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Learnimg and Instructics: of Proldem
solving im Science | |

A.Pilot, C.T.C.W. Mettes, H.J. Roossink and J.M.Dcmders
Centr= for Edmrational. Research and Develomrent,

Twente Univer=—ty of Technology, P.0. Box 277, 75B0 AE Enschede,
The Netherlams. : .

f

Paper oresenres at the AERA Annual Meetiny, 197 ece= Angeles.

Many =students—=ave difficulties in solving ——rohiems in scrence. They mse
trial and erre—methods and hope this will _>x¥13 xp suffirkent routines to

enabis them te-pass the exam by sheer recagr———r»= =f sets <=f problems.

To caange thss -situation some teachers and timsagm=mrs in “975 started o
remafe two Tomwentional first year courses i~ ™Fermxdynamize in the De—
partment of Chmemrical Technology. at Twente Thriwdkar—y of Pemlogy. Lateg—
on, a remake of courses in Electromagnetimm mn® Mmchomics was started. T
this moleca:’wespec::t':.cally focussed our=attee—rm—onr £imliliag:- procedurms
for mtz:d evaluation of :Lmz?obhmlving i

higher =ilgcainzr, partice®arly in science =z epagimmering.
In all =hese comrses StudEmts should lears TewtaSt— oronies-gmlving,

. which r=smgires both a SsxzT=ml] knowledge Tmse MG aactateqgic Jameledoz

base  (Gx=&iv- -9380). Inme=er to improve ke AMSemmwoot of =55 instmme—
tional aBjective - demelc--ed 2 system of Mewrl:twcw for-stowets and.a
instructzons’. plan toteswkc this problem=soln, .9 P+ rect of e coubems:
In our Te=search we itwrgter - betmeen psycholog. -2  amraeorywsseare
(thinking atress =~ 1t =ale-learning and bectiimr ermeriw—rts) =
research on =ge ¢ cdooos gftORion in the cmrr4gs. So—wesdiczmeet e
areas-of AT=ESAD S, aTk. . fmp:nbed recemv1r # well (Larkim, 1980™

’

The main isse= = © wsSart - 'sles can be spit W —ree partss

1. Which s 84  wethd®mc=hould be lescmmi x> promote the
effectives=ss of the Piobimssnliving proce==<

2. How shomic mtudents lea—x these actions ~ = mectxds? Which
‘instructiomal proTeCuTes arzizmaterials shou. .z jme mplied o get an
optimal lea~— - ay:am:-ss?

3. How shon™ T » =esuits of the ‘experimental —mx—=e be evaluated? il:at
kind of cr::ee:‘)c san.d be applied on what kowe =f 3ata for judging She
worth of the mewr jsst—uctional programme?

ZEach of these mer~ s represented in oux propsct .and produced =1
3ntermediate Tvody»—in the Cevelopment and e={pation of the
experimerstz]l couTsSe.

™he prodcc=ts of z@se 1 were firstly the princites of instructicoadl
Eearning = be == - . course development (Chapt=r ), and secondly i
Zrogramme: of A=tivns 2nd Methods (PAM) for solxizg problems in
Srermodxmmmics timmt e2s developed on the basis of ~™ese instructiomal
Drinciples and S=x Which a system of heuristimewias derived (Chagte ).
Tre ihstructiomal pl«: consisting of the instrwr=ictmal procedures,
materials and eachirs activities is summarizeE im Thapter 3. Cheptm—i
reviews the evalz=ticm: the data on the processe=—amd the results o=
teaching and lemr=inc . -
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1.

PRINCIPLES OF INSTRUCTIONAL LEARNING

Sefore develop:.ng the new course we looked for a suimable thecry =X
instructional learnz.ng In our opinion such a theorx shaxld comew=T
&rwoctives which relete instructiom’ obJjectimes ta Tea—ring prore=sses,
2t also learning p=mresses to insttuctional procestismes.

The instructional.c@pectives of the ~ermodymamics comarse J:nvolve, &S
memtioned before, skiTis in solving .jstoblems found r=ther &fﬁcu_"‘.:f:y
The students. Because =f this, only -2 small mxmber of theories of )
Imzrning were relewemrt, among whick =mwose of awsubel (1968}, Gagné (1977)
amt Gal'perin (Talyzin=, 1973). In T“iis project we eventually chose :
Gal'perin’'s theory of Enstructionda’ learTing smplemented with
c=mtributions of TaZyzina (1973) ===3d Landa (197%j).

Cmr main reasons for cloosing thisttheory are :

& Sal'perin's theory is the only ame exxzlicitly nsstructivmal in e
Se=s= that Gal'perin gives a defirtrrowm of 3 optiral learning mesg¥ and.
prescribes the microbehaviour dess—— of both the tember ani—tme
strmient;

.. The -learning result is consisteatly Zefimed im terwms of (mermt=)
‘ameratizms or actions.’ Acqu:.s:.t:.o._ of icowiedge requires the forma—iome of
arffermate systems of actions, that specify whwe—a student sdxmld do t=
sxlwe problems properly, in terms of pazticulaza’gorithms and
hen—stics.

T.1. Gal'perin's theory of stage by stase Tpyrer—icn of memttal Zct=pms

2ccordimg to the theory of Gal'merin (Tziwz=—me, 1973) therer are forx~
characteristics or parameters i the perSwmemre of an action:
1. Porm. An action can. be execnzed by:
a. m:mulatz.ng actual objects fmaterial Torm' oY a&z:t.y manipulatins
:gresem:anons such as symbols (materialize= fova)a
2w example of an action in mate—ial form is—mamting wifR the helr-9f an
Zmecus, amr example of an action in-mater==itanE form IS couzting b
w=emipulating figqures on paper.
I~ Stating in words or formlating how the z==jom is execyr=d (vrz:r_
:.::m).

