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. One aspect of tutoring skill for technical subleets is individualized, adaptive sequencing of the

problems gliven to students as learning exsrcises.

A Curriculum Infommation Network (CIN} deseribes

the relationships between the problems in a GAT curriculum and the concepts and skills that they

are intended to teach.

evolving ¥nowledge of those concepts. and skills.

It i3 a basis for selecting problems for each student with respect to his
This paper descrites the applicatlon of a

semantic network to represent the complex interreletichships emcng the skills in a CIH for the
BASIC Instructional Program, a CAT proble*a-sol**lng 1a boratory Tor intreductory prograwmming in the
BASIC language. The semantic network is used in drewing complex inferences about the student’s
. state of knowledge and the problems that are zrpropriate to present to bim. Such inferences enable

more skillful’ problem sequencing by the CAT sy stem.

1. Introduc tion

Since its- inception, a major goal of computer—
asslsted instruetion {CAT) has. been to individual-
“ize instruction by making the teaching system's
behavior contingent on a student's responses during
prior interacticns with the system. Some early
adaptive CAI systems applled features of mathe-
matical leerning and decision theories ito sequen-
cing drlll-and-practice curricule in elementary
" mathematies (Suppes & Morningstar, 1972} and.-in
initial reading (Groen & Atkinson, 1966). : These
systems generated proplems of different-types:
{e.g., addition problems with or without "cerries™)
according to an estimate of the student's mastery
" of each type based on his pr!.or history of correct
and incorrect answers, . As a result, more capable
students could progress rapldly to harder problem
types and remedistion and review could be deter-
mined with respect to individual @ifficulties
nanifested with specific problem types. .

More recently, features adapted from Artifi-
cial Tntelligence (AT) systems have been applied
to individualize CAIL along other dimenslons.
Research on question answering and natural language
_ has enabled systems such ds SCHOLAR (Collinms,
‘Warnock, & Passai‘i_ume, 1975) to conduct spentaneous
‘Instructional dielogues, giving students great
freedom of expression and providing exposurs to &
topic according to the student’s demonstrated
familiarity with it. Other systems, for example,
SOPHTE (Brown & Burton, 1975), have teen desigped
to monitor student preblem-sclving attempis and
react to errors or reguests for help with com-ents

"~ that reflect the context in which the student has
been working. Significant progress has bteen nade
in Al-bused CAT toward understonding the student’s
behavior with respect to reprosentstions of the
kxnowledge he acquires and uses, and not merely in
terms of his performance on particular guestions
and problems.

Qur research over the past few years has
attempted to apply some AL techniques to

individualized curriculum sequencing for complex
cientific and technical subjects.  Traditionaliy,
instruction in these types of subjects has depended
heavily on students solving large pumbers of prob-
lems, This method has proven to be effective for

.forcing the integration of concepts and problem-

solvirg skills descrited in lectures and readings.
(ur concern has .been to individualize the sequen-
cing of a curriculum of -complex problems. ln order

to improve the acquisition and integration of the

underlying concepts and skills of the subject. The
result of our initial efforts was the concept of
the Curriculum Information Network (CIN), a means
¥ deseribing the relationships among the problems
in a curriculum in temms of procedural skills
invclved in-solving them, and for modeling student
learning with respect to those same skills {Barr,
Beard, & Atkinson, 1976).. A CIN and a problem-

~ selection procedure were implemented in the BASIC

Instructional Program (BIP), a. CAI system that
teaches the BASIC programming language at an intro-
ductory level. The present paper deseribes our
recent research, in which we developed a semantic
network representation for structural and peda-

goglcal knowledge about BASIC and some inference

technigues for using this network to increase the
=cpbis tieation of CIN- based problen selection in
the BIP system.

2, Overview E the BIP system
2.1 resign

'EIP is designed to teach elementary program-
ming concepts and skills withcut lectures or a
gtendaod textbook.. All of the resources available
to students reside within the BIP system, illus- -
treted in Figure 1, except for a manual written
espreially for the course, Furthermore, after a
briel interactive introductory lesson, BIP presents
no fuither text lessons on program:ing; instead,
the student learns to program by solving prograi-
ming problems using a BASIC interpreter built into
the instructional system. For the purposes of our
mgearch, the value of BIP &s a stand-alone CAT '




resource 1n thst the effects of preblem sequencing
on student perfeiwmance am emphaslzed and can be
evaluated more directly than they could in a multi-
faceted systen involving lectures, readings, and
question-dnd-ansver seacions in addition toa -
problem-solving labovatory. :
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Figure 1. A schematic representation
of the BIP CAT system.

