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Kuc ;!~~:rcE-1L~ .~~D AD .?TLVE c~z~rtrcTII”! flQUFJICI?.G FOR CAl :
APPLIC

~
TTCI 0? A cT~:CFX k~ r~:sE~rr:~Tr ow

Keith T. Wescaurt, Mar1~ a ~~~rd , and Laura Gould’

Inst i tute  for ~.‘atheaattcal Studlec in the Social Sciences
• Stanford tJnive rsity

Stanford , California

One aspect of tutoring skill for technical subject s is 1t~dividuali zed , adap tive seque n cing of the
probions give n to students as learning exerciscs. A Curriculum info rmation fletwo rk (CiN) describes
the relatlonehipa between the problems in a CAl curriculum and the concepts and skills that they

• are Intended to teach. It is a basis for selecting problems for each student with respect to his
• evolving knowledge of those concepts and skills. This paper descrites the application of a

semantic network to represent the c~ splex Interrelationships amcng the skills in a Clii for the
• B~3rc Instructional Program, a CAl problen.sol’rtng isboratory for introductory prog rairrxing In the

B/SIC language. The ser~antic network is used in drevi n~ cOmp lex Infe rences abou t the student’s
state of kno~tledge and the problems that are approp riate to present to him . Such inferences enable
mole skillful problem cequencing by the C.AI system.

1. Introduction individualized curriculum sequencing for complex
scientific and technical subjects. Traditionally,

Since Its inception, a major goal of ccxaputer— instruction in these types of subjects has depended
assisted instruction ( CAt ) has been to individual- heavily on students solving large numbers of prob-
ize instruction by making the teaching syste s’s lems . This method has proven to be effective for
behavior contin~ ’.tt on a student ’s responses during forcing the integration of concepts and problem—

• prior interactions with the system. Some early sol~icg skills described in lectures end readings.
adaptive CAl aye tens applied features of mathe- Our concern has been to individualize the sequen-
matical learning and decision theories to sequen— cing of a curriculum of ccnp].ex problems In order
cing drill—and-practice curricula in elementary to inp rove the acquisition and integration of the
mathematics ( Suppes &. Morningetar , 1972) and in underlying concepts and skills of the subject. The
initial reading (Groe n & Atkinson , 1966). These result of our initial effcrts was the concept of
systems generated proklems of different types ’ the Curriculum Information Network (CIN ) ,  a means
( e.g., addition problems with or without “carries”) of describing the relationships anong the problems
according to an estimate of the student’s mastery in a curriculum in terms of proceduro l skills
of each type baced on his prior history of correct involved in solving them, and for modeling s tudent
and incorrect answers . As a result, more capable learning with respect to those sane skills (Barr ,
students could progress rapidly to harder problem bard , & Atkinson, 1976). A CIN and a problem-
types and rerrediation and review could be deter.. selection procedure we re implemented in the BASIC
mined with respect to Individual difficulties Instructional Program (alp), a CAt system that
nanifested with specific problem types. teaches the BASIC programming language at an intro-

ductory level. The present paper describes our
?1ore recently, features adapted from A.rtifi- recent research, in which ~.e developed a semantic

cial Intelligence ( Al ) systems have been applied network representation for structural and peda-
to individualize CM along othe r dimensions. gogical knowledge about BASIC and some inference
Feseari.th on question answering and natural language techniques for using th is network to increase the
has enabled systems such ~1s SCHOLAR (Collins , sophistication of CIN-based problen selection in
Wa rnock , & Passafiume , 1975) to conduct cpontane ous the DIP system.
Inst ructional dialogues , giving students great
freedom of expression and providing exposure to a 2. Ove rview of the FtP system
topic according to the student ’s demonstrated
familiarity with it. Other syatems , for exc~pie , 2.1 Iesign
SOPHIE ( Brown & Burton , 1975), have been designed
to monitor etudent problem-solving attempts and DIP Is designed to teach elementary progr~c~-
react to errors or requests for help with  cc~~.ents sing concepts and skills without lectures or a
that  re f lect  t !&e context In which the student h~ a ttanri a rd textbook . All of the r~c v •L rces a,~ ila1,le
been working.  Significant prug ross has teen r;sdo to students reside wi th in  the 1311’ syatem , ilium-
in M—b s:ed CAl toward und.x r st anh ing  the s tudent’ s trotod in Figute 1, ext cpt foi a m~a.urtl ~:ritton
teha vi~ r wi th  respect to repre. ;entations of the eapcciil ly for the COU rSe. Frrrth r’.cre , a~ t~ r 1

k n cwl edgc h~ ac~~ 1rc c and uses , and iio~ neroly in brIef In te ractive Introductory lc.~son , lilt ’ p~esen t s
te~~~ of his perfonia,ico on p ’irticular q~a’~.ttor.s no fU rther text 1cs.~( rr ; on pre~ r~s ’~~t n r ~; irstcad ,
end problcms . tii~ wtud~nt leaxr~ to pi’ngrax.x by solving pro~ x v ~-