Sx:ea.kmg silently or thinking withoot cpesking., The action is ==sscuted
T performing mental operations (mental form).
2.. Generalization. An action can be directed 0 ome <@ more diffemmt
=e=s of) objects.
=.. Completeness of action links. An action =an I exgcuted in its eIl
=xeensior. (all action links are carried out =ztoetwsivedy) or in a mzre
abhreviated form (certain links are carried owt 2t the satwe time).
4- Mastery. The execution of an action can be mor: or less wedll mastered
and as a consequence the rate of performance may b =Zgt = low-

Le=mning is the acquisition of new (mental) ackioms, aad instrmctional -
J=sarning is a process of planned progressive imre-malizateon of=external
actions. This transformation in the form of the actrmm 3s accommanied by
cdanges in the other three parameters. The perfvrmaces o the action
resembles more and more that of an expert i.e. becamme= mare transferable,
abbreviated and automatized. According to this theor= af iearning the
stmfent has to exercise in a st~jelby stage procederss.

= +he beginning of this procedure the student shouxz= ma complete
F=ton in material or materialized form. By observing the completely ’

" exe=rnalized performance bcth student and teacher cax deeect incorrect or

iz»—=mplete actions and. administer feedback. Al=> thew z=t knowl=dge of



#he results on the other parameters of-the -performance. This knoyledgé- -

#m=s = be nsed to achieve that the performance becomes more transferable,
aZbrawiated and ausematized. :

When ke artion iss:astered in material or materialized form the teacher
ailooss the student fo exercise at the next form an? so on, until the
Sstudent reaches massery in the mental form.

Gal'merin:points cxr:, that before starting this stagé by stage exercising
of ness actions, the student must have an orienting basis to be able to
perfasr the action Tor the first time. He must have information to ~
oriemz=te himself =>xoat what to do in what circumstances. This orienting
basis should be comolet? i.e. contain all information necessary for a
perfect performance=. such as the goal of the action, the composition of
&=Y1 a=-ion links, the c~nditions in which the action can and cannot be
performed. The best orienting basis is both complete and presented to the
studenmt in a generalized form i.e. a form that covers a whole class of
==roblens. The quality of the orlentlng basis is emphasized in-this
=heory, because it outlines the conditions which are objectively
necessary for the =tudent to perform the action successfully i.e. to
solve the relevant problems.

2. Emphasis on systems or ‘actions and knowledge

We want to emphasize the importance of systems of actions. By thinking -
aloud techrnizues ard in depth analysis of mistakes made in exams (Mettes
and Pilot, 1980), we analysed difficulties students have and discovered
s=Tong deficiencies in the coherence of the factual and procedural
Xknowledge of cur stmdents. ’

In his research on problem solving Landa (1975) pays much attention

to forming systems of actions. One way to form such a syster is the so
called "throug®” systematization of knowledge.

*Through” systematization of knowledge means combining in a single system
all knowledge ==levant for problem solving that is contained in separate:
sections of a ook, a course etc. In this way the subject matter should
be reorganized in an operational form.

Talyziné (1973) -develodped on the basis of Gal'perin's theory a prdcedure
for the development of instruction. In this procedure systems of actions,
subprogrammes in her termlnology, occupy an 1mpoz:ant place. These
subprogrammes are:
1. The bulk of knowledge in a particilar subject matter.
2. The rational actions and methods of thinkinrg ademmate to 1earn1ng to
apply this knowledge. This subprogramme is called a Programme of Actions
and Methods. it is divided in two parts:
a. actions ané methods constituting specific  types of
thinking (specific for this subject matter) and
b. logical actions’'and methods of think 1ng (not dependent
on a concrete subject).

Summarizing: because we are dealing with heuristic problem solving

the orienting basis cannot be complete, but should be as complete and
generally applicable as possible. Such an orienting basis consists of :
a. subject matter (knowledge) in operational form, and

b. heuristics and general methods of thinking , which should be derived
from a Programme of Actions and Methods (PaM).



2. THE stzf,opmmrr_ OF A PROGRAMME OF ACTIONS AND METHODS

The. teachers in the course in Thermodynamics and other specialists in
this field could not give us an adequate description of problem solving
in this subject matter. The literature on Thermodynamics does not contain
any adequate system of heuristics. The situation for most subject matter
at this moment may, in our opinion, well be similar. Our first attempt at
producing a PAM for Thermodynamics was based on the well xnown amd widely
used set of heuristics Polya (1957) developef for problem solv=:~ in
mathematics. Unfortunately Polya's heuristics for the analysis =%
problems were too lncomplete or gave hints iz the wrong directizm. For
the transformation of the problem no adequate heuristics were found and
reasoning by analogy is not successful in this type of problems: (Mettes
and Pilot, 1980).

So we decided to do some research on a descriptive model cf problem
solving behaviour. The problems in our courses are called specification
problems (Mectes and Pilot, 1980). In typical problems of this type of
well-specified problems a situation, certain relations, variables,
-magnitudes etc. are given, the problem is to find or calculate etc. one
or, more unknowns, other relationms, variables, magnitudes and such-like.
If the unknown.is found the situation is more specified. This type of
problems i= very frequently used in science and technology curiicula.

We carried ozt experiments in which students as well as teachers tried to
solve problems relevant for the course objectives. They were requested, to
think aloud, and protocols of thelr problem solving behaviour were '
Tecorded and transcribed. These protocols were interpreted in terms of a
.model derived from theories on problem solving of Duncker (1945), De
Groot (1965), Newell and Simon {1972), in an iterative process (for
details see Mettes and Pilot, 1580). The result of this process was a
model- (callea Transformatlon to Standard Eroblem, TSP model). Although we
derived this model from studying Thermodynamlcs protocols, it can be used
to describe problem solving behaviour in more subject matter areas in
science and technology, with few or no adaptions. Recently the TSP model
was used.successfully to describe protocols of problem solving in
Electromagnetism (Van Weeren et al., 1980).

