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FOREWORD

This research and development was conducted in response to Navy Decision
Coordinating Paper, Education and Training Development (NDCP—ZO1O8—PN) under
subproject Z0108—PN.32, Advanced Computer—Based Systems for Instructional
Dialogue, and the sponsorship of the Director , Naval Education and Training
(OP—99). The overall objective of the subproject is to develop and evaluate
advanced techniques of individualized instruction .

This is the sixth and final in a series of reports dealing with the BASIC
(Beginner’s All—Purpose Symbolic Instruction Code) Instructional Program (BIP),
which is a “tutorial” programming laboratory designed for the student who has
no previous training in programming.

Previous reports on the program are concerned with the BIP student manual ,
supervisor—level manual , eonversion into MAINSAIL language , system—level
documentat ton , and utII ( I c’n L tnun.I:I1 rc’v Itw~I to reflect tlu’ MAINSAIL conversion
(Notes I th rough 5 respectIvely). This report is intended for use by in-
structors using the BIP system .

The contract monitors were Dr. John D. Fletcher and Dr. James D. Rollan .

J. J. CLARKIN
Commanding Off icer
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SUMMARY

Problem

Since its inception, CAl has promised to prov ide ind ividualized instruc—
4 tion. Mechanized individualization of instruction requires the solution to

a number of difficult problems. One of the most f undamental of these problems
is how to represent the knowledge of a given subject domain in such a way that
a CAt system can act “Intelligently. ” In particular, the problem that is
addressed here is how to provide an instructional program with an explicit
knowledge of the structure of an author—written curriculum.

Objective

The objective of this report is to describe an approach that satisfies the
above need: the Curriculum Information Network (CIN) Representation as used
in the BASIC Instructional Program (BIP).

Approach

Following a discussion of the issues and problems involved in the develop-
ment of courseware for both curriculum—based branching CAl and generative CAl,
the question of individualized curriculum sequencing is addressed. The advan-
tages and weaknesses of the Curriculum Information Network representation, as
used in the BIP system, are discussed.

Findings

The Curriculum Information Network (CIN) shows promise as a fundamental
representational structure for CAt curriculum in technical problem—solving
areas. The writing of curriculum for the BIP system is straightforward and
the CIN provides an extremely flexible structure within which curriculum may
be added by nonexperts and through which the content of the course can be
tailored to the requirement of different installations. The CIN allows meaning-
ful modeling of the student’s progress along the lines of his developing skills
rather than just in terms of right and wrong responses. The CIN—based student
model is shown to be of value to the individualization of instruction through
an intelligent choice of the problem sequence presented to a student. This
choice ta based both on the model of the subject domain and on the student’s
past performance.

Conclusions and Recommendations

The Curriculum Information Network is of value as a general method of
representing the relationships among the set of skills that combine a cur-
riculum. This approach, as used in the BIP System, seems of particular value
to computer—assisted instruction in highly technical skill—related areas.

vii
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INTRODUCTION

Background

Intelligent CAl

Much current research on CAl has stressed the development of systems
that exhibit some form of Intelligent behavior (Barr, 1976). In the context
of CAl, “intelligent behavior” implies that:

1. The program can make dynamic instruc t ional decisions based on
the student ’s previous interactions. p

2. The program can provide error correc tion or problem—solving help
specifically relevant to the student ’s input.

3. The dialogue can be conducted in some reasonable subset of English.

4. The program can evaluate important aspects of the student ’s responses
by using procedures that “know about” the subject matter , rather than by access—
ing the author ’s prepared list of expected right and wrong responses.

Two major aspects of courseware have been investigated via intelligent
CAl . First, the student—machine interface has been broadened to use English
(Brown, Burton, & Bell, 1974; Carbonell, 1970), computer—generated audio
(Atkinson, Flet-)~cr, Lindsay, Campbell, & Barr, 1973; Sanders, Benbassat, &
Smith, 1976; Van Campen, 1970), voice recognition (Danforth, Rogosa, & Suppes,
1974), and graphics (Bork, 1975). Second, research in answer checking and
analysis has used many different intelligent routines: Proof checkers (Goldberg,
1973; Smith, Graves, Blam e, & Marinov, 1975), a REDUCE—like algebraic simplifier
(Kimball, 1973), a circuit simulation that knows how to debug itself (Brown et al.,
1974), and program—analyzing programs (Goldstein, 1975; Ruth, 1974). One course
under development at Stanford uses a natural language parser , an algebraic
simplifier, and a sophisticated proof checker to converse with the student about
set theoretic proofs in informal English (Smith & Blam e, 1976).

Si nce its inception, CAl has promised to provide “individualized” in-
struc tion, one aspect of which is sequencing the curriculum material optimally
for each student. Our work in Intelligent CAl has focused on the issue of the
“representation ” of the subject domain (which is also a fundamental concern
of current research in cognitive psychology and artific ial intelligence). The
goal is to provide a representation of the subject matter that is sufficient
for individualized presentation of the material. A consideration of the dif-
ferent “representational poles” in vogue in CAl will give a perspective on
the capabilities of the Curriculum Information Network representation.