• !n~v~ prebler.s using a B~~IC Intezpruter built IlItn
Our r,’~~e~irCh over the p~ist few years has tho tnsLructi r:ti syuI .”l . 1”or tie po~~po.~es of our

ottempted to apply cese Al t ‘e- tqu~c to r:ce~ :’rh, tic v ’ t ] uC of’ I?fl’ as a 5t~~n d - J I l  !0 CAl

1
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i~ cource to th’~t the eff’ectn of problem se’fltrncing represent ing the complete procens by which a student
en student pet-fenna000 are cnphasizecl un-I cr- n be und~~n t a nj ~ problem, det .~i”Inos a ~o1ution al go
evaluated core directly than they could in ii nulti— ritbxi, and iispleuerrtz it ins acceptable B/SIC code :
faceted cystert Involving lecture s, lutUitigs , mini The cki lln xmlsto onl y to t ie  codin.~ process many
question—and-answer scssiens in addition to a correspond i ng to a single lIme of’ code . For

• problem-solving lnboratoxy . exttr-iple , if a problem solution Includes the lines

tlQS ~t’~~ tfl

~~~~~~~~~~~ ~ 

Ct~ 5CWJM — I 
~~~~~~~~~~ 70 It-PUT T

I ~ ~~~,,,, 8o PftINT R *

~~~~ StM.~S. — 
___J_ PtOtIt~ S I,itt~

Sty

,, I ~ 
then its description in the CIN would include the

~~~~~~~~~~~~~~~~ ~‘ ‘“ ‘ ~1 1__J skills, “assign numeric variable by -INPUT- ” end
sell ~~~~~~ ._f