“In the following phase we tried to develop from this descrlptlve model a
prescriptive one: a Programme of Actions and Methods to ! 2 used in the

_ training of problem solving in Thermodynamics.

When designing this PAM from the TSP model we looked for actions and

methods to ensure a systematic and effective problem solving process,

irrespective of whether these actions and methods were.found in the

protocols or not. We used a number of indications and criteria for

desirable actions ‘and methods, such as:

- indications from the protocols, e.g. differences in problem solving
behaviour between students and teachers,

- indications from the llterature on specizl heuristics. (Marples, 1974),

- indications from the literature on reseaxch on PAM's for other subject
matter (Talyzina, 1973; Dubovskaja, 1967: Obuchowa, 1968),

- research on frequently made mistakes and difficulties in exercises and
exams in this course. ' '
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The programme has four principal—amases:

s

Phase 1: Reading the probdem tho-:nuuhiy' caesas Salysis
of the data and —e unkméwr by maikdnere: sTheme.

Phase 2: Establishing whether or ne— it = ====miard prob—
lem, i.e. a probiwen that zan e e Dy mer::
routine operatiomsy if motx
Looking For relat=izes betumen tires<%-a and t.e un-
known that can be of —se ——the —z9eformation of
the problem to a smamcarTr—wohrew: wmversion of
the problem to a ===pdard-—pr=fiex.

Phase 3: Execution uf routte—operatmens.
Phase 4: Checking the arswe= _interpre=a—wrcofthe results. )

Phase 1 will be presemted irzmore dmts:l ~=w - fro—other phases

see Mettes et al., 1980b). We-first mecticr isspurpose and then
list a nmber of desired actioos. e only li.stthe actions that can
be expressed in general terms. . For differmsts £5elds, different
specifications of the actiomss=ye mmsecdad.

An example of a problem in TEsw—morspamic= —mat: has been worked out .
according to the PAM (specifsed for Thermodmsawics) is given in
figure 1 (see also par. 3.2)- '

Phase 1 : Analysis of the proitilem

Purpose : Getting an overall pictmre of the zsta and the
unknown. The problemsolwer shouléd Zirst under-
stand the problem mmil be®>sre he szarts solving it.

.
~,

-Desired actions: '
1.1. Reading the problem c==fmlly, =.g. by pxtting a siant
line- after every datuan.

" 1.2. Transformation of thesText of e problem into a

" scheme, using paper =¥ —encil! +o develorr an image of
the problem situatiors ~:xXto g=r a schematic survey of
the data and unknowne.-
All data should be me—---med im the scheme, in correct -
symbols and units.
In some cases, plott::x:c::shﬁ:chmg a graph this may .
help to get a better —mowe==ocf —he problem situation.
1.3. Writing down the unkmm= - if possible in symbols.
154. Estimation of the ansaer: ‘orchable sign, magnitude, dimension,
special cases. An estimatoom facilitates checking the answer -
later on. ' .

The Programme as such containef “xnforration that was not suitable

to be presented to 'the stude=mts. -So, the =ext step was the.
transformation of this Programmme into a system of heuristics that
students can use to orientate themselves in problem solving. (The
teachers can.use it also whenr givimg feedback to¢ utudents). A survey -
of this system is condensed to one page, wsually referred to as- the
SAP chart for Trnermodynamics, where SAP means. Systemat:.c Approach to
‘Problem solving (figure 2).

-4



F:Igurel Anexanqal of a prcblemmrhenmdynann.s te
(TC2) » worked out @®ccording to.the PAM. - =

".An isolated ‘+ank. tomtaining 1 mole of nitrogen at 100 C and 5 at .
is ccnvxec*'ed with & similar tank with 2 moles of carbondicxide at-
100°C and.10 at. The gases in the two. tanks mi> op adiabatiwally

" and complete. Nit=mwen and carbond:.oxlae can ke considereé T be

ideal gases in thsse \...rcumstances. What is == ..‘nange in enr——OpYy

in this process : _ Re 8 . J.mol™t.Kk—=
Worksbeet for the sysiematc approsc:  shm problems; L
Lrod . ANALYSIS t !4 wleer relotions
2 scneme - ¢ a. KRechart
2o 4, similar —solated €anks o
i;‘o;;:ml . 1mola Nq ;i_‘ . ‘2 mole Cozfy ) - ; _ )
i LR ST 2 menstems | [Y-Z ~:wv-===f~‘-7rf
o " .
:.S:l-uwn "Iz"‘t . fl-‘°ﬂf N (3 )
L esimaton ol stafe : -' e
. T T pix:
rocass s t)==/‘ s r:
adiabali ca/_/,, frrev- ‘-(r,T) #Ié:z,’ij + 7(7‘_»&- P
. . Compleble mixing -Wj- ws) !
£inal stale ‘
. . =N KT
Cagonf A{z s v Coz and Mg [ fV
3 mole ideat LML 1 7% 1 syste~ Pi =% p
gas mixfura I 'PZ: : 7;' Ny + G2 o
meixbr : -
anknown: BSp, _ .
wbimabon: >o (K ) Recitior Jmdl
5. dm';' validiry
6. Transformation to standard probl 7 if not soluble
a. unknown ! a. other (key) relation
b. relation in which unknown occurs . b. alternate processes
¢. specification X ¢. assumptions

d. new untnowns

:‘:;nn:t‘:on U”M: 4%, ‘IH = Sf\'.‘[- inibal —> two mew uh‘tnouns > :; and S,
- S, 4—[8.2.‘,1 ‘J S, - '-”x [3}3", Sat) r.‘-zsl.coz(I?JK,loaé)
-s'.z' - “—Sz=sn (A% vy) * 25500, (420 T » %c6,)