We note first that individualization in CAl can have many different
goals. Some systems are designed with informal, flexible student—program
dialogue as the most important feature; such systems rely heavily on powerful
natural—language processors to analyze the student ’s input and respond appro-
priately to his questions (Brown et al., 1974; Collins, Passafiume, Gould , &
Carbonell, 1973). Other systems are desigr to respond to students’ errors
or requests for help in d i f fe ren t  ways; ~imnta ining a record of the con-
cepts previously mastered by each student, these systems can decide whether

1
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to “give away ” the correc t answer , to present a partial answer or a leading
question as a hint , or to perform itse 1~ some of the more tr iv ial work f or
the student (Koffman & Blount , 1975). Similarly, such a record (or student
history or model) can be used to locate informa t ion directly related to facts
that the student already knows, so tha t the program can build on his knowledge
most effectively. Anothe r aspec t of individualization is the matter of pro-
blem selec t ion as the student progresses through a nonfixed sequence of cur-
riculum , where the goal is to presen t a proble m appropr iate to hi s curren t
state of understanding (or confusion). It is this last aspect that has con-
cerned us most in our work, and the following comparisons among various styles
of CAT is therefore addressed primarily to the question of individualized cur-
riculum sequencing .

Curriculum—based Branching CAT

The most common style of CAl courseware now being written , which we
will call “curriculum—based branching CAl ,” is an automated presentation of
a curriculum written by a human author. The author, being knowledgeable in
the subject matter , has in mind a clear organization of the interrelations among
the specific facts of that subjec t, an implicit understanding of the dependency
of one concept on another , and a p lan for the development of new skills. His
persona l organization of the discrete elements results in a structured cur— rriculum , consisting of lessons or problems presented in a sequence he considers
to be optimal in some sense for his model of his students. This structure is
like that of a textbook, established in advance of interaction with the student ,
but potentially superior to a textbook in that the author builds branching
dec isions into the program , provid ing some degree of ind ividualization. His
subd ivisions of the curriculum and the branching criteria he specifies con-
stitute the author ’s representation of the subject matter in this traditional
CAT style.

Figure 1 illustrates the basic mechanism of individualization in branch-
ing CAl. The instruc tor—supplied curriculum consists of lessons, exercises,
multiple—choice questions, tests, problems, or problem forms (to be filled in
by the instructional program). The student starts at the beginning, and a
record of each curriculum element he sees is kept in a student history of some
form. Problem—selectio n rules of the following style are then used to choose
the next curriculum element on the basis of the student ’s history:

If correc t then go to problem 8, otherwise problem 6.
If answer is 9 instead of 6 then student is wrong and
go to exercise 13.

If percent correc t < 75 then go to review lesson Ill—Ri .
If percent correct > 90 then skip next lesson.

The point here is that the branching rules are based on the curriculum elements
themselves, which is the only aspect of the curriculum that the program “knows
about . ” These rules can be buil t into the s t ructure  of the curr iculum (e .g . ,
as standard decision procedures to be followed at the end of each lesson), or
supplied explicitly (e.g., within particular problems, where certain responses
can be specially treated); the most typical case is some combination of both.
In most cases, however , the end result of this kind of individualization has
been either that fast students are allowed to detour around blocks of material ,
or slow students are given remedial lessons.

2 
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An examp le of this style of CAT is thi~ All) course developed at Stanford
(Friend , 1973). This was a large—scale course , with 100 hours of curriculum
materia l to teach the AID (Algebraic Interpretive Diaiogue) programming language
at the introductory undergraduate level. This course was ‘.tsed in colleges and
junior colleges as a successful introduction to computer programming (Atk~.nson
et al., 1973; Beard , Loreon , Searle , & Atk inson , 1973; Fr iend , 1975). However ,
it was a linear , “lesson—oriented” CAl program tha t used branching decisions
like those listed above. One limitation of the course was that It cou ld not
provide useful instruction during the problem—solving act ivity itself. After
working through lesson segments on such top ics as syntax and expressions,
the student would be assigned a problem to solve in AID. It was necessary
for him to leave the instructional program , to call up a separate AID inter—
pretor , to perform the required programming task , and to return to the in-
structional program with an answer. As he developed his program directly with
the AID interpreter , his only source of assistance was the minimally Informa tive
error messages prov ided .

More importantl y, the AID course was found to be an inadequate vehicle
for more precise investigations of ind ividualization of instruction because of
the linear organization of its curriculum . The course consisted of a large
set of ordered lessons, reviews, and tests; and a student ’s progress f rom one
segment to the next was determined by his score on the previous segment. A
high score would lead to an “extra credit ” lesson on the same concepts , while
a low score would be followed by a review lesson. It became clear that this
dec ision scheme , based on total lesson scores, was reasonably effective in
providing instruction and programming practice. ilowever, since it dealt with
ra ther large segmen ts of the curr icu lum , the precision with which it could
respond to different students ’ d ifficulty with specific concepts was minimal.
When allowed to selec t a lesson , students almost invariably chose to proceed
to the next (numbered) lesson or to review juct_comp leted material. For
example , even if a student recognized that he was confused about initializing
and incrementing , his only choice was to request the review lesson on loops.
Because of its limited ability to characterize individual students ’ knowledge
of specif ic skills, and its inability to relate those skills to the curriculum
beyond de term in ing a ra tio of problems correct to problems attempted , all
students covered the same concepts in roughly the same order , w ith slight
differences in the amount of review. (See Beard et al., 1973 , for details.)

Genera t ive CAl

A t the opposite pole of curriculum structure are “genera tive” CAl
programs , which do not use an author—written curriculum at all. This type
of course generates problem statements and solutions by re tr ieving informa—
t~ on f r om a comp lete , internal representation of the knowledge underly ing
the subject domain .