~ 
7~~

”
~ 
— 

o.ua’~ “print numeric expression (ope ration on variables ~~‘.

~~~~~~~~~~~~~~~ 
Although the skills are , for the most part , •

_________ __________ — defined in te zun of syntactic constructs , BIP-I
task selection does not reflect the ctudent’s

Figure 1. A schematic representation knowledge of syntax, but ins tead depends on his
of the DIP CAl system, knowledge of the semantics and prag~atics for using

the skill appropriately. All purely syntactic
2.2 Curriculum errors ax’s detected immediately- by the DIP-I inter-

preter, which responds with explicit feedback
The only ps.s-ts of the BIP system that v-c need describing the error and illustrating syntactically

to consider in this paper are those Involved in its correct examples of the construct. These syntactic
curriculum-sequencing proces~ . The curriculum errors do not affect the model of the student main-
consists of about 100 human-authored prograssising tam ed by DIP-I. This model is affected by logical
problems, which we refer to as tasks. While RIP’ s errot’s which allow the student’s program to run ,
task-selection procedures cou1d~~~W as well, or but not to produce correct results. Many of these
better, if tasks were generated dynamically, at errol’s con be associated with semantically or
present there 13 no way to generate complex .iks pragmatically inappropriate use of the syntactic
that are as realistic and motivating as those cons tructs described by BIP-I skills.
written by a person. FU rthermore , in a real in-
structional situation, It is the more usual ~~~~ 

In FtP-I , the skills are grouperl Into about a
that a teacher 5tart s with a set of tasks he feels dozen non—overlapping sets called techniques , such
arc appropriate and then considers a task- en am ple printing, aesigsnment, anti tontittional
sequencing strategy rather then vice-versa. The branching. The techniques thamselves are linearly
following is a typical problem from the RIP cur- ordered according to jt idgments about the relative
riculum: complexity of the skills they contain. The tech-

• nique ordering is used in BIP—I as a constraint cn
On the first day of Christmas, someone ’s the order irs which major concepts are Introduced

true love font  hiss/her a partridge in a pear anti as a scale for deteinsining whether problems
tree ( one gift  on the fi rst day). On the available for remediating particular skills are
second day , the true love sent two turtle doves appropriate to the student ’s overall progress.
in addition to another partridge (three gifts
on the second day). This continued through 2.l~ 3!~!!a~ ~ ~ !! !2! selection

the 12th day , when the true love sent 12
lords, 11 ladies , 10 drumrs’ers , . . . all the The general paradigm for applying a CIN to
way to yet another partridge , problem selection is:

Write a program that computes and prints
the numbe r of gifts sent on that twelfth day. 1. Fxv ws the model of the student ’s learning
(This is nct tha seine as ibm total nuzulser of of all tb ’ skills, assemble sets of skills
gifts cent throughout all 12 days-—j uct ~~~ 

tha t correspond to relevant pedagogical
number sent on thai single 12th day.) consIde ratIons , such as “need fu rthe r

work ,” “ reedy to be learned,” “already
2.3 The CIN : Relating tasks and nkiUs learned ,” etc.

The prirtarj ~znowlodge base in RIP 1s a Our- P. U~tng theco sets and other historical data
riculum Info matien Network. In the CIII of LIP—I , (e .g . , thc ’e tatkc t h it  this c iudent has
the version described by Barr , a t al. (19(6), each ~~‘i’rr-ii’ co plet -”I) , -u-a rch the CIN for thp
task in the curriculum is descrIbe d in tersox of a task that ‘L,e.; a r et  of skills most con—

• set 01’ procedur~I1 si illz; necessary to ccr~pioIu ~~ 
Cx~1cnt to a net that tc~ t satlafics

successfully (i .e . ,  to wri te the P/SIC progra,-x overall r • I ~~o,~ iea1 guols. 1” u r  ‘- x’tr iple ,
that is called for) . About 90 r; xc Ul 1~ ore iI ,~uj  to n tven t i ’  • eral .t L;o ti  or r i lIcIn tI the
rl”scrlbx the en ti re 1311 ’ curri 01! him, wi th OCOtti tasks t.ai,:r) r u .  ‘~ i’ uf tuck s  st u lur l ts suet  cc’m —
involving as few as one or L u ,  ch i l L , ansi oL ’ e r ;  P 1 ’”  t” x’ ‘u h  n Je-ir l of c~ v - t une r , one
fore than ten. 1-ach s t ’r l , i x t ’c ps~~~n ’:c  thur  ‘ ; h I t o i i •~~h~ ‘ h r  1’ :. ‘r rchr fez ’ :~ t rek sill  h the

-• cou rce is I~GYr1ed uith  r_u p~ .:L 1r hic  •le’s r i l r ,1 of ~ I “ “l nP ’. , s , , ’, ‘1- ” u I  •‘ tr ~~-a o. to be
the total set  t i f  s k i l l s.  ‘ftc ~k i ) l u  d ” ( i r t ’ l In - h t rr.-l ’ - i l l .  ‘ : d  u l i d

DIP—I in no way •u r st l t u t e  a so Tieiea I t’u is; f o r  J r - i  t~i ’s , I  h i l l s .

-- - ••~ -•~• - -- - .• ---~ - • - -—•-• • - - — - -• ‘ • -—-
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3. Po :~~~~t C l i  L :k. III I f  ,, : l~t~ t s f l I  i -i n ~~~~~~ : h  I I )~ t h i  t :.z~ - ii I u - s 4_y ~ z: iii; to  to t~~,sbJ.~~- 4~ f,- r
J~~~’ lila f r r i ’ n anne u It to p 1 l  thu l l : - t ~, tu i n t .

f~~~i l - c z t n j i ,~ of I f :  - i  u~ I Ic.
3.1 9k ’  li!~ I CI,.:-f’

Tii reu ’ uaj n t ’ ,uore t ,I n:i) e n t [ L t ~~s hear cn t h tc  ts~k— •

ccieui!sn p:~z’::di~sz. Fi ru t, lic e’: J~ th e ~~r~~’:’en— bathe r th:~n b i ” t n t ~ the i.e t~,os’k of kfl’ .l’: ige
t a t t r r z  i n c - s i l o  i~ e to b~ •k r ’cm I , which T i T ~r to tt f ’:an:cd ‘II  i r et l j  on thc 13(1’ e~~~’t~~h~~ we
skills in L u  CTh .  i~eco~,d , ~~~~~ j~~ S t3 , -~~~--j of ’ bo t I~ the ; c k I U  ‘~ l- ’tionships cii a gene ra l ;~‘pzt~~
lecn rnIn,~, which nips purfon.inue on tnr~~~

’anto c~nt~tjcn for Ii~~TC 1,iOt~ L W d ~ ~rizi a
i~;es i i i  the 5tudent ’~ knculrc1~e of the ;ktilr. ar i ) y ; ts of’ the ~~~~ ierguu~e, L? 11(lCs to Lz~sIC

Finally , the re is a theory of i r i s t ruet i i l, , which pt o~ x-a ’ rxi n ~ , and the u k t I 1~ and tech niques of’
for any state of’ }znowIed~e detcnai f l o~ the next LIP-I , we d~ velopcd a netwoih repre::eritutic.n for
task that is “best” for the student to work on. ~c’ZIC p~~gsnia~tng cun~ tructs ( the PJiSICIHT) , a

simplifie l portioO of which is choun in Figure 2.
3. ,&pply in’~ a rietisork representation of ~rno’ilcdc~a

to task selection — CONTROL STPUCTURE

Our initial use of a CIII in BIP—I for selec— ~~~~~~~~~~~~ 
“

~
“.‘&,.,,.,,,,tlng tasks has des~enrtruted the suecescAil applica— ________________

tiers f th -1 “ - ‘ 
UNCO~Of TlO~AL CONDITIONAL

However , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ / \ —
__-_

_- 

~~~~~~~~~~knowledge and the model of student learning used / ,..‘~~~~in RIP—I are very rudimentary , !lo3t obviously, SNO GOTO STOP IF~TI- rEN “ 
~~
- FORNEXT

t BIP-I’o grouping of skills Into techniques is an ,, .
~~/ \

_“-.. / \
F oversimpli ficatlon of the actual Interrelations ~~-‘

“ ‘~/
‘ \~ ~

.‘.—& V \c
between skills. The technique groups do not pro- -

,
~ / \ “. / \

vide a sufficient basis for anticipating a “IF ’ BOOLEAN TI’I~N” L~ ENUM FOR~.l~!~.~NEXT
student’s pertornance In new contexts based on his / •

performance In related contexts--an Important C

aspect of a human tutor ’s skill in selecting tasks -i’
for his student. Likewise, the student model, NEXPR REt .
consisting of counters for each ski ll, does not