_’“m“ o relation for = (P'Tz s -— ['z‘_); mos;; this relabion can de

fl'anrﬁrnca( éj Fpacifying a-w( differen Cta.éu‘j S (p_ Tx;): Cherafore we need p, ancl 73

.— ifaad g5 .—.mc:cnj 3".’ no fzmﬁcrat‘uo‘e cAa»ac — gT 33K, }P
Pz ,(_. fV-nRT and Pi=Xp —> M Va n;RT; for both an,omf??fé&f sz 2 &,N,:’Pz’co;

four new unknowns

5/;0'%_:?.505

{9/-‘ p7=)) /a,.. Ge=r. T: ) +RTOax; + zre.,.) ‘ :

. P k DT ,61"‘)”'

54- ;,; .(./b.,T;,“-) ’ = —-S;(P.-_-l.,";x..c.;) + Rénx: + R AL pr — ss'[/’n 7:':) S‘ /P H T) R &xP

v specify further — © - :

?%“”x(r;.ll :.' ) +2sCOz (E; z. sﬁz[f" ) R&"‘";f -}zsca 60;-:,7' -21(.—.?5‘

0;1"45, = (PH'C substarces ') =5 0:1,7,') Rén 5 0.,,T) —2R4n to
: . M Ca,_

5—-) S,_-S, = .-RA FXa -zR [“ _“‘_’_'_j_f +R&5' 42Rg-lo _.',Sfanéérd,broélen .,

3. standard problem . ’ 8. culcrdation EXECUTION OF Q check
: and answer - . ROUTINE GO :0 ATIONS a.
C b.
| o ek
. 2 ) o -
- ’ (-] . . -’ . S
Q A sn(l z g‘ = 5& - R A 8 ' As”' = l?.3 7. k 70ni:i:::;Juu-ll riestuhes
(Ric -~ = | | | e e




! | FigzzeaZa- N

1 Schuoofthenethodo!smmtithppmh
to Problem Solving (SAP-chart)
(see.also page 8)

gmad ‘the-geoblen carefally @

P . a g - g .

23Make 2 romme

. a.Draw ieespsten, daw system—boundariea o
h.ﬂrituinr dxmteristics of systen=ioundaries (w.qranm
c. "‘_

de: e i " the states (P,V T,0ther state-variables)
e " T . ' " processes (reversible,state-vartables
‘ ’ S constast? process variables 2ere? -
. chem. reaction?) ' N
5 SR ' ". other data [use correct symbols)

g.1f neceamary plot a graph (to obtain a better picture of the process)
. heWrite dwmn-characteristics of the unknown (math.formilation) — ©
'{.Estimate-answer (probnble sign, magnitude, dimensions)

contents of system (phase,ideal behavion;.

» . L

-~ . A

+ conditions for validity, by looking
from the unknown and/or data, at
a.charts with key relations (equations
: of state, process equations)

/- b charts with non-thermo relations

‘ . relations which follow dizectly from
data

5.Check relations. for thelr. validity in
this prodlem situation ¢

4

8.Execute routine operations,
have compatation and answer

{.Write down possibly useful key relations '

L]

6.Conversion to standerd problem

a. Write down t!e wmknown using the right symbols -

b. Hrite down a vaktd key zelation in wixich the unknown oceurs
(from list at 4)

* ¢ Replace general gquantities by specific qnannties in this
relation ‘

d. Check which speetfic qnantities are still unknown

e. Write them down a3 new unknowns
£, vhen all specific quamtities are known, substitute them by
numerical values*and dimensions '

T If 10t soluble: - |
a. Check whether there axe still ke» relations lackiyg, dr
b. introduce altermate processes. d:

* ¢. separate variables, &r

d. make assumptions in comsectic: wiui validity

_ well~ordered . !
;' ' ' . ) »
9.Check answer against ‘esti- »{10.Check whether you made mistakes '
matjon of the unknown - .on the
a. sign -a.estimation - o
b. magnitude ) b.setting up the scheme ., °
c. dimension : - c.vriting down key- relations
- T R | d.conversfon to standard problen| .
— ‘ o e.executing routiné operations
INALL problems solved? ' Correct, then proceed to 9

YES > . ey - P

a 111 in angwer tn : e

the schene -READY
b eanyhether gme pro< | ==
[ KC 1 again appli-

SRaBRE (A Text Provided by ERIC . C oy oo . L
L ) .o =
" . Lt L C P . .t

-



< ) o .

a. Write down £he unknown L.
using the right symbols

Y

> p._Write down a.wvalid if not

<

' " |' - relation by specific

e. Write these
-down as

- one .ox

. :

rlgure 2b:

DIhgram of strategy° transformatlon, u51ng the mknown as

(see also page 7)

D .

relation in which the
unknown is piesent

c. Keplace general ’ -

.solubiev

o
‘ . -
3 .

quantities in-this

quantities (e.g. Py sTy)

P

“Check which
specific quantities
i-are still

no more
unknowns -

f. For all specific known
quantities, substitute
values -and units

!

result: standard prqglem

.'/_

v

g. Check whether
. there are still
relations lacking
. or
h. Make assumptions
. about validity -

starting point.
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The content of the'heuristics is essentially similar to the PAM, but

" there may be considerable functional differences in form and wording,

of the actlons and methods. The SAP chart was drawn up by the

' . following prigciples :

1. Only those heuristics were included that refer to actions unknown .
to the students and are strlctly necessary -for solving the most '
1mportant problems. - -

2. The heuristics had to be worded in such a way that the students
‘could readily understand them. . .
3. The text had to be as complete as p0551b1e, to enable the
‘students to perform a complete action in haterialized form.