An impor tan t goal of generative CAl is to incorporate the instructor ’s
knowledge of the material into the instructional program itself (see Figure 2).
The program has a data base contain ing all the “facts” the studen t is to learn ,
as well as the inference procedures that the instructor uses to access those
facts. It also uses the instructor ’s pedagogical knowledge of how to present
fac ts tha t the studen t doesn ’t know in a way that will be understandable.
Its student model is more like a representation of what the student knows,
not just what his behavior on previous problems has 

been.4
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‘fhere are several  examp I vs of excel lent genera t I ye CAl programs In
— var ious  subject  area s (e .g .  , Brown et al  . , 1974 ; Gr igne t  t 1 , Ikiusmaun , &

Gould , 1 975 )  . For fac tua I sub ec t s such .i s geography, the SCHOLAR system
(Ca r b o n e l l , 1970; Collins & Crignetti , 1975) is probably t lw best suc h model.
SCHOLAR uses quest ton—a nd—answe r construc t ion a l g o r i t h m s  to present the
m at e r i a l  in the data  base to the s tuden t .  Carbonel l  ‘s origina l goal was to
build a program capable of generating questions and answers in a nona lgorithmic
subjec t area , where the information represented in the program was ill— defined
verba l knowledge rather than a well—defined subjec t like ma thematics. More H
recent versions and app! icat ions of the program have bull t on this origina l
idea , Incorporating features such as visua l disp lay and expanding the question—
and—answer generating capabilities into other subject areas such as on— l inc
text editing (exemplifying procedural knowledge) and climatic effects on
agriculture (causa l knowled ge and hypothesis formation), in terms of the dif-
ferent aspects of ind ividualization mentioned above , the goa l of these applica-
t i o n s has been , g e n e r a l l y  speakin g , to respond more appropriately to the
s tudent  in the Immediate s i tua t ion. That  is , rece nt  work w i t h  SCHOLAR has
aimed at making the program more effec t ively able to generate examples based
on the student ’s current error , or a next ques t ion  based on h is  most recent
hypothesis. In both  cases , reasoning mechanisms have been used to i n f e r  the
s tuden t ’s in t e n t .  These mechanisms access the “event memory ” or h i s to ry  of
the studen t ’s in terac t ion stor ed wi thin the pr ogram and , in th is way, the
SCHOLAR system and our work with the Curriculum Information Network are similar.

The major d ifference between the two projects is tha t SCHOLAR does not
focus on the complexities of problem selection. The semantic network, in
which all of the information about the subject is stored , is organized as an
ou t l i ne of top ics a nd sub top ic s, each wi t h  an ~

tI_tag~ ind icating its importance.
In the version of SCHOLAR tha t dealt  wi th  geog raphy , “p roblem selec t ion ”
worked as foll ows: Within t ime constra ints , the program discussed the infor-
ma t ion under the cu rren t top ic down to a pre—specified level of importance.
When the allo tt ed t ime expired , the program backed up to another high—level
topic and began aga in to ask ques t ions , to provide related informa t ion , and
to give review down through the subtopics in the order of their importance.
The version of SCHOLAR that taught the use of the on—I inc editor proceeded
th rou gh a set of lessons; hints and error correction were generated dynamically
in response to the s tudent ’s input , but the  ove ra l l  pa th  th rough  the “cu r r i c u l u m ”
was f ixed .

Al though the recent work with SCHOLAR has moved beyond the strictl y
fac tua l subjec t matter of geography, the dialogue between the program and
the student is still characterized by one question at a time. The NLS—
SCHOLAR system allowed the student access to the text editor itself , but
the hands—on manipu la t ion was l imi ted to performing a ver y l imi ted sequence
of edi ting changes. In general , SCHOLAR does not deal with problem solving;
the student is not given a complex task to complete. Thus, It has not been
necessary for SCHOLAR to concern itself with the issue of problem selec tion ,
the matter of determining what area of the curriculum the student needs to
work with at each stage of his progress.

6
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To ill ust rate the ( 1 1 f f  icult lea involved in produc Ing generative course—
ware In comp lex problem—solving subjects, consider Koffman ’s p ioneering course
in machine language programming (Kof ima n & Blount , 1975). This system (MALT)
LISCS a set of programming pr imi t ives  to generate programming tasks (by combin-
ing primitives), which it can both present to the student (in English) and
solve wit h a program (sinc e it can solve a l l  of the pr imit ive  tasks) .  One
ad vantage of th i s  approach is that  the system can generate and solve a large
variety of problems. Another , and perhaps more important in our view, is the
system ’s ability to present increasingly difficult problems as a function of
each studen t ’s competence and prior experience. Koffman (1972) describes
his “intelligent CAl monitor ” as:

centered around the use of a student model (summary
of a studen t ’s past performance) and a concept tree, which
indica tes the prerequisite structure of the course. As the
system gains experience with a particular student , it up—
dates his model and establishes to what extent he prefers
to advance quickly to new material or build a solid founda-
tion before going on. Based on its knowledge of the student
and his past performance , it decides at which plateau of the
concep t tree the student should be working . All concepts of
this plateau are then evaluated with respec t to factors such
as recency of use , change In state of knowledge during last
in terac t ion , cur ren t sta te of knowl edge , tendency to increase
or decrease his state of knowled ge , and relevance to other
course r1~ricepts. The highest scoring concept is selected , a
problem suitable for his experience level is generated , and
its solution is monitored .