• differentiate various levels of skill mastery In-
dicated by the amount of difficulty a student NL,T—~-,..-NvAR ——~-.-—sIMA RITH
encounters in completing tasks. We therefore
unde rtook to design a new CIN-based task-selection
procedure for a FtP-Il system, incorporating both Figure 2. A sIi~plified portion of the 3~iZICNET
a more detailed representation for the knowledge describing control structures of the
underlying the curriculum and more complex assump— P.A3IC lan a e
tions for modeling student learning. The remainder
of this pape r will focus on the new representation
we have developed ond ~iow it Is used in the RIP-Il The node nausea axe self-explanatory; the links
system. (relationships) axe Kind, Cc”.ponent, Hardness , anti

- 
(mutual functional) Ee rcendency. The section of

In considering alternative representations the B~SICNET shown specifies that there are two
for the knouledge underlying a task, we recognized kinds of control structures , nod expresses a jude—
that the most poverftil approach would be a pro— aent that the conditional kind is harder to learn
cedural representittion sufficient to synthesize - than the unconditional. There are two kinds of
task solutions ( see , for example , Brown, ~ xrton, conditional structure s, and FOR’NE CP is harder
Miller, dcKleer, Purcell, Haucinann , & Bobrow, than IF ”THEN . The cccipoz;ents of an IF’T1~~fl state-
1975, and Car r & Goldstein , 1977). However, the mont are the words “IF” and “THEN ” with the Boolcan
state—of-the-art in program synthesis and anal,ysis condition and the line numbe r in the appropriate
techniques has not yet advanced to a point where a places. For the purposes of this Illustration,
uanageable syeten’pould be implemented for auto- the IJ)OLEAM consists of’ a numeric expression
riaticelly solving programming problers like those ( NEXPR), a relational operator (REL) , rind anothe r
in the RIP curriculuns Thus, we decided to extend IIHIPR; sarong the three kinds of NNXPRs, numeric
the original concept of a set of skills by embed- literals (ILI T)  axe easiest, rind nw’iertc vOri tbies
ding the skills In a network representation (NV.’iB) and simple ar i t hme t i c  e~cp reaaions (h ]~ IAl l t’iI1 )
describing the structural and peda,ogtcally sig- axe increasingly hard.
nificant relations bctueen them. The n,itwork
relationships allow inferences tha t potentially Note that the downward links in the figure
a I:l sophidticxtiOn to both the process of task provide infonsalion like that found in a l I F  n i - t a —
selection and of interpreting s tudcizt perforicance thin fo r- B~SIC , while he hori,ertzi link s pvd ~ t t a
to up~ate the student model. For’ exa.’nple, pedagogical In!~usint3c-n cpectl~~ np, re]atl’.c etfii -
unlearned ~k,tl1s that are deem ed to be ann ~ous oulty, a~~rlo~ ’, and c1eperw~’— ncy. ‘T h e  opinlo:zs
to other skills that are alrurrly iso rried can be cxprooued by thu hortzor it rcl  link ; :115 necr:: c srily
gIven lower priorIty for jncJ’is ion in tine rext gor e i-u], an,j d o  not l:anya l u !! for al l  s tude nt s ;  is
task to be presented. Or, I f  such i-kIlls occur all stares of’ iu : ir f l lng .  F- c r~- i’ p le , an en t h r a l l -
In a teak that a student quits , then they can hi e x p I c d ; i o i i  is g e r i e r — I ly  a h a r m s’ c o - t r u c t  rh ta ~ a
taken as less likely cource : of his difficulty icu~u z ’t~ variable b -c ~•~~e i t i i t 0 1 1  l t , * : iud .- sr  a
than unlearned skills that  are analogous to ethe r variclic i t  oil’, but obri~ t’v~ ’tc ~ iiidiuatc~r that - •



uein~ a statemen t such an PRLhi E~+ 14 tenis to be en again reflectin~ the r.Inirn~rl difference between
easier task for a bc~Iiiror th in u :;lrrg Phi TTfl’ TI the zwl ;tted cki] la .
Thi s implied that, ultiramrtely, the pclugcgt erml
relationshipe etwoen ccnce~ ta rzss t ci f l Ct i r ’ 03  be a 3.14 Skill se t ;
fur ,ction of the stu’lenc ’ri state of learntrr~ sit the — 

-
—

tirro the relationships are to be uucd . We have Lased on the nctation for skill structure s,
chosen not to tac~j ,e this refinement in the skills were ,n- upr’d to1~e ther ’ into ten major skill
B~2ICUET unde rlying the RIP—Il system. uct~ repzesent 1r,~ printing, nueeri c assignment ,

string essignrr.ent , 1T-T}O~~S, FO~l-I~~XTS, etc. Nach
3.2 List notatIon for the B~ZIC~J~g’ skill set was fo rsriej  by start ing with a hc~sd skill,

not d’;scri bi’d in te rms of any other skill-—like
A simplified version of the list notation we Skill h2 above-—and all other akills (1i3, 146,

use to represent the portion of the BASICNET In etc.) descrited in terms of It , or described in
Figure 2 is: terms of othe r membe rs of the set. P.m might be

expected , there was a degree of congruence between
( c NTRoL~iirRuc~n.rnE K (uNCoNDt’~Io?Tft1. ~~~(DrTI ONflL) ) the ten skill sets and the technique groupings of
(UNCONDITI0RAL K (END GOTO STOP) H ( c0SDITIONAL) ) sIP-I.
( CONDITIONAL K (rF’T1~~N FOR’rIEx ’r))
(IF’THEN C (“iF” LOOLEAN “TEEN ” LJNENUM) H 3.5 The OKILLSIIET