4. The heuristics had to be worded in such a way as to insure the
approprlateness throughout the course, even if the ‘subject matter
varies. From this general wording, more specific applications -
related to specific subject matter - had to be deducible. .

5. The imperative mood had to be used to show clearly that the i
heuristics are dlrectlons for desired actions.

3

. The first design of the SAP chart was_checked and corrected in small
scale experiments with students. On the basis of these experiments a
more definitive version of the SAP chart - and consequently of the
PAM from which it was deduced - was de51gned and ‘used- in two
experlmental courses. Based on-the evaluatlon data of these-courses
‘the definitive version of both this PAM and the’ chart was

developed. " - - SN

A general procedure for the construction of a PAM consists of ten
steps that are summarized-in figure 3. Until now we have the
impression that the validity of this procedure is limited by/two

conditions: - .
1. The problem solving co be learned must concern spec1f1catlon

Pproblems. -
2 For solving these problems it is among others necessary to use as
transformatlons a limited set of quantitative relatlons. .

Wlthln these limitations the procedure can be used generally because
of the great analogy EBetween specification problems in
‘Thermodynamics and other science subject matter areas. Empirical
evidence has been shown by Van Weereu et al. (1980) and Krarers et

al. (1980 ,1981). : o o=
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. Summary of the ten ‘steps-
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1. Collect' a represen_atlve set of oroblems '

in accordance with the course\objectlves.

L4

[2. Make up o list of key relations. . .:_155'

§ ~ A}

3. Hake explicit for each key-relation:
a..the conditions for its validity,.

b. the condltlons for its usefulness,

c. the characterlstlc difficulties in the
—_transforration of the problem. -

4. Using the result ofgld, design the actions
to be executed in the analy51s of the
problems. - -

-

5. Design actions for the evaluation of the .
solution. i

‘ | . : .

6. Check if transformations specific for the:
subject matter are necessary e.g. making

= to be ‘executed. °

assuriptions. If so, design ihe actlons andj’

Prres
% N <

L

S ototype of the PAM by integrating
.cs of the foregoing steps. Check
once ot the programme:

s . S——t e
. . o

8. Test the programme on relevant criteria
by using it in problem solving. If possi-
ble improve the programme by repeatlng )

‘step ‘two to eight.

v

9. Test the programme 1n a pilot study or in
an experimental course by transformation
of this PAM into a system of heuristics
.for the students. Again, improve, the pro-
gramme, 1f possible.

<y 18
0. Describe the™PAM to be used- in 'normal'
instruction. e
fdt the construction of a PAM. ' L



3. THE' CONSTRUCTION OF AN INSTRUCTIONAL PLAN

- 3.1. Instructional functions. . ,

In our opinion learning theories should bridge the gap between objectives
'apd procedures. We therefore restated the phases of the learning process
in terms of instructional functions. In analogy with the concept
*function' used in engineering design instructional functions are defined
as ‘general -operations or actions that have to be performed in instruction
to realize the necessary phases of the learning proceSs. Figure 4-gives a
survey of the phases of the learning process in accordance with the
theofy of Gal'perin, the instructional functions derived from them, and
the instructional procedures and materials for the realization of each
function. Details of the phases of the learning process were described in

Chapter 1. Here we only describe how they were utilized to develop an’
instructional plan. , ‘ R
The best way to realize an instructional function does very much depend
on the specifics and context of the course. We think that achieving
realization of a funiction is more important than the specific way it is
realized. Since the experience of the teachers is very important for
the realization cf furctions, we selected procedures that differed as
little as possible from the procedures teachers were used to in our
university. = - ' L

The instructional plan was constructed by matching procedures and
materials with instructional functions and integrating them into a
‘consistent programme. One condition was made beforehand: orce devised,

' the experimental course should fiot take more time from the teachers and
students than the existing course.” =~ . . ' : T
Before the course started, we organized some training sessions for the
three teachers to get used to"the new procedures 'and materials. During
the course, we observed all lectures and small group activities to gather
data for the evaluation -of the instructionél'process. If there were *
discrepancies between the planned and the actual procedures the observer
_consulted the teacher about the causes for this, immediately after the
.session. Deviations from the-plan that endangered the ,realization of a

-..function were as far'a3rpdssip1ef;emedieduand_steps taken to prevent

;" their re~occurence. - . . . .

”gwe;will'pow;a%§6uss the most character’ stic elements of the éxperimental .
,instrudtibh:'SAP,chgrt,'SAP worksheet, %ey Relations, and tests. .

3:27 SAP chart and SaP worksheet '’

The Systematic App:pach;to‘Problem solving is presented to the students
in several ways. The most important explanation is done by the SAP chart.
On this chart a survey of all heuristics is condensed to one page (figure
"2). In the lectures, these heuristics'are.illustrated by problems used as
examples. The teacher uses ‘the heuristics regularly when explaining
concepts and- laws in the lectures. : o ,

In the .classes after the lectures, the students exercise by solving
problems in accordance with the heuristics as far as possible. In the
first phases of the learning process they exercise performing the new
actions and methods with completeness of all action links on paper. The
paper is a-~special worksheet with a lay-out reflecting SAP. The
heuristics are represented on this sheet by catchwords. Figure-1 shows

~ such a worksheet, with a worked problem:on it: o
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1. Learning the conditions of the Orientation
. program of actions and methods. * . .
1. Presentation of the essential

remediul
instruction
exam
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clements of knowledge and
actions specific for this
subject o

2. Makmg these elements of _ _ . . e

knowledge-and-actions
_operational

3. Giving a system of heuristics S . —

for problem solving

4. Realizing the connéction with : —e

the entering behavior »

L . . 5. Giving the student insight in _ o .

the objectives of instruction

-

2. Learning to’perform the ) Stage by stage exercising ’ ) | L L.
program of actions and : .

methods. ) 6. Exercising the actions and : ] : - ’ ¢ ¢ .'
. methods of problem solving : . -
(PAM) e

. . 7. Giving feedba;k dunng .
: : exercises < ' : . T p

. learning results.