The disad vantages of the MALT system are tha t it requires the student
to fol low its own sequence of pr imitive steps in solving the problem, and
t hat its problem statements are lean , and , In our opinion , unmo t ivati ng.
For example:

Your pr Thlem is to write a program which will:

Read in 10 (octal) 1—digit numbers and store their values
starting in register 205 .

Here are the sub—problems for the 1st line:

1. Initialize a pointer to register 205.
2. Initialize a counter with the value of —10 (octal).
3. Read a digit and mask out the left 9 bits.
4. Store it away using the pointer.
5. Update the pointer.
6. Update the counter and if it ’s no t zero , jump back to

star t of loop.

Thus , although the problem—selection process seems clearly to add to
the MALT system ’s abil ity to ind ividualize the sequence of instruction , we
feel that the system suffers from the dry style of its problem statements.

7
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The advantages for individualization of generative CAl over fixed—
branchIng courseware are considerable: The generative program can provide
instruction and/or information In precisely the areas needed by the student.
All decisions about what material to present can be made dynamically, based
on the student ’s progress with the subject mat te r , rather t han on a pre-
determined sequence of material. Ideally, the program has access to the same
information that makes the human author a subj ect matter  expert , and this in-
formation can be made available to the student much more flexibly than is pos-
sible in author—generated CAl . In particular , the model of the student ’s
state of knowledge is based on the structure of the subject itself (e.g., the
student has covered the material on rivers in Brazil) rather than on the
structure of the author ’s curriculum design as reflected In his branching
specifications , which are typ ically triggered by correct/wrong response counters .

The major disadvantage of generative CAl in technical  subj ects is tha t
generated questions limit the student ’s hands—on interactions with the subject
matter, while generated problems are not very interesting .

Problem

In technical subjects , dev elopment of skills requires the integration of
facts, not just their memorization , and the organization of instructional
material is crucial for effective instruction in these areas. As the cur—
riculum becomes more complex , involving the interrelations of many facts,
the author ’s ability to present It In a format that facilitates assimilation
and integration becomes more important . At the same time, however, using
counters reflecting performance on questions or lessons to keep track of the
student ’s progress through the curriculum provides a less adequate model of
his acquisition of knowledge. An approach to ind ividualized CAl is needed
that Incorporates the positive aspects of both author—written and generative
CAT .

Objective

The objective of this report is to describe an approach to individualized
CAl that meets the above requirements: The Curriculum Information Network
(CIN) Representation , as used in the BASIC Instructional Program (nIP) system.

8
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CURRICULUM INFOR MATION NETWORK

Desc r ipt ion

In this app roach , problems are selected on an individual basis using a
representation of the “meaning” of the curriculum , called the Curriculum
Information Network (CIN). The CIN is intended to provide the instruc tional
program with an explicit knowledge of the structure of an author—written
curriculum. It contains the interrelations between the problems that the
author would have used implicitly in determining his “branching ” schemes.
It allows meaningful modelling of the student ’s progress along the lines of
his developing skills, not just his history of right and wrong responses on
the problems, without sacrificing the motivational advantages of human organi-
zation of the curriculum material. The instructional program can monitor
the student ’s progress on these skills, and choose the next problem with an
appropriate group of new skills. An intermed iate step is introduced between
recording the student ’s history and selecting his next problem : thus, the
network becomes a model of the student ’s state of knowledge, since it has
an estimate of his ability in the relevant skills, not just a record of his
performance on the problems he has completed . Branching decisions are based
on this model instead of being determined simply by the student ’s success!
failure history on the problems he has completed , as shown in Figure 3.

In curriculum—based branching, simple problems often focus on one par-
ticular skill that, by itself, the student may have mastered . On the other
hand , coi~p1l~ at~d problems may involve a large number of different skills,
some of which are impossible for the student at his current level of learning.
Neither of these experiences is likely to contribute to his progress. The
CIN approach attempts to avoid boring the student or frustrating him, by
selecting problems whose requirements are very close to his current abilities——
neither annoyingly trivial nor impossibly complicated .

Generative programs also do a better job of presenting appropriately
difficult problems, but their context and wording (produced by the program ,
not by a human) are typically very boring . To the student , the problems
seem to be mechanical exercises rather than challenging human puzzles. The
CIN makes It possible to present much more interesting curriculum without
sacrific ing the program ’s ability to estimate specificall y the aspects of
the subjec t area in which a student needs work.

9
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Th e fol lowing is an example of a programming problem taken from our CAl
course in programming , discussed in the next section.

On the first day of Christmas , someone ’s true love sent
him/her a partridge in a pear tree (one gift on the first day).
On the second day, the true love sent two turtle doves in
addition to another partridge (three gifts on the second day).
This continued through the 12th day, when the true love sent
12 lords, 11 ladies, 10 drummers, . . . all the way to yet
another partridge .

Write a program that computes and prints the number of
gifts sent on that I 21h day. ( T hI s  Is not the same as the
total number of gifts sent throughout all  12 ( lays——just  the
number sent on that single 12th day.)

The skills that describe this task are:

Initialize numeric var iable (not counter) to literal value
FOR . NEXT loop with literal as fina l value
Accumulate successive values into numeric variable
Multiple print: string literal, numeric variable

Problems are selected on the basis of the student ’s performance on the skills
underlying the curriculum ; thus, this problem is presented either when the
student is ready t~ learn about FOR . NEXT loops that accumulate a sum, or
after he has had difficulty with such skills in a different problem, and
therefore needs more work on those skills.

