquely accounts for
nbout 47% of the variance. The partial and standardized
regreasion coefficients for NEW are substantially darger than

-

those for identical (OLD) rules and generalizable rules (GEN),

#hich are very similar.
' N
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: Table 7
Mean Training Times (secs) for Each Procedure

~

for the Three Training Order Conditions

Procedure ‘ o
Training Order
Name Condition 1 Condition 2 Conditibn 3
MA-NORMAL . 212.496 81.125 111,883
SA—NORMA‘E 89.863 92.814 . 221.958
MA-XEB 142.058 ° 111.907 98.829
MA-XPB 109.430 96.679 1Q8.727
MA-XIMA,XSA 161.478 190.291 139.679 .
3A-XEB 79.677 84 .980 160.697
SA-XMA,XSA 86.568 -, 99.644 95.250
SA-XSA 111.109 176.169 151 .411
SJA-XPB 117.109 ‘136.013 191.817
Mean 122.727 153.3571 144.598
(ﬁqﬁ\
. fable 8 ’
Regression Analysis
- : on Total Training Time (N = 600, R2 = .7623)
Variaole Final Final F
Coeff. 3td.Coeff.

____________ o o > > . — — o —  —  — . " o s D > o Sl S . - " . o ——— S D > WO 1 o T S od
CONSTANT -132.39

SHEAN 1.00 . 410 3289.78
NEW ) - 19.38 .662 153 .54
JuD 11.82 .499 - 88.44 .
BN ) 141.07 . 291 . 51.09
SOFLRGT 165.10 .324 125.04
WoROT 47.10 .155 16.04
JRDER . ~3.93% -.124 ! 18.3%2
anh2 ' -16.51 -.085 14.86
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8 o TRANING TIME = ~132 +12(0LD) + 11(GEN) + 13INEW)
@ +47(FIRST) + 165(C2FIRST) g
E _ —16(C2) ~ 4(ORDER) + SMEAN
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In additiorb there were -others effects, ' notably  some
lenrning-to-learn effects (FPIRST and ORDER), and. an dpparent
"overload" effect, C2FIRST, in which the first procedure in the
second training order condition took an(extremely long amount of
time to learn beyond that . predicted Dby *the number of new
production rules. This ‘procedure was MA-XMA, shown in Table
4, which involved trying the MA setting <first, then the SA
setting. The other two orders involyed only relatively simple
normal operation steps, which may have appeared obvious and
natural. Thus, subjects in condition 2 were confronted "~ «4ith a
first procedure in which the first few steps apparently have no
effects. This sprt of conceptual difficulty is clearly a
matter for further research. . '

Despite these other effects, however, the ‘production system
variables provided by the transfer model explain the training
times very well; in fact, the number of new rules alone agcounts

for 69% of the variance, and is a Dbetter predictor of training -

time on a single procedure than the subjects' indjvidual means!

Thus, by analyzing the procedures in terms of production rules,
and the relations etween them, it 1is  possible to account
for the difficulty of the 1learning the procedures with great

precision. : N -

The time required to read each sentence of the instructions
was averaged over procedures, but classified by training trial
(e.g., first reading, second reading, and so forth), and by the
transfer status of the corresponding " production rules (01d,

Reading Time

——— e

Jenerulizable,New). Pigure 5 shows these mecans. The key
point is simple. There was a substantial difference in the

rending tiwes for instruction steps depending - on the transfer
status of the corresponding” production rule. The reading times
for generulizable and old rules were almost identical, bhut
reading times for new rules.were much longer for the first few
readings. A key result is that this difference appears on the
first reading, meaning that subjects can immediately distinguish
#hether 2 sentence describing a step corrésponds to a new rule or
to @1 kKnown one, and can immediately govern their reading and
ntudy time accordingly. The difference between reading times on
tne first trial between New and Generalized 1is strongly
signiticant (z = 3.51, p < .01). :
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Figure 5. Mean reading times for instruction sentences
a function of reading trial and the transfer status
“of the corresponding rule.
4

BEST COPY AVAILABLE

29
,EC

Full Tt Provided by ERIC.



.

. | 24 .

A second questi\h about the reading time is how they relate
.to the acquisition of individual production rules. Figure 6
shows the reading 4¢imes for individual sentences ‘plotted in terms
of relative trial to mastery. The trial of mastery of a sentence
was defined as the reading t.ial after which the subject executed
thre corresponding step in the procedure torrectly for all trials
~thereafter. The figure shows the mean reading times for
‘gentences .clagsified by whether the corresponding production rule
was new, generalized, or identical. .