2.2 Qurriculum

The only parts of the EIP system that we need
to consider in this paper are those involved in its
curriculum-sequenclng process. The curriculum
consists of about 100 human-zuthored programing
probleéms, vwhich we refer to as tasks, While BIP's
task-selection procedures could work as well, or
better, if tasks were generated dynsmically, at
present there iz no way to generate complex tasks
that are ‘as realistic and motivating as those
written by a person. Furthemore, In a real in-
structional situation, it is the more usual case
that a teacher ztarts with a set of tasks he feels
arc approprlate and then considers-a task- =
sequencing strategy rather than vice-versa. The
followlng is a typical problem from’ the BIP cur-
riculum:

On the first day of Christmas, somecne's
true love gent him/her a partridgs in a pear
tree (one glft on the first day). On the
second day, the true love sent two turtle doves

"~ in addition to-another partridge (three gifts
on the seccnd day}. This continued through
the 12th day, when the true love sent 12
lerds, 11 ladies, 10 drummers, . . . a1} the

“-way to yet another partridge.

' ¥Write a program that computes and prints
the number of gifts sent on that twelfth day.
{This is nct the same as the total number of
gifts sent throughout all 12 days--just the
nunber sent on that single 12th day.).

2.3 The CIN: RBelating tasks and skills

The primery knowledge base in BIP is a Cur-
riculum Information Metwork. In the CIN of BIP-T,
_ the version descrited by Barr, et al. {1976), cach
~task in the curriculum 1s deseribed in terms of a
set of procedural skills necessary to complote it
successfully {i.e,, to write the RASIC program
-that is called for). About 90 okills ure used to
deseribe the entire BIP curriculum, with zcme fasks
involving as few as one or two ckills, and others
nore than ten. Each student's progiess througsh the
course ls modeled with regpeet to his lﬁ‘lrnlnr of
the total set of skills.  The skills defired in-
BIP-I in no wvay ccngtitute a sufficlent basis for

representing the complete process by which a student
understands @ problem, detemmines a solution algo-
rithm, end implements 1t as acceptable BASIC code.
The skills relate only to the coding process, many
corresponding to a single line of ecode., Tor
example, if & problem solution includes the lines

70 INPUT T
80 PRINI R % T

then its description in the CIN would include the
skills, "assign numeriec variable by -INPUT-" and
"print numeric expresslon [operation on variables]”.

Although the skills are,’ for the most part, |
defined in terms of syntactic constructs, BIP-L
task selectlon does not reflect the student's
knoiledge of syntex, but instead depends on his

" knowledge of the semantics and pragmatics for using

the 'ckill appropriately. All purely syntactic
errors are detected imrnediatelr by the BIP-I inter-
preter, which responds with explicit feedback
describing the error and illustrating syntactically
correct examples of the construct. These syntactic
errors do not affect the model of ‘the student main-
tained by BIP-I. This model is affected by logical
errors which allow the student's progranm to rmn,
but not to preduce correct results. Many of these
errors can be associated wlth semantiecally or
pragmatically inappropriate use of the syntactic
constructs deseribed by BIP-T skills.

In BIP-I, the skills are grouped into ahout a
dozen non-overlapping sets called techniques, such
as simple printing, assigrment, and conditional
branching. The techniques themselves are linearly
ordered according to jndgments about the relative
complexity of the skills they contain. The tech-
nique ordering is used in BIP-I as a constraint on
the order in which major concepts are introduced
and ds a seale for detexmining whether problems

“available for remediating particular skilis are

appmpriate to the student's overall progress.

2.4 Using a CIN for task selection
The general paradign for applying a CIN to
problem selectlon is:

1. TFrom the model of the student's learning

' 'of all the skills, assemble sets of skills
that correspond te relevant pedagogical
eonsiderations, such as "need further
work," "ready to be learned,” "already
1eamed," ete.