Computer—assisted instruction has long promised to present an individual-
ized sequence of curriculum material, but in most cases this has meant only
that “fast” students are allowed to detour around blocks of curriculum , or
that “slow” students are given sets of remedial exercises. By describing
the curriculum in terms of the skills on which the student should demonstrate
competence, and by selecting problems on the basis of individual achievement
and difficulties on those skills, we believe that a truly individualized in-
structional system can be built. We have explored this approach to “tutorial”
CAl in programming , and we believe the curriculum structure we have developed
should be applicable in many other subject areas that involve ident ifiable
skills and that require the student to use those skills in different contexts
and combinations .

Imp lementat ion

We discuss in this section an implementation of a Curriculum Information
Network in a fully operational CAl course. Our experience over the past three
years with the BASIC Instructional Program (BIP) has given us some useful in—
sights into the power and limitations of the CIN (in the context of teaching
computer programming), which we believe are relevant to CAl courses in other
technical , problem—solving types of subj ects.
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The deve lopmen t of the BIP system has been supported by the O f f i ce of
Naval Research , the Advanced Research Projects Agency, and the Navy Personnel
Research and Development Center. The course is fully described by Barr ,
Beard , and Atkinson (1975a , b). It is designed to introduce students to
programming in the BASIC language, almost exclusively through guided hands—
on practice in writing and running programs. Figure 4 illustrates the
relationships among the parts of the entire system. Using the information
in the CIN and the student model, the task—selection procedures present the
student with a problem (“task”) to solve, typically of the form “Write a
program that . . .“ As he types his program , the interpreter presents
specially—designed instructional messages when errors occur . The student
also has access to hints (both graphic and text) and debugging facilities ,
and he may execute the stored “model solution” at any time to see how his
own program is expected to behave. The solution checker evaluates his
program by comparing its output to that of the model solution ; if his program
is not acceptable , he may choose either to leave the task at that time or
to co~itinue working on his program . When he leaves, either by “quitting ”
at this point or by successfully completing an acceptable program , the
“Post Task Interview” asks him to evaluate his own competence on the skills
involved in the task. The student model is updated to reflect the student ’s
success in the task (or his choosing to quit) and his responses to the Post
Task Interview. The essential features of the task—selection and model—
updating processes will be described more fully below.

The distinctive feature of the CIN—based curriculum is the existence of
the problems as an unstructured pool of curriculum elements avaiable for pre-
sentation to the student ; the actual sequence in which he sees the tasks
depends on the authors ’ “advance” strategy only when a dynamic decision can-
not be made. The tasks in BIP represent widely varying degrees of difficulty,
and it is certainly possible to order them in any one of a number of pedagog-
ically reasonable fixed sequences. This kind of sequencing resembles the order
of chapters in a textbook, a reasonable path that one might take, but suited
only to some hypothetical average student. The purpose of the CIN and its
associated student model and selection strategy is to use the information
resulting from a particular student ’s interaction to order the presentation
of tasks; the system is designed to respond to ind ividual differences in ways
that are much too complex for the author to have anticipated , much less
specified , fully beforehand for all students.

The most important part of the CIN for purposes of task selection (as
opposed to helping the student solve the problem , for example) is the rela-
tionship between each task and its skills. In BIP, the skills are specific
descriptions of particular programm ing behaviors like “print a string literal”
or “initialize a counter variable.” Each task is described by the list of
skills that are required in the solution program , and the student model reflects
progress on each of the skills, not on the tasks. We feel that this “skill
history” is crucial to determining the most appropriate next task for a student
at any point in the curriculum. The skills represent knowledge about (or mastery
of) aspects of programming itself , and a given task is selected because it
embodies some of those aspects of programming that the student Is current ly
ready to deal with , whether for remed iation or new learning .

12 
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In addition to describing the tasks in terms of the skills they require ,
we impose a general structure on the presentation of curriculum by grouping
the skills into techniques such as simple printing, assignment , conditional
branching, etc . (All of the skills and the technique groups are listed in
Appendix A.) BIP ’s task—selection process works as follows: Starting at
the lowest (least complex) technique (i.e., No. 1), all the skills grouped at
that level are compared to the student model ; if any skills are considered to
“need further work,” a task using some of those skills is sought . (If no such
“needs—work” skills are found , the skills in the next higher technique group
are compared to the student model and the process continues.) If a task is
found that uses some skills needing work, and that does not require any skills
at a higher level, it is selected and the process ends. If no task can be
found at a suitably low level , the process moves to the next higher technique
and reapplies the criteria . Thus, the current mechanism in BIP relies on
the technique hierarchy for its overall sequencing : Skills at low levels
will be presented before those at higher levels, which simply means that
easier tasks will precede more difficult tasks.

Within that overall framework, however, the choice of tasks can be quite
wide. A skill is considered to be “mastered” if a student has completed a
task using that skill successfully, both by passing the solution checker
and by indicating in the Post Task Interview that he understood the use of
the skill in the context of the task. A student who had no difficulty with
BIP ’s curriculum, always passing the solution checker and indicating his
confidence in his own understanding , would follow a completely predictable
path through the techniques. More typically, students have trouble with
various concepts and programming structures , and therefore follow widely
divergent paths, since BIP’s developing model of their progress indicates
different patterns of mastery of the skills. Some remain at a given tech-
nique level for longer periods of time, receiving more work on certain skills;
others bounce down to lower levels for specific remediation on other skills,
etc . The variety of resulting sequences resembles the variety of experience
provided by a strictly generative CAl course , since progress is measured by
success within the representation of programming knowledge rather than on a
set of lessons.