(F0H ’NEx ’r)) —

(FOR ’t.E)Cr C (FOil NEXT) ) Within each skill set, pairs of skills-were
(FOU D ( NEXT)) examined to find their clininal diffe rence. If the
(J OLFAN C ( NEXPR EEL NEXPE)) nodes by which they differ are linked in the
( IIEXPR K (NUT i1VAR SIMARITh)) - BASICtIET, that link was used to define a relation
( NLI’r H (rivAn) A (SLIT)) between the skills. If the nodes by which two
( NVAR II (SIMATUTH) A ( SvAR) s (svAn)) skills differ do not have a direct link, relations

were sought at Increasingly higher levels of the
The A links specify that numeric literals are ItASICNET.
analogous to string literals ( SLIT) , and that
numeric variables are analogous to string van - For instance, since tire BASICi ET shows N VAn
ables (SWAB) . The S link says that NVAH and SVAB to be harder than rsLrr , and SII4ABITH harder than
are similarly difficult. (The information about ?~VAR , it follows that Skill 46 is ha rder than 142,
SLIT arid SVAE in found in another part àf the and 143 is harde r than 146. The relationships de—
BASICUET. ) Tb ; notation here is simply that used termined in this ma~nne r betrzeen all pairs of
to express property lists in LISP. skills comprise the SKILLSIIET , a knowledge repre-

sentation that can be directly expressed In a CIII
3.3 The BI~-CICNET rind 1TIP skills and used for task selection. The CKILT.SNET, like

the ]3~SICIIET, ca ms be expressed in LISP property
After the B.~13lCN~T was defined , each skill in list notation. (The underlining In the following

RIP’s CIN was represented in terms of a subnet. example emphasizes the relationships being dis—
First, the structure of each skill was described , cussed here.)
in list notation like the following ( whe re Skill
142 is “conditional branch , comparing a numeri c (5icc142 It (SKO14]~ S~oh6 51(047) A (sK047 )
literal with a nusierie variable”):  P (sKoo3 ~~~~ FK039))

( sKo143 H (~~ o47 5K1Y15 ~~o6l)
(S1(01t 2 (IF “lHH14 (I300LEAN . ( NEXPR . NUT) P ( ia(036 5K040 iX003 51(005))

- —  (N EX PR . NVA E ))) (51(0146 H ( irj Olr3 SK0148 SK 01t5) A (sK0148)
‘P ( sIcot~3 51(036 51(039))

Skill 142 Is represented as an instance of IF’THEN
(see Figure 2), irs which the FJOCLEAN ccmporsent is The P links ~hcsm here are Pre requisite links;
fu rther specified as consisting of the relation like the Hardness links, these are a matter  of
bets-seen a nume ric literal (the first TIEXPI! corn— pedagogical opinion. The P links, however , appear
ponent of the. FOOIEAN ) and a numeri c variable only in the 51< EIJShI T, not In the B- .SlC~iET , and
(the second NEXPR). The EEL is le ft  uninstan - expre ss judgments that are nore specific to the
tinted, since Skill 1i2 does not epecify the kind RIP ecurce than th ose expre ssred in the ~;sicui~r.
of ecr m parison to be made between the two. Thus, A few of the skills (e.g., those involving the use
any EEL is appropriate , of b ui l t - i n  B!’31C functions such m~s lilT end SQR)

did not fell into skill sets aince they ceetied not
Skill 43 Is “conditional branch , cc-.’ipar-Irig a to be describable in terms of any othe r ski 11.

simp le nunleA-ic expression with a nicce ric ‘isciable. ” These ar e related withi n thm SKILLSITET only by
Its structure is reans 01 P links .

(5K01e3 ( sKo142 (IEXPR . SiWsI~TTh)) )  3.6 &p— n: t r ’ -r~ 1ecti as j iucedure

The notation is reni  “Skill 1i3 is i - l r rnl ic -’tl to The now t n c k — : ;m - i o e t i - ’ ;  ps uCl ’ l i IOY for the
Skill 142 exccph_ t h s t  the f i rst  in stance of i~•:XPIi i t b — .f :~~n b - .n , i- iir ’re . !  to us c- th rr  o l a tt cnc hi [ps
zhou ld be 5lI4PJ~I T f ,” wh ic h  is ex ;ct] y whir l t i e I sls, o n sic i i  i n  i x , rue d  i s  t h  . 1 1 1  ~~~~~~~~ In
E r r ~] iuh  deue r ipttci ;  of the k i l l  rn ’s . T ” i ] l  1i6 j ,f r~~; t~~~( l  tei I m -  t e e h n i q ’ l ’ b  . 1 m n  h r d  in  i ts