2. Using thece gets and other historical data
. {e.g., those tasks that this siudent has

2lteady completed), search the CIN for the
task that uses a set of skills most con-
gruent ‘to o get that best satisfies
overall pedagogical goals. Tor example,
given the cwizrall goal of reducing the
“total mmber of tasks stulents must com-
plete to rreach a level of competence, onec
wignt cheose to cearch for a tusk with the
west Mo further work" and "ready to be
learnad ;x\lllu end Lhe fovest "already
Slearnsd"™ ukills.




3. Present the task to the student and ana-
lyze his performance co 14 to updsle the
podel of hls learning of the skills.

Three main theoretical entitics bear cn this tagk-
selecticn poradigm. PFirst, thern is the represen-
taticn of knowledpe to be leowned, vhich Is ihw
C&kills In the CIL.  Becond, there is a thoory of
leaming, which naps - perfomdm,e on tasks onto
- .changes In the student?s knowledpe of the skills.
- Finally, there is a theory of instrueticn, which
for any state of knowledge detewdines tue next
task that is “best" for the student to work on.

3. CApplying a network: mpmbentation of: ;«:no‘rlcd:,e
- to task selectlon

Our initial use of a CIN in BIP-I for selece
_ting tasks has demonstrated the successful appiica-
tion of the CIF paradigm (Barr, et al., 1976).
However, the representation of programming
" knowledge and the model: of student learning used
‘in BIP-I are veTy rudimentary. Most obvicusly,
BIP-I's grouping of skills into techniqués is an
»oversinmplification of the actual interrelations
between skills. The technique groups do not pro-
~ vide a sufficient basis for anticipatihg a
:student’s performance in new contexts based on his
performance in related contexts--an important
aspect of a human tutor's skill in selecting tasks.
“for his stu@ent. Likewise,; the student model,
‘eonsisting of counters for each skill, dces not
differentizte varlous levels of skill mastery in-~
dicated by the amount of difficulty. a student
encounters in coupleting tasks. We therefore:
‘wndertook to design a new CIN-based task-selection
procedure for a EIP-IT system, incorporating. both
a more detailed representation for ithe knowledge
underlying the curriculum and more complex assump-

" tions for modeling student learnlng., The remainder

of this paper will focus on the new represenitatian
we have developed and how it is used in the BEP-IT
system.

In considering altemat].ve repvesentations
for the knowledge underlying a task, we recognized
that the most powerful approach wUuld be a pro-
cedural representution sufficient to synthesize -
task sclutions (see, for example, Brown, Burton,
Miller, deKleer, Purcell, Hausmann, & Bobrow,

- 1975, and Carr & Goldstein, 1977). However, the
state-~of-the-art in program synthesis and enalysis
techniques has not yet advanced to a point vhere a
nanageable system could be implemented for auto-
natically solving programming problems like those
in the BIP curriculum. -Thus, we decided to extend
the original concept of a set of skills by embed.
:ding the skills in a network representaticn

~.describing the structural and pedagogleally sig-
nificant relaticns between them. The nétwork
relationships allow inferences that potentially
add scphisticaticn to both the process of task
selection snd of interpreting student perfomance
to uplate the student model. For example,
unlearned skills that are deered to Le analogous
to other skills that are already learned can be
given lower priority for inclusicn in the rext
tosk to be presented. Or, if such skills ocecur

-in a task that a student quits, then they can te
‘taken as less likely sources of his difficulty
than unlearned skills that are analogous to other

grills that aore ﬂ]IT’:ndJ lmcxm to be troublegsone fPor
that stident. o

3. 1 :_r_h;g BABLCHET

Rather than baslng the network of knowledge
to be dearned dizectly cn the BIP currlculum, ye
bullt the skill relationships on a general repre. |
sentation for RASIC prograws. From a general
enalysis of the BASIC lenguage, guides to BASIC
programeing, and the gkills and technigues of!
EIP-Y, we developed a nelwork reprecentation for
BASIC programing censtruets (the BASIGUET), a
°J.mpllf1ei portion of which is shown in Fir‘ure 2.