Strengths and Weaknesses

Although we are pleased with CIN ’s level of responsiveness to individual
students ’ needs, our experience with BIP has shown that the CIN representation
has some weaknesses. We will describe some of the side benefits of the CIN
scheme, and then discuss some of the drawbacks as background for the explora-
tions currently under way and planned for the future, presented in the next
section.

One useful feature of BIP as it now operates is the information it pro-
vides about its own processes. The most important process is, of course,
that of task selection, and the program generates its own record of failures
in seeking the appropriate task. If no task can be found that requires some
“needs—work” skills without requiring any skills at higher levels, this failure
is recorded as a “hole” in the curriculum. The information describing the
hole includes the skills that were being sought , the technique level that the
process had reached , and the reason for the failure——either no task with
“needs—work” skills or none with skills at suitably low levels. About 20
tasks were added in one major curriculum revision , and another , based almost
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entirely on the holes recorded since tha t t ime , will hc done before the
developments described in the next section are eva l uated . By comparison ,
to determine the content weaknesses of his curriculum in traditional cur—
riculum—based branching CAl , the autho r must assemble and analyze a variety
of indirec t data (such is test performance). Having the CIN—based selection
process record its own failures gives immed iate , direc t , automaticall y—
generated data that tells exactl y wha t should be added to the curriculum .

Other d aLi provide d 1r t -~ t information on the nature of both studen t and
program performance. The student model is itself a reflection of the student ’s
progress——not through the tasks but through the specific aspects of programming
represented in the CIN. The patterns of concentration on certain skills (and
the lack of emphasis on others) indicates those areas of the subject matter
that may be receiving too muc h (or too little) attention . Such weaknesses
can be remedied by changir~g either the content of the curriculum , the tech-
nique groupings , or the task—selection process. All of the se approaches ,
singly and in comb ination , have been used during the evolution of the program
to improve the balance of skills presented . We emphasize that the CIN—based
design allows us to experiment with different mechanisms for selecting among
tasks without changing the tasks themselves. Again , the contrast with fixed—
branching CAl is strong : Since such curriculums are conceived of as a whole,
it is almost impossible to change the ~~~ in which the problems are presented
without changing the whole structure (usually lessons) in which they are
imbedded .

Recently the BIP system was made available to the Naval Academy for an
operati~.-~ 1 c~-.~ iuation in a Navy setting. Thorough analysis of all aspects
of the operation is not within the scope of this report , but we draw on
examples from the data to illustrate a few specific points about the strengths
and weaknesses of BIP’s CIN. In general , the midshipmen ’s experience with
BIP was favorable; specificall y with respe t to the sequence of tasks selected ,
the CIN seems to have prov ided considerable individualization in response to
students ’ different rates of progress.

One quic k measure of the “goodness” of a sequence of tasks is the degree
to which the student progressed smoothly through the technique levels, which
generally reflect the increasing comp lexity and difficult y of the tasks.
Ideally, the sequence should involve no large jumps, either upward or downward ,
in complexity. Among the 534 tasks selected by BIP’s mechanism (i.e., not
specifically requested by the student himself), 71 instances occurred in which
the technique level changed by more than one, either upward or downward. (Only
five of the 16 students experienced more than five such “breaks” in the pro-
gression.) The causes of the “breaks” include: (1) simple failure of the
process to perform in a pedagogically correct way——a design problem whose
roots will be discussed further in this section , (2) student requests for more
work on skills at low levels——requests which are always honored if a suf—
{ic iently easy task is available , and (3) mastery of certain skills in the
context of student—selected tasks. (If a student chooses to select a few
tasks by name, the next task selected by BIP is often at a technique level
three or four higher than that of the HIP selection that preceded the student ’s
self—guided sequence.) Since we have not yet analyzed the students ’ protocols
in detail , we have not identified all of the “breaks” that were caused by
students ’ requests for specific tasks or for more work on specific skills. The
failure rate of our CIN impl ementation due entirely to weaknesses in the design
is actually lower than 71/534. We feel tha t this ratio is a satisf ying con-
firmation of the overall usefulness of the CIN Implementation.
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The major weakness of the CIN as we use it is the reliance on the tech-
nique structure as the governing hierarchy for the task—selection process.
The skills at a given level are not necessaril y analogous to each other in
the sense of dea l ing with similar concepts or similar programming semantics——
they are just thought to be similarly difficult to use. The sequence of
tasks that results from the tec hnique—based task—selection process occasionally
appears to be arbitrary with respect to the content of the probl ems, even though
the progression of difficulty appears reasonable. The techniques also add
little to BIP’s ability to make useful inferences about the different con-
texts in which a given skill might appear , differences that might contribute
to a student ’s difficulty with a supposedly well—learned skill. The hierarc iy
of techniques was originally intended to provide an overall guide for the
sequenc ing of tasks, and we feel that it has succeeded well in this general
goal. But the technique structure does not specify the relationships among
skills precisely enough to reflec t accurately the portion of programming
knowledge that is covered by our curriculum. We have observed a number of
specific symptoms of this general weakness which the following examples
illustrate.