3."Getting knowledge of the ' : Tcsnng PAM L. . )
L - 8. Checkmg what lmmg outcome ) i L

is reached and establishing ) . .
whether this sat:sﬁd the : .« N : K

4. I_r;tproving the exécution - o l-‘e_edback after.a test

Cof PAM. - - < . . - ) .
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" mistakes _ - . o ° IR e e
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The students in a class work individually or in small subgromps of 2

or 3 students. The teacher makes his rounds, checks their work, gives
directions and explanatlon in accordance with the procedurexnf stage by
stage exercising (see par.1.1). This means e. g. that he avoids showing
the students how to do the problem, because the students have to get
exercise in doing the problems by themselves. Only as.a last resort
should he actually solve a problem for a student. In general students can
work reasorably well on their own, because they are guided by the

heuristics. - &

The use of the worksheets allows the teacher to closely observe the work
of eatgh student. Consequently, the teacher is able to give precise
feedbatk at an early phase. Besides correcting mistakes, the teacher also
co s on the learning process of the students, e.g. when a part of. the
syst tic approach is abbreviated too early in the stage by stage
exedcising (see par.1.1).

As the course proceeds, students - execute parts of SAP faster and more
automatically. This is infact the- intention, but every time new subject
matter is introduced, the pace is slowed down in order to enable new
‘elements to be carefully- 1ntegrated. e.g. other aspects in the analysis

and.new Key Relatlons.

3.3. Key Relations .

The core of the- problem solving process is phase 2 of the Programme of
‘Actions and Methods:linking up unknown and data, using relatiofiships
between quantities. These relationships in science and technology usually
result from laws, formulas, dlagrams etc. Such quantitative relatlonshlps
are referred to as. 'relations'. An important part of all. instruction: is '
the derivation.and éxplanation of such relations. In order to be ‘able to
use these relations in solving problems, the student must have at his
dlsposal a structured survey of the most important relationms.

To be more exact: he must select and hold -at his dlsposal the relations

"’ that are particularly suitable as starting point in solving problems.

These relations are called Key Relations. The number of. Key Relatzons’has‘
to be kept as small as possible, becauce then it is easier to remember
the relations and the conditions for their validity (Mettes et al.,1981)
Key Relations-must be formulated in a way to 1nsure thelr usefulness in
the transformation of the problem.

The Key Relations for a topic, and the conditlons for their valldlty, are
* written out on KR charts. An example of a KR chart is given in. figure 5.

Afterfa few lectures on a given topic the students are asked to design a
KR chart for that topic. Before they start working on pxoblems in the
class, the teacher discusses these des1gns. He then hauds- out his own KR
chart and, if necessary, comments on differences between the two.
Students use the KR charts continuously during the problem solving .
exercise and the teacher refers to these charts regularly when giving -
feedback. In this way, the students survey the core of the subject )
.matter, -use this survey to begin to master 1t. They also learn to obtain

,an 1mportant study skill.
3. 4. Tests _ . - : .
During the course students do problems under examination conditlons, i.e.
without the help of the teacher, another student or study materials and
under pressure of time (about 30 minutes). The teacher checks the work
and writes comments concerning both the way the problem has been solved
and, if necessary, mistakes that have been made. In the classmeeting
after the test, these remarks are briefly discussed, if necessary. Then, ‘
under close supervision, the students who have shown insufficient mastery .
.of ‘the preceding subject matter to be able to grasp the next topic are
assigned additional exercises relating to that subject. In the meantime
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the other sfudents'work almost independently on probiems .in the next
. topic. With- this test feedback system, we try to check and improve
me.sterv oS a subject before proceeding to the next ome. The tests are
teken =m SAP worksheets and are not graded.

For the construction of an instructional'plan also a general prccedure
was developed. This procedure is based on the results of the courses in
Thermodynamics (Mettes et al.,1980a). Evidence of the usefulness of this

o procedure has been shown in course development on Electromacmstism (Van

W

4. SUMMATIVE EVALUATION.

Weeren et al.,1980) and more recently on Mechanics.'Our research and de-
velopment is now directed to test the effectivitf of this procedure for a
quite different type of course: problem solving in political
administration. ‘ .

This chapteffsummarizes the results of the experimental course. The most
important criteria for judging the worth of the instructional plan were: _-

-
°

1. The feasibility of the instructional plan: was it possible in the
esdperimental course to teach- according to this plan (the feasibility
criterion). : . : o : .
2. The functionality of the instructional plan: was it possible in the
experimental course to fulfill sufficiently the instructional functions
(the functionality criterion). ' _ e
3. In judging the success of the experimental course we hoped above all
that the teachers and students would prefer to teach-and learn in the way
that is. recommended in the instructional plan (satisfaction criterion).

. . : . PR -
. In assessing the quality of the PAM and the heuristics on the SAP chart
the following six-criteria are used: S s
1. the extent to which it contains all all neressary, acticn links and
- conditioms; . S . ; -
2. the appropriateness for all relevant problems of the course; - )
3. the fitness for promoting the abbreviation-and automatization of: the <
.performance of the actions;. , ‘
" 4. the compreLensibility of the heuristics,
5. the suitability of the -design of the charts,
6. the acceptance by teachers and students.