CONTHGL STRUCTURE
UNCONDITIONAL e e CONDITIGNAL

N /\

rND GOTQ STOP . IF THEN - FOR'NEXT
b

ME".. BOOUEAN “THEN" - LINENUM  FOR-—e—-»—-NEXT

[ c Y-
NEXPR REL  NEXPR
K ® x

NLIF o yvaR — R SIMARITH

Figuve 2. A simplified porticn of the RASICUHET
desciibing control structures of the
. BASIC language.

Tre node names are self-explanatory; the links
{relaticnships) are. Kind, Ccmponent, Hardness, and
{mxtual . functional) Dependenc v. The section of
the BASICHET shown specities that there are two
kinds of control structures, and expresses a judg-
ment that the conditional kind is herder to. J_earn
than the unconditional. There are two kinds
conditicnal struetures, and FOR'NEXT is harder
than IF'THEN. The components of an IF'THEN state-
ment are the words "IF" and "THEN" with the Boolean
condition and the line number in the appropriate
places. For the purposes of this illustration,
the BOCIEAN consists of a numeric expression
(¥EXFR), = relational operator (REL), and another
NEXPR; aumong the three kinds of NEXPRs, numeric
literals (NLIT) are easiest, and numeric variables
(NVAR) and simple arithmetic expressions (SIMARITH)
are increasingly hanrd.

lote that the downward links in the figure
provide Information like that found in a ENF nota-
tion for BASIC, while the horizontal links provide
pedagogical infomation specifying relative difii-
culty, analogy, and dependsncy. The opinions
expressed by the herizontal links are necessarily
gerneral and do not always hold for all students in
ell stages of learning. For example, an arithmetic
expregsion is generally a harder construct than a
nureric variable becouse it often includes a
vartable Jtself, but observaticn indicates that




using o statement such as PRENT 644 tends to be &n
easier task for a beginner than wsing PRINT H.
This implies that, u1t1 mately, the pedugegical
relationships ‘wtmzﬂn echeephs nust sowetices be a
functicn ef the siudent's state of leawming at the
time the relaticnships are to be uscd. We have
chosen not to tackle this refinement in the
BASICKET underlying the DIP-IT systest.

3.2 ILlst notation for the BASTCNRT -

) A simplified version of the list notation ve
use to represent the portion of the BASICIET in
Figure 2 is:

( CONTROL*STRUCTURE K {UNCONDIWIONAL CONDITIONAL))
(UMCONDITIONAL ¥ (END GOTO STCP) H {CCHDITIONAL))
( CONDITIONAL K (IF'THEN FOR'NEXT))
(TF'THEN ¢ ("IF" EQCLEAN "IHEN" LINVENUM) H
(FOR'NEXT) )
{FOR'NEXT ¢ {FOR NEXT))
{FOR D {HEXT))
{ECUIEAN ¢ (NEXPR REL ¥EXPR))
- {MEXPR K (NLIT HVAR SIMARIFH))
(vLEr #2 {HVAR) A (SLIT))
“(NVAR M (SIMARITH) A (SVAR) S {5VAR))

The A links specify that numeric literals are
analogous to string llterals (SLIT), and that
numerie variables are analogous to siring vari-
ables (SVAR). The 5 link says that NVAR and SVAR
are gimilarly difficult. (The information about
SLIT and SVAR is found in another part of the -
BASTCNET.} The notation here is simply that used
to express property lists in LISP,

3.3 The BASICHET and BIP skills

After the BASICIET was defined, each skill in
EIP's CIN was represented in terms of a subnet.
- First, the strueture of each skill was described,
in list notation 1ike ghe following (where Skill
k2 is "conditional branch, comparing a mmeric
-]:Lteral with a numerie variable") : '

("Kohe (IF*TEN (BOOLEAN . (NEXPR . NLIT)
(NEXPR . NVAR)})

Skill 42 is represented as an instance of IF'THEN
(see Figure 2}, in which the ECOLEAN component is
further specified as consisting of the relation
between a numerlc 1literal (the first NEXBR com-
ponent of the, PFOOLEAN) and a numeric variable
{the second NEXPR). The FEL is left uninstan-
tiated, since Skill 42 does not specify the kind
of comparison to be made between the two. Thus,
any REL is appropriate.