One student ’s record shows a sequence of tasks at technique levels 10,
11 , 13, 15, then suddenly dropping back to a task at technique 6. More
important than the drop in numbers was the differenc e between the two adjacent
tasks. The student had successfully completed task BACKARRAY , which requires
a program that obtains an array of words from the user , and prints the array
in backwards order. The next task selected by BIP was INPUTSUM, which req uire s
a program that gets two numbers from the user and prints their sum. Obviously,
INPUTSUM is too easy for a student who successfully handled BACKARRAY. BIP
selected the easier task for the following reasons: The student had quit a
difficul t task at technique 13 (choosing to leave after failing the solution
checker); one of the skills in that task was Skill 29, which appears in a
much lower technique and which the student had used successfully in one earlier
task. After a quit , the counter representing each of the skills in the task
is decremented . He chose the BACKARRAY task himself , and passed it , but since
It did not require Skill 29, that skill’s counter was at zero , indicating
that he needed more work on it. Thus, when the task—selec tion process climbed
through the techniques, it identified 29 ‘s a skill to be sought in the next
task, and then found INPUTSUM , which requires that skill , at technique 6.

This illustration is fairly typical of the worst failures of the task—
selection procedures tJ locate an appropriate next task. Students who have
progressed very rapidly up to the time that they quit a diffic ult task are
particularly vulnerable to this kind of “drop,” since they are muc h more
likely than slower students to have seen many skills only once previously.
The student model as it is now implemented often does not accurately reflect
the student ’s knowledge of the skills. A more complex model of the student
is required (see below). Also , the usually successful strategy of beginning
the search for “needs work” skills at the lowest technique clearly is not
adequate in all cases.

A second illustration will illuminate additional issues that need to
be considered in designing the CIN implementation. This second student quit
task PITCHER, a fairly difficul t task at technique level 12 , and was next
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presented w i t h  SREAD , a muc h easier  task at technique 5. (He had previously
succeeded wi th  a few tas ks at higher levels , so SREAD def in itely ~.ppears
to have been too easy.) The cause of this drastic drop was, again , a single
sk i l l  (16) whi ch , when decremented after he quit PITCHER , was considered to
need more work, Skill 16 occurs at a fairl y low technique (5), and is req ui red
in task SREAD , which was therefore presonted next. One interesting feature
of the PITC}IER—SREAD sequence is tha t onl y two of the skills required in
PITCHER were in the MUST set of “needs work ” skills; yet it was a skill not
in the MUST set (namely Skill 16) whose decrementing led to the too—easy¶ next task .  This apparent irrationality results from the fact that the MUST
set is established when a new task is requested , not when the current task
is comple ted . Thus, in this case , the skills in the MUST set at the time
PITCHER was selec ted were ignored when SREAD was selected (because they all
appear at hi gher levels). A possible improvement might he to establish
the MUST set after the completion of each task , so tha t the requirements
for the next task would be more similar to t h a t  las t  t ask  than  is c u r r e n t l y
the case. Implementing this scheme might , however , make it too difficult
for a student to move into different kinds of ta8ka, espec ial ly in cases
of f a i l u r e  when mo re d ra s t i c  moves might  be most appropriate.

Other issues related to the application of the CIN to task selection
and upda ting the student model have arisen , some of which we hope to deal
with in the future. For example , how should the model reflect a student ’s
d if f i c ulty wi th a task , or his choosing to leave the task wi thout even
attempting to write a solution program? Our assump tions have almost always
given ii~ ~t~~ie&i t the benefit of the doubt. We choose to ignore “difficulty ”——the tremendous amount of time spent in a task, repea ted fa ilures to pass the
solu tion checker , etc. If a student writes an acceptable program for a
given task , we assume that he has learned the material presented in that
task , and we upgrade its skills as though he had passed on his first attempt.
Similarly, If he chooses to leave the task without yet having failed the
solu tion checker , we make no judgment about his mastery or difficulty with
the skills involved ; their counters are neither incremented nor decremented .
Our reasoning is tha t a studen t sho uld be a l l owed to avoid tasks tha t are
not interesting to him. The next task selected should have a very similar
group of skills, so we have not worried about students missing significant
portions of the curriculum . (Of course , exercising this option can be taken
to an ex t reme , and in some controlled studies we have disabl ed it.)

Another question deals with the parameters of the task—selection process.
Given tha t we have assembled a MUST set of skills , sho u ld we presen t a task
tha t has as many of those skills as possible (as is now the case), or should
the proportion of MUST skills be somehow related to the student ’s curt nt
competence? For example , it might be more reasonable to find the task with
only one MUST skill early in the student ’s exper ience with the course , or
after a succession of “qui t ” situa tions. As he gains confidence and com-
pe tence , the number of allowable MUST skills could increase, theoretically
resulting in an increasing rate of increasing difficulty. A likely problem
with this scheme lies in the relative nonredundancy of the curriculum at
the higher levels: Just as PITCHER required only two of the MUST skills ,
it may often be impossible to find tasks with as many MUST skills as we
would l ike, and we may have to increase the size of the curriculum In order
to test this scheme.
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These comments , we hope , have given -i sense of the complexities and
d i f f i c u l t i e s involved in desi gni ng and using a ne twork  of informat ion  to
improve the program ’s ability to choose appropriate tasks on the basis of
a student ’s current performance , conf idence , and expressed choices. The
next section describes some of the ways in which we have experimented with
al ternative structures and processes.
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Overv lew

u t Ii is sect ion , we di ~-tioo few i-el it I vt’ I y m l  nor add f t  i ons  lin t we
have considered m aking t o  RI I’’ ( I N , and t ~~ i mod i i  teat Ions whose ci icc r s
we expec t wi I I he nor.’ sign ii i en mi t . i lie add It ions involve taking advantage
of students ’ er r or s  and request s for he I p in iniprov I ng the accuracy of t Ia’
student model , whereas the new m di i lent b u s  wil I const  it u t  t’ inn ~or changes
to the st udent model and lie network it so i t