Our criterioh variables for judging the -esults of the coxrse were:
1.-the learning outcomes of.the students, .
2. the time teachers and students spent on tie course,

‘3. the. satisfaction of teachers:and students.

" .

-The originai course ran for two years (1975 -and 1976) without—madificati-
on and was replaced by the new course in T¥77 - 1279. We took-the first -
two years as cur 'control'groups of students. So the summative:-evaluation
involved two control. groups {1975, 1976) and three experimental groups
(1977,1978, 1979). ‘ L T

The lectures and classes of all courses were observed to gathex data for
the evaluation of the instructional process, except for the last .
experimental “course in. 1979. Because. of this the results of this= last
course are considered to be representative for the. results -of a course. in
'norinal’ ‘circumstances. The control courses were observed intensively to
gather data for the construction of the éxperimental instructicmal plan
and also to minimize differences which would arise from observing just
the experimental group. Other methodological aspects were described

* elsewhere (Mettes and Pilot,. 1980). ’ :

17



—————4:.2-Summative evaluation of the instructional plan

4.1. Summative evaluatlon of the PAM

In the formative evaluation the general conclus1on was that the PAM end

.the heuristics derived from it were usefull instructional me . Only

minor changes were proposed (Mettes and Pilot, 1940a). The data in the
summative evaluation (including thinking aloud techniques after the
experimental course in-1979) showed that these changes were improvements-
indeed. These data also indicated that Stlll more explicitness on the SAP
chart mlght be relevant on ‘some minor polnts.

. the relation between analys1s of the problem and the action of -

replac1ng general by specific quantities in the Key Relations;
. "hidden" Key Relations. Hidden Kty Relations are general relations

students know very well but do not think of in solving a problem, e.g. -

the relation: the sum of all fractions is one.
We concluded that the PAM and SAP chart meet the criteria of guality.

In the first try-out of the experimental course, theres were some
deviations from the planned process so tnat both the fanctionality and
the feasibility of the instructional plan needed improvement. The
feasibility of the plan had to be improved by training the teachers in
supervising the exercising. To reach easier adaptation of the exerc1s1ng
procedure by the students PAM and the instructional plan were implemented
'in the Introductory Course in Thermodyaamics in the first trimester of .
the first year. We were convinced students then would more easily accept
and use the PAM and the exercising procedure because in thlS way the
introduction. of PAM and exercising procedure was integrated in the
introduction of the subject matter.

- As a consequence of this. the students had no possibility to develop a

(less suitable), way, of problem solv1ng before the Thermodyuamlcs course

‘started. -

The changes suggested in the formative evaluatlon (Mettes et al., 1980a)

" dppeared to .be. improvements. Especlally the lmplementatlon of the

'experlmental instruction inta the first ‘trimester was successfull and

gave more time to exercise problem solving in the Thermodynamics course
in the third trimester. All _instructional procedures and materials were
carried out respectlvely handled sufflclently conform the instructional

- plan. As a consequence of this all functlons were sufficiently realized.

_4.3.'summative eyaluation of the results

It appeared however that the extent of the subject matter to be mastered

limited the time available for exerclslng in- the materialized form. Also .
the teachers:had hardly enough tlme for d1agnos1ng the mlstakes made by

the students. -

- From the data of the summative evaluatlon we concluded that the

instructional plan ‘met the criteria of feasibility and functlonality.

)
¢ -

Exam scores o . - -

Tabel I shows the meah exam scores and the percentage sufficient marks of
the experimental and control courses.’ The scores in the courses 1976,
1977 and 1979 are equated by the equipercentile conversion (Angoff 1971,
page 564). The level of difficulty of the other examlnatlons are ‘not
comparable because they _may vary in- dlfFlculty. '

.‘

The percentages sufflcient marks of . the experlmental courses in 1977 and'

1979, _meet our standard of 70-73&: those of the control course in 1976 do
not. _ o 3
Because the entrance quallflcaﬁiﬁnn'of the students in the courses
differed té some extent, we used ANCOVA (analysis of covarlance) to




‘COntrol courses experimental courses

1975. . 1976 1977 1978 - 1979

mean 5.8 5.7 6.9 6.1 7.3

s.d. T 1.6 1.9 . 1.7 1.9 1.8
n 19 .43 32 52 51
$ s.m. 54 6L 85 - 69 79
n 22 a9 33 52 53

-

Tabel I
Mean .exam scores, standard deviations, numbers of students and

percentages SUffltlent marks.

"assess a treatment or course effect. The covariates in this analysis were
., the scores for the hlgh school examinations in mathematlcs, phy51cs and

4 chemlstry, which in The Netherlands are controlled by a central-
examination board. T\e .assumptions involved in analyszs of covariance:.
homogeneity of variance, normality of. distributidn and homogenelty of =
regression were met (Mettes and Pilot 1980).
The course effect is significant, but much more variance :is-
explained by the sum of the covariates. The variance explalned by
" course effect and covariates together 1s less than the error'
variance (Mettes et al.,1980a). - ' ‘

Scores on the problem solving process : ) A :

The” problem solving process. of the students. is- an importart criterion in
examining the learnzng outcomes. The exam consisted of 13 problems . All
mistakes students made were placed in categories that are’ summarized ‘in
table II. In thrs paper we only look at the scores of two courses (1976
and 1979). Half of the group of students in’ 1979 got the same
examination as the students in 1976 so we .consider identical sets of
problems. Details of ‘the scoring system, reliability etc. -were described
-in tHe final report. of the project. (Mettes and Pilot, 1980).
From this it ‘appeared that the percentage of students that did not
. even- solve a problem in part (i.e. did not write ‘down anythlng) dropped
from 18% in. 1976 to 5 % in the—experlmental course in 1979 ( chi: square =
29.7; s=:001 two. tailed). '
Because the problem solving process ‘contains several successive phases,
one can mark up to a certaln phase. As can be seen in table II scores are
glven up to: - : .
.« selection of, relatlons,
-« transformation to standard problem, and
« routine operatlons..‘ - :
We had. the lntention.also to mark the ‘analysis of the. problem but
could not do this because most .students wrote down in the examinatlon
4 too "small a; part of their actions in the . analy515. In tabel IT only ‘the
first mistake a student made in each of the 13 problems is included,
because mastakes tend ro cause further mistakes. s .