Skill 43 is "conditional branch, comparving a
simple numerdic expression with a numeric varjable,"
. Tis structure is

(SKCh3 (SKOh2 (MEXPR . SIMARITH)))

. The notatien Is read "Skill 43 is ideuntical to

. 8kill 42 cxcept that the first instance of HEXPR
. should be SIMARITH," which is exaectly what the
English desceriplion of the sKill says. Skill k6
("eonditicnal bronch, couwparing two numecie

“variables") is represented as

(SokG . (SKob2 (NEXPR . HVAR)))

egaln reflecting the minimal differcnce between
the related skills,

3.4 Sl'.i 11 sctrs

Eased on the notation for skill structures,
skills were grouped together into ten major skill
sets representing printing, numeric assignment,
string assigmeent, IF-T?D?NS y FOR-REXTS, etec. Each
skill set was formed by starting with a head skill,
not described  in terms of any other skill--like
8kill L2 ghove--and all other skills {43, k6,
ete,) described in terms of 1t, or described in
terms of other members of the set. As might be
expected, there was a degree of congruence between
the ten sk:_ll sets and the ter‘hn.Lque groupings of
BIP—I.

3.5 The u‘{ILLSI{ET

Within each skill set, pairs of skilis-wvere
examined to find their minimal difference. - If the
nodes by which they differ are linked in the
BASICHET, that link was used to define a relation
between the skills. If the nodes by which two
gkills @iffer do not have a direct link, relalions
were sought at increasingly higher 1evels of the
B.BSICN"T

For instance, since the BASICNET shows NVAR
to be harder thaen NLIT, and STMARITH harder than
VAR, it follows thet Skill 46 is harder than b2,
and k3 is harder than 6. The relaticnships de-
termined in this manner between all palrs of

-5kills comprise the SKILLSYET, a knowledge repre-

sentation that can be directly expressed in a CIN
and uvsed for task selection. The SKILLSNET, like
the BASICHNET, can be expressed in LISP property
list notation.. (The underlining in the following
example emphasizes the rclatlonsh:l.ps be).ng dis~
cussed here.)- :

{sxck2 H (SKolbh sxoh6 sxoirr) A (SKOLT)
P (SK003 EKO36 £X039)) - -
(SKOL3 H (SKob7 SKO75 SKO06L) .
P (K036 SKobo £X003 8K005))
(sKo46 H (sKoh3 s¢ok8 skoks) A (sxolB)
B, (SEOG3 SK036 SK039))

The P links ghown here are Prerequisite links;
live the Hardress links, these are a matter of
pedagogical opinion. The P links, however, appear
cnly in the SKILISNET, not in the BASICNET, and
express judgments that are more specifie to the
EIP ccurse than those expressed in the BASLCNET.

A few of the skills (e.g., these involving the use.
of tuilt-in BASIC functions such ds INT and SQR)
did not fall into skill sets since they secemed not
to be describable in terms of any other skill.
These are rclated within the SXTLLSHET only by
means -of P links.

3.6 BIP-II task-selection procedure

The new task-selection procedure for the
BIP-T1 syotenm, designed to use the melailonships
betwesn skills expressed in the FHTILGIRT, is
igentieal to the technique-boced nmethod in its
overall design: & get of skills appropriate to the
student’s current ievel of understanding is gener-
eted, 2 sel of Ltasks using some of tiose sklills is




identifieéd, the Lest of those tasks (by ascowe erle
terta) is prosented, mnd the gtudent model is
updated based on the student's perfomanniee and
self-evaluntion on the task., The major difference
betiveen the tvo rethods is that by using an ex-
panded set of rmlations between =kills in the
SKILESHET, the nev proéccdure con moke more intel-
ligent infevences both in updating the student
_model and in gererating the set of skills to be
involved in the student's next task. '

The following is a sinplified descripticn of
the process by which a task is selected at any
polnt during instruetion, given the student's
state of knowledge of all the skills. The pro-
cedure irtegrates a number of a prioxi rezsonable
pedagoglical heuristics about how to vary the
relative difficulty of tasks to cptimize learning

" azs performance varies and about how to fteach & net-
work of kncmledge {e.g., breadth-first vs. depth-
first ewcpcsure)

"STEP 1: Create a set called HEED, cobsisting
of skills that will be sought in the next *
task. Look for "trouble” skills first (those
in tasks that the student quit), then for
"analogies to learned skills, then Tor inverse-
prerequisites of learned skills. As sogn as
g group of such gkills is found, stcp locking.