“coi;’l i iI, sal bi r c h , C.n!Ipli ’I flj ;  trio 1 r r s n , t~ O ; i s r  - I 1 - i~~~;: 1 - ct  ci’ ~r, tJ  i c.~ c p r i n t ’  t i  t h e
va ria bles ”)  I s  reprt-rs_’ntcd crc r.t~ i’ - ‘.~ n i  t r i  s l~ i i  f u; ’ i’,, tom I i s ;  “nor—

r I  I , n i t  ‘5 ’ I -n - kr  ~~ 5 — -r of s r 11 I n  I ;
(s; o’G ($Kc42 (t*:xplt . !I V! N ) ) )

_  
I



t ’~pi,tlt ’Lc- , , i h i i  1 , s s t  or t hi : ti L r . ; k r ~ (b y u~ n cr 1— l i ln i - , m t s i t i ~< tL . re. . ’ of C~~ 0IiI~TI ;F  (i f/J O 3c.
- -i- L i ) in i i  n r m - i , m l t i - ’  u n .  - u I , r’.~drl is -

up ) ~ ~~l L i - o h u’s I_he :r tut1~~ l’ s; pe i-L ’ur ~~r n  n i  unit ~:; no e~~s p h. of’ t c in In 1 3cc-S nude in  t ho
si- i  f—e v cr ln—r t l o cr  e’t thic - l ack.  ‘: s sJot ~ di s’ta ~cnce ~O -  i-n I. t an c-f ‘Jie l~~n 1< !) r~~i , 1.-I. u ;  sac -ice that
1: t,:ccn 11 5 too r et lsods Is tb - F. by u ;nin ~ sri Ox— t ;k I i l s  li2 Ca ’) (‘i ( “ j U R  . ~~-~~ I’ l . . p u  i th r  l t P , i’nal
par led ci s t  of z , ’lnit i oi s~ be tu ori m I r t h ;; in the es f in a l  value of t o l ex ”) ~rc c-i r l e ~’ c’ois tdor r tt inn .
SKrIJiJIEi’, the re;, prcccdurt , - n o  in n rkc - ;c,ilu In t e l— ~h ! 1.1 61 Is l ep r e n  ‘noted as
ligent ir i fe- renecs both in U~~i i l h l ’ L 7  the strident
ucdel and in gcr.erat in~ the set of skills to be (51(061 II (r~-:c (2) p (51(0112))
invol’,e d in the s tudent ’ s fleXt task.

The Prerequ isite relationship specified that  142
The fo Uowing is a simp l i f ied  descrip tion of moat be learned tefore a task ~nvo lvL ng 61 c-an be

the process by which a task is ~clec ted at tiny pcs~3crited. Thu s tructure e’s”orccd by the P links
point du ring instruction, give n the student ’s relatin 1~ pai xc, of skills gives thi s presentation of
sta te of’ knowledge of all the shills . ‘Iha p ro— tasks some degre e of order , icrd Is de signed to
cedu re ir te1trates a number of a priori reasonable prevent tco-rapicl progrcmss or t irnat ic  Jump s in
pedagogical heuristics about )~~j  to vary the difficulty. ¶1he Hard ness l ink e , in contras t , are
relative di f f icul ty  of tasks to optimize learning used to faci l i tat e progrecs for a student doing
as perrormance varies and about how to teach a net— veil , by allc-~ing sc-se skills to be considered
work of knowled ge (e. g., breadth-first vs. depth— “too easy ” for inclusion in the flFED rot.  Such
fi rst expcsure). skills are riot inferre d to be learned; they are

Simply riot sought actively by the selection
STEP 1: Create a set cafled NEED, consisting algorithm.
of skills that wi ll be sought in the next - 

-

task. Look for “trouble ” skills f irst  (those As an exar~ple using the skills described he re ,
In tasks that the student quit), then for suppose that a student has successfully co’npleted
analogies to learned skills, then ton inverse- a task using Skill 1c3, although he has not ye t
prerequisites of learned skills. P.s coc~n as seen Skill 42. ( The fact that 43 is harder than
a group of such skills Is found, stop looking. 42 dces not force 42 to be presented first; only

P links force such order.) When the task—
STEP 2: Thiuove frcm the NEED set those selection procedu re assemble s the next set of NEFD
skills that have unlearned prerequisites, skills, It will “infe r” that 42 is r .cw too easy to
Add those skills to the NC’rREPLDY set (which become part of that set , since soscething harder
nay be used later) , than 42 has already been lea rned.