- .. - " . . .,)
:
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" fracti=— of processes

execuET without’
mstalce up to J.ndlcated
phase

_distribution of the

mistakés in each phuse

" in pércentages of

mistakes in that phase

‘c.mistake in amits

Phases of the problem control experimental control  experimental
solving process, course course - course _course
and categories of 1976 11979 A 1976 . 1979
-mistakes n.= 42 n = 26 = 42 .. n= 26
. . - it
1. analysis ... - - - t_:._,_%_ -
2. selection of relations -64 -78 ' .
' a.relation not valid 12 P19
b.relation formulated - Py
incorrect 22 i29
c.relation -derived in- . ' { '
_._correct from data 4 i1l
d.relat:.or is Tacking——————— o 63 .~ 40
: [
3. transformation to -49 -65 4
standard problem /
a.wrong specification T .67 iin 51
b.wrong substitution e 337 v 49
c.wrong alternative
process . ) c . 0
d.mistake in separat:.ng '
’ van.ables 0 0
d. routine operations .39 -59 . v .
'a.wrong calculation " - 94 $ 78,
b.wrong differentiation ’
or integration -3 3

Tabel II: Mistakes in exams of two courses in Themodjnamics '(contro'l

‘course, 1976 and experimental course, 1979). Only the first'mistake. -

a student n:ade in each of the 13 problems of the exam is. J.ncluded. ‘

In thz.s table the fraction s shomt -of pmblmsoﬂ:ﬁ:ng processw that
were executed-without any mistake im-one of the—thwree phases. In the
experimental course 59% of all problems are solved without any mstake at
all. We consider tiis a very gwd::mlt for the course on

Thermodynamics, because. students, -as we men:t:.oned before, found 11: one of )

‘the most difficult ctourses. in the first year.
To assess the effect of tbe mean scores aE—thee-sex;gnermental course up to
: each phase and tie final solution, agaa:r:ENcovx was used with the same

comn:i.ates as above..

“~

Imcompmson w:rﬂ::t:h@ renlts in the exam scores, the course effect -

expExins much mvaxian!:e- The amount of explained variance “.cema:Lns
Jess=than® the error variasce. (Mettes and Pilot, 1980). e

‘Tabite II also shw:tlesﬁstribut:.on of the mistakes in each phase, given
in percentages offthe tmtal number of. m.tstakes .in that particular phase.
‘The difference in category: 24 ("One’ or’ more relations lacking)-is ’

. significantly less (chimesquare=7.55:7 s=.02 twotailed). The other -
differences are ::ela.tdzﬂy small, which indicates that ‘all cz:egories of
mistakes have become Jess in about an even rate.’ In the ‘'Introductory '
course' about the same results were found (Mettes .and Pilot, 1980).

—_———
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4.4. Time spent oh the course dnd satisfaction

"The students voluntarily wrote down each day the time spent on the
course on computer cards. Only the mean tiase the students spent in
the first expermental course in 1977 exceeds_the nominal time. This
difference is "however far too smzll to.be of any significance. The
.mean time in the expermental and comtrol courses also does not

differ significantly.

. . A
Both students and teachers were satisfied with the lectures, classes
and mew imstructional materials (charts and worksheet). In the
 questionnaire after the course. 85% of the students answered that the
expenmen:tzl “treatment--should be introduced. by teachess of similar
courses.

4.5. Conclusion

__The examination scores of two e’xperfmental courses came up to the
absolute standard of 70 to 75% sufficient marks, in one course this norm
was almost-:net -

_ The- means of the exam scores of the experimental caurses were
sigm_.f:.ca:ﬂy ‘higher. than. those of the control courses. Scores on the .
problei?oﬂ:ﬁﬂg process showed also sinificantly- -better results. There is
no indication that students spent more time in the experimental oourses. v
Both teachers and students prefer with the experimental treatment. :
The reL;ults: of the—evaluation of the experimental caourse 'Introducticn in
Themodynamics‘ in the first trimester are the same-or even better. We
will not describe those, results here (see Mettes and=Pilot 1980). . '
Accc:ding +o the‘c‘r:l:tern—for—the_evaluat:.on we comciunde that the
expenmental trea:tment is superior +to the contrcl treatment.

\\ The ednca.t.tona.l research and’ development project, -described
_in this article, is executed under responsibility.of the
ent of Chemical Technology (CT) and the Centre for
: Educa:t::.ona.l Research and Development {CDO) of T.U.T.
We ‘gratefully acknowledge the ass:.s‘ance and co—operation .
+ of the persomns mentionad below.
“ Drelre W.\\tBart (CT) and Drs. J. Donders (Cbo) partlci-
‘pated as sup\e::ylsors in the project,” Prof Dr. C.F. van
" Paxreren and:Prof Drs. C.F. van der Klauw as advisors. The
teaching staff mem%:: Dr.Ir. W. 't Bart, Dr. H. Land and
Dr.. D.M.W. van den n contributed to ‘the. planning and exe-
"cut on of the course whereas Mrs. J. van Scheppingen B.T.W.
waszmainly helpful in the evaluation of the courses.
A grant from-the Dutch Min:.\stry of Educat:.on supported this

research. .
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