' These data were subjected to a fairly complex regression
&AginIE, .gummarized in Table 9, in order to determine the
significance of the apparant effects. In terms K of nuisance

variables, the reading time depends on the subject's mean and the

number of WORDS in the sentence, "and there is a simple main
effect of relative trial number (RELTRL), corresponding,to the
- overall downward . trend. There 1is an apparent .practice effect,
because dentences whose steps .re mastered later, as shown by
larger values of MASTRL, are read for less time. The key results
are: NEW ' sentences are read 1longer than Identical or
Generalizable, which are almost the 8same;. sentences before
mastery, BEFMAS, are read 1longer than after; and. the effect is
mostly due to the New sentences, as -.shown by the interaction

variable BMNEW. Thus, consistent with PFigure 5, sentences -

that state new rules are studied until the corresponding rules
are mastered, whereupon they are studied for much less time.

Table 9 ,
Regression Analysis on
Individual Sentence Readin Times
(N = 21,449, R2 =

—— — — — — vas - - G P P WP S P 0 G D D D G D G D D G G - - . T D G G G W G A W D T " Gy D D S b D o =

Variaole Final ~ Final - F

Coeff. Std. Coeff i
CONSTANT =557 . - -
WORDS .069 .188 1225.60
SHUEAN . 844 «316. 4508.06
MASTRL =267 -.153% . * 655.46
NEW 123 .188 798.56 -
dsLTRL - -.13%2 224.06
BEFMAS » Y 51° ,210 599.37°
BIHEW ' 1.247 . 208 ‘ 83%1.06

. . . " - — -t D P D D v D D R D S S G D T P euf SED e D e e G D A S M S WD S WY G e WA G S G W P T D S =
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Figure 6. Mean rgading times for instruction
sentences as a function of relative trial of

mastery and transfer status. ..
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. ' "~ CONCLUSIONS

A basic conclusion.is that production rules, as a way to

represent procedural knowledge, can provide a detailed account
of important learning processes. This .supports the approach
suggested By ¥«ieras and Polson (in. press) who suggest that the
production-rule theory of 8kill acquisition is useful for
practical applications. That' there are other phenomena involved,
such as the "overload" described above, 1is. clarified by the
production system analysis as well. .

These results present a puzzle , for the -theory of skill
acquisition as formulated by . Anderson (1982). The transfer
procesg defined here has many similarities to some’ of Anderson's
compilation and tuning processes. "However, ‘h%s processes
are defined in terms' of operations on procedural representations.
These are constructed as a by-product of *the activity of general

_interpretive procedures that are driven by an initial declarative

encoding. ‘However, in these results, rules are ‘'being compared,

modified, and constructed .very .,rapidly, and apparently before
they exist in a procedural forby 35,/?féﬁfe 5 'shows, a
generazlization process can apparently-~eecur on the first reading,
and is almost as fast as recognizing an identical rule. Although
there is no rigorous Dbasis at this time for saying so, it seems

that these aspectd of the results are not reaspnably subsumed
under Anderson's compilation and tuning processes.

Instead, perhaps the work of relating new and old rules
is done by processes similar %o those¢ - proposed for

. maQ:Sprocessing in vomprehension (e.g., Kieras, 1982), which
n

aan\ compare, modify, and construct .complex propositional
representations while reading is going on.  Thus, subjects
translate the instruction sentence into a declarative
representation of a complete production rule, which can then be
related to other such - representations.z If an identical
representation already exists, it can be re-used, as appears 1o
be possible in other types of text (see Johnson & Kieras, 1983).
3imilar to. Anderson's proposals, this declarative representation
would be interpreted by a general procedure for <following
instructions, and the procedural form of +the rules would
aventually be formed by the compilation and tuning processes.
‘fewever, correct execution of the procedure.would begin when the

. declarative rule set has been successfully constructed, and the.

time ‘required to do so would depend on how much use could be made
nt previously learned rule representations. Thus, when
procedures are acquired, from text, comprehension-like processes
2an play a major role ‘early in learning, ‘leaving theg compilation
and tuning ,processes to govern learning once he initial
1eclarative form of the rules is in place.
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