STEP 3: Giv en a NEED set , find the most Fu rthermore , since 142 is now considered too
appropriate tirak that Involves some of the easy to look for, Skill 61 can now be sought. If
NEEDed skills . the student successfully snempletes a task involv-

ing 61, the student rrcdel ~‘i 1l be upda ted to show(a) As9ciable 000DLIST, those tasks that that 61 has been learned , and by Infe rence, thathave the desired numbe r of NEaDed Its un seen prer equIsite 142 lisa rico been learned.skills. (~[his nuisiher increases if the These ki nds of infe rences (by which skills canstudent is consi3tently successful , i-each too—easy or learned states without thedecresees if he has trouble.) student actually hev-in~ seen them in a task) can
(b)  It ’ no GOODLIST can be created, make a of cou rse be contradicted by di rect observation or

new flEED set consisting of the pre— by othe r inferences if the ‘c tud~ n t  has d i f f i cu l ty.
— requisites of the skills in N0’r-EEADY. For example , the unseen prerequisite of a give n

It no new NEE D set cars be created , skill may change its state from “ too easy ” to “In
then the currtculwsi baa been exhausted; t rouble” If the student quits (~ Ives up on) a
otherwise, 00120 3a. tusk involving the given skill. The next task

selection would attempt to find a tack using that
(c) Find the “best” task: if the student pre requisite skill in such a ease.

is doing well, find the task in
000DLIST that has the fewest learned 3.7 BIP-II perfornance
skills; if he Is progressing trore
slowly, find the task with the fewest The BIP-I t task-selecticn procedure has been
uns een ski lls. Remove the selected implemented with pni rarsetera ( e . g . ,  numbe rs of
task from GCODLIST. skills sought An d thresholds dete s-ni n ing whe n on

unpr esented skill is “ too easy ” t o  be i neluded in
STEP 14: See if the celected task is other- the tIL ED set) that coil be changed readil y. The
wise opp roprLate . system s can the refore be used to ex p lnm - e  the

(a) If none of the skills in the selected effectiveness of screruhit dif~i - r e n t  ru.1~~ O~ ici1
~~~~ have unlearned pro requluites , hc-r ; r iat ics for task sc- ;o~ r,sn tn .~. ~.c i n n - i  t r ~t s
sli p ir oking nr,4 p rt ’aent the task. c p h t l it y in c ’snl ,~’iin c t ’ n  -‘I  l b  ‘i u t s _ s i n s t i o n  s l a t -n

~.e dc-i c’iopcd to c reate a v oic ion  of i n t l — I T  t in t s~c
ex pected would to C- f’ i’tcc i i  ‘, f o e  ii :. ‘- O  c- i r lu d u - i n t

(b ) If nay skills h’s-ic w , inns t i a t l n ij p rys _ 
all I t  LIeS. I \scent iv , wi ’ co) loo t -n -,! I n i t r i  tier a

Zeq Ui 5~~~ .e m, , r e j e n i  U’’ ta~k aLl odd 
~~~~ i f  abou t . (  i . .,d n f l  m m  w i - i  ore-i this; PIP—Itthoso uk ! u s  to the i1/J’R~ tDy c-at.  s~ r i a s .  ~t th i s  t 1~ - -~, thu il I~ c- n t 1-sen

c) If (;(.fl~ F ( I i Is ey.Ii ’iz ; t~~-l , ch i n -I nc CX 1 c-nc i v ’  1~ s a ’ i ’~y 7s- .l , h i s  s-a’ (‘ i s  ps-c -iiile si ~~-mli ’
(u til h y i nduce) L i e  c i  I to ri al i, -iber 5l;rcn ’n i ’y 1usd r por-t is ; ; ’ nb ,lnn c t i s - .  al ec’s- at losis
or ’ NEE, ) oh i l ls , ~si’1 Gf’ii0 ~ a Ot ’ o r-.
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The students were limited to f i f teen  hou rs of 14. Sus~ a~~ and conclusions
te~tiInal t i n e  wi th  131?. They were presented with -

(but  slid not necessarily complete successfully) an We have indicoted he’s cc~np lex knowled~e
nve~~~~e of’ h O tasks, the minimum being 21 looks representations adapted from /1 research can be
and time maxicr un 63 tasks. Only one stuttent droppe d used to deecri be a Cdl problon eu rricul’si and
out of the ccurw e without co mple ting f i f teen hou rs thareby enable relatively sophisticated in ’lj vj d-
or f inishing the curriculum. - uallzod problem sequencing. In particular, a CUt

based o~ a senuntic-network representation pro-
One overall iseaaicre of the success of seman - vides a medium for drawing indirect Infc rencea

tic netuork CUt and related task—selection pro- about what a student knows , what he is r’ca~y to
cedure i~ the relation-ship between numbe r of learn , and what task in the curriculum will best
skills learned (according to turF) and scores on a i-,elp him learn It. A network representation then
paper-and-pencil pocttest. The correlation Is useful not only for e~prcssing unambiguous
betueen these measures was .86, end accounts for relationships (e.g., property-inheritance, corn—
71e percent of’ the variability In the posttest ponency), its typical application In Al systems ,
scores. The students also took a standardized but , in addition, is one way for systematically
test of programming aptitude prior to instruction. expressing opinions about the pedagogical rela—
The pretest scores corre lated significantly with tionshipa among the concepts and skills a CAl
both the numbe r of skills learned (r .65) and system is intendea to teach.
the pcsttest scores (r  .59); howeve r, In a
multiple regression a? the posttest scores on the We do not believe that the BIP-Il system,
number of skills learned and the pretest scores, based on a GIN incorporating a cocs-plex nets--ost of
only the numL-er of skills learned contributed skill relationships, can match a human tutor ’s
significantly to posttest perfonnence . Numbe r of ability to select progroassing problems adaptively:
tasks presented to students was independent of The limitations Imposed by the system ’s rudimen-
both test scores and number of skills learned. tary program cheokcz insure sonic extrere failures 1 1
Thus, the student model maintained by the BIP-lI but , beyond this , the SKILLSNET and the inferences
system accuratoj y reflects the acquisition of the that use i t  only approx imate the fleribility of
programming knowledge required by the posttest , which a tutor Is capable . Ponetheless , the more - 1and predicts poottest pe rforumiance independently of evolved GIN makes it pcssDle for tutorial Cdl in
the aptitude measured by the pretest. technical subjects to individualize s tudent  expe r-