STEP 2: Renove from the NEED set those
s8kills that have unléerned prerequisites.
A3d those skills to the NOTREADY set (which
may be used later).

STEP 3: Given a NEED set, find the most
appropriate task that involves some of the
NEEDed skills,

(a.) Assenble GOODLIST, those tasks that
have the desired number of NEEDed
gkills. {{'his number increases if the
student is conslstently successful,
"decreases if he has trouble.)

(b) It no GOODLIST can be created, make a
nevw MEBED set ccnsisting of the pre-
requisites of the skills in HOTREADY.

. IP no new NEED set can be created,
then the curriculim has been exhausted;
otherwise, GOTO .3a.

(e¢) Find the "best" task: if the student
is doing well, find the task in :
GOODLEST that has the fewest learned
skills; if he is.progressing nore
slowly, fird the iask with the fewest
unseen skills. Remove the selected
task from GOODLIST.

STEP 4: See if the celected task is other-
wise approprlate.

(a) If none of the skills in.the selected
task have unleamed prerequisites,
stop Jookmg and prespm. the task.

{ ¥ND}

(b) If any skills have unsatisfied pre-
reguisites, reject the itask and add
those skills to the NOTREADY set.

(c) If GCODLIST is exhousted, change
(uswally reducc) the eriterial number
of NEED skllls, and GCF0 3a.  Other-

wlse, wslng the rest of GOODLIST GOTO 3e.

A5 an exanple of the inferepces made in the
generatlon of the LEED set, let us zzsume that |

Brills k2 and 61 (“FOR . db 0 Joops with literal

as Ffinal value of index"} arc under consilderation,
0kill 61 is represented as

{(KOBL U {HKC62) P (sxohe))

The Prerequisite relationship speuiﬁ'ed that h2

must be learned before a task involving 61 can te

presented.  The structure enforeed by the P links
relating pairs of skills gives the presentation of
tasks some degree of order, ard is designed to
prevent tco-rapid progress or drastic Jumps in
difficulty. The Hardness links, in contrast, are
used to factlitate progress for a student doing
well, hy allowing scme skills to be considered
"too easy" for inclusion in the MNEED sct. Such
skills are not inferred to be learned; they are
simply not scught actlvely Ly the selection

algorithm,

Az an-example using the skills deserited here,
suppose that a student has successfully completed
a task using Skill L3, although he has not yet
seen Skill h2. (The fact that 43 is harder than
42 dcos not force 42 o be presented first; only
P links force such order.) When the task-
selection procedure assembles the next set of NEED
skills, it will "infer" that 42 is now too easy to
becone part of that set, since something harder
than 42 has already been learned.’

Furthermore, since 42 is row considered too
easy to look for, Skill 61 can now be sought. If
the student successfully cempletes a task involy-
ing 6L, the student mcdel will be updated to show
that 61 has been learned, and by inference, that
its unseen prereguisite 42 has also teen learned.
These kinds of inferences (by which skills can
reach tooc-easy or learned states without the
student actually having seen them in a task) can
of course be contradicted by direct cbservation or
by other inferences if the student has difficulty.
For example, the unseen prerequisite of a given
sk111 may change its state from “"too easy” to "in
trouble” if the student quits {gives up on) a
tesk involving the given skill. The next task
selection would attempt to find a task using that

" prerequisite ekill in such a case.

3.7 BIP-IT performance

The BIP-II task-selection procedure has been
implemented with paremeters (e.g., mumbers of
skills sought and thresholds determining when an
unpresented skill is "too easy" to be included in
the HEED set} that can be changed readlly. The
system can therefore be used to explore the
effectiveness of screvhat different pedagogical
heuristies for task sequancing. Ve used this
capability in conjuncticn with a gimulation systenm
ve developed to create a version of BIP-II that we
expected would Le effective for a range of student
abilities. Fecently, we collected data From a
group of about 27 students who used this BIP-IT -

" system. At this tia2, the dota have not been

extencively enalyzed, but we can provide a general
summary and report our subjective cobservations.
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