ience e ffectively across a range of student
Our informal observations indicate that abilities and instructional goals.

BIP-Il task sequences are substantially different
from those of RIP-I. J4ost noticeably , whe n a flotos
student dons welt. initially, BIP-Il selects corn—
plex tasks at a much earlier point then they were This research was supported by the Office of
selected by RIP-I. Students ’ reactions were ‘ 2aval Research , Personnel & Training Research
favorable , even when they spent considerable time Programs , under contract numbe r N000l14-76-C-0165,
on these difficult tasks and then gave up. Task and by the Naval Personnel Research & Development
selection i’ollowing these failures seems respon- center under Contract 1100123-75-C-l528 .
sive : RIP-It selected ‘simpler tasks involving
some “not-iearned” skills that were involved Iii 1laura Gould is now at Xerox Palo Alto Ba-the task that the student had quit. In many search Center.cases , these “ remedial” tasks appear to have been
too simple, given the 5~U~efl~~5 prior progress, Referencesbut most often RIP-It was in fact looking for a
max-c challenging task and could not find one in
the curriculums. ~~rr, A., Rsard, N. , & Atkinson , R. C. The eon-

puter as a tutorial labo ratory ; The Stanford BIP

~~sides the sequencing “failures” due to the project. International Journal of Nsn— ~achine
Studies, l976~,1l, 567-596. 

—
limits of the curriculum, a la rge rnsnbe r of inade-
quate task-selection decisions wore cau ed by poor
dicta frcn c the system ’s solution ohecic~ r. In these Brown, 3. S., & I~.irton , B. R. Multiple represen-

tation of knowledge for tutorial reososlIng. Incases , the student had a subitantt ~ lly correct D. 0. Bcib rew and A. M. Collins (Eds .) ,  Fep resen-program that was rejected by the checker. RIP—Il tation and unile xs-x tanclj ng: Studies in ec- ’nj ttveinterprets  the rejections as a si gn that the scte-n~cT’ ’r4ew York : Academic press’~~lW5.s tudent is having difficulty with SOae of the
Skills in the task and thereby Iniroduced errors
into the student model. Scaetlnnen students in Brown , 3. S., D~rton ,’ B ., Mille r, t-1. , de:~lee r, J.,

our study became so frustrct ed by the s-inject ion 1kn rceil , S., Haucinan n , C. , & Debrriw, It. Stops
Ic-wa rd a theoret ica l  f~un Iation for s’son-pleX,of their pro~ z’asls t h a t  they quit  the tijsk, kncw1ed~e-Ln~usd CAl . ltriZ Prs-port i~o. 3135, ~~ltcreat ing even more severe az-curs in the nodal. Tk-’r anek ar id Newman , Inc., Csmbrid~o , t ’a~~ .

Di s rega rding the st i f f i c ul t ie ; ;  caumn~ il by thece f,ii ,~ust , 1915.
weakziessns else-where in th -n I s n t n i s n f n - t , , I~ .I ;isten ,
ou r’ in i tial  c-ni ; sluins t ion of h i t - i  C’ ; I s - a k  r , - . i ( c l .L o n Cns ~~, B,, P. C. 11- i . I a , T , P. 0icr lL , 5 :  ‘s U co ry
Cop slhi ) I t i i -s  in ; rnvormb le .  l-te .’n ‘,ei’, I t  is clear ’ m I’ nrCc Ill  I1~; (‘Ot’  ccn;p- ic- i’ aided I n st  rec’ te n.

1!T T f t  r i- is- Cc- , i~a scn -c ln c-- -t t ; ;  I r st t t t c t  c-I ’tnh ’r t .sys Lur tion of’ the ~ ff ’n -c ta  5 n ’ s - J I l l  J I  i~i 1s-C the
parsisre tem ;; of L I ’ -  r aj e cL i e l i  p 1-un- ’ w i  J I l ’s I n —  

‘5 - - I s i s , )  - - - n , n- r I I r i o t  ii i t  . ‘ l l iCs ;Ico I ‘~ti t’ - tc -r -j ,
pedeil un t i l  th is e-; ’ rn  i :ullm Is i n ) j . ifl ’l~c-t ‘-li i Us-~ 

I , s -  .hri s i .  y ,  : 5 5  l’ebi ~ . s - ry, ) 91’f
selut i r r: c lnuei ’., r is trr p i ’s .s - / ( - l .
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