Errors  and Re t ’s t s t o r  LIe lj~

A student ’s errors durin g progranunimi g or his request S I or hi’I P on a t ;I H ~~
a cc ’ I nd 1 eat Ions o I Ii Is dli t ic n It v in undo r st and I mig sein e C o tO e’p t o r de.. 1 1 ng
w i t h  soil,’ ski I I . (‘l’hey may - i I so ref I oct d l i  I e r o m o - e s  In st tulent s ‘ learning
st y l e s .) With s t i t  I Ic lent mn.it -li iner v in the Instruc t tona l pregr~on, it ~h emm1d
be possibl e to in I or  I rein h i s  I mi t t’rac t ion  wit Ii t lie svst  cmi some siwc ilL ’
inIorn~i r [on as to t h e  ski I I tha t I N ’  g (vi h g  l i t mu he me st t roub Ic • and t e
reflec t t lii s in fornci t ion  in t he ot  in t e n t  m o d e  I . While we ,Io not expect hi l l’
to become’ capahi e of I ormun I p 1-0 gm - am :uia I vs is , w,~ have deve I ope’d some’ l e s s
nmb it (t ins  add it ions to the program t hat slimi Id enhance t Ii.’ (mi t ci I I gene,’ ~
its heh i av to r . The’ fir s t o I t liese ~~ u I t l  i m p r o v e  t lie mi sc t u I  Hess o I t he error
hmiess.Ig,’o del ivered by t lie p iogr amu , antI I he’ second womil tI u S e  s~.e, ii Ic e’m ro rs
mu d r e q u e s t s  for lie I p to tipd u ‘ e I lie st u demi t mode ’ I

The Ci N in liii’ cur rem t I v Inc I tides tin I v in to i-ma t ton abo u t  t lie’ cent e m i t
of the tasks am ut i  the groupings o I t lie ski I I s  h i t  e t ccliii I quit’s. Informa t ten
might be added t hat coum Id Fe’ I a t  e st uden t s ‘ sii ce  it Ic em r~’ i s to t lie cuirr I cu I timmu
in a way t h a  t ~ itm hi (improve the Fe’ 1 evance -‘i the interpret er ’s er m’oi- message s
The I nterprete’r gives three’ kind s of m n e s s l g t ’ s  : (I Syntax em’rors are ele t cc ted
as (lie student t vpos .u I lit’ tha t c a n n o t  ht’ pa rseel (~ ~ preexoctmt ion St ru e t u r n  I
errors (e.g., a branch to m nonexistent I t m it ’1 are tit’t ec t ed lust helen ’ t lie
p rogr am I s run , amid ( I) runt limit ’ e’r c u rs  I r e  t h e t  cc t Ott  when am -i umnex ee itt :ib Ic s L i t  e —

ment  (e’ . g. , u s i n g  the v i i i , , ’  o f  au  tu i . i ss  I gmie l ~‘ .i r i  i t i l e ‘I I s  encotm nt ere’t l  . The
er ro r  message’s were t -a re ’ f m i l l  v el e ’s tgnee l  to  be as [m i s t  ru , - (  ly e  as  possible (Ran-
e’t a l  . , I 9 7 5b )  , in t l  o f  ten Inc hidt’ point ems to the errone’oums p a r t  o f  flit’ st utlent ‘s
I i  iii? or  p r o g r a m .  liuweve m . , th e tnt erpre t em - i s  not d I cc’,’ t I v I i  nke ’ tI t o t lit’ c u r —
r [cmi i nm in a n y  way , antI sonic I i mik s ml g u t be i pp r o p r  fa t e’

Fur  cx . imp l e , p art ie -i mia r lv i i i  flit ’ t ’. i ~~ l et tasks , 11w g u ’ m m e - r a  I it v el (lit’ en - ui—
message’s can bt ’ m isI e’nd h u g. One student .u t emp t eel I 0 ,- o u i t a t  . ‘n a t t ’ two s t n t m g
variable ’s with . m n  t ’x p r e ’~~s 1mm 1 Ike’

x $Y $

(omi t  t Ing  t Im e co im .i t em in t lou opera t om ‘‘s ’’ ) , wI t f e b  p~~od( ie ’ e’tI a im e’ r t’ et . umm, ’ss. (ge ’
co m p ta  in i n g  about  m i s s i n g  qu o l  e mmi~irks. Since u very I ikt’ l v explana t lou I or
au express Ion I i ke  t h i s  f l i n t en mine I be pam sed is m i s s i n g  quo t e m arks , the
genera I mt’ssng(’ is uippropr lat e . However , E l i  i s  h i t  t’m . .i. - t ion oct u n - e d  when t lie’
St 11(1011 t w ;i S In a t ask wh o st ’ ma In pm u rp uu He’ ( i i ’  ft cc ted i n  t he’ 1 I st o f  sk II I s ‘I
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Wa s t o  t c a c t i  ahoti  t e’ one i t  emma t [on , amid ( l i t ’  i i i  I t ’ rh-ire ’ t ‘r e’o m m l  i i  h ave bt’e’n aware
t i t  (li i a f l i t I I it h itch ~u ct ’s a t o t hu e skill a I t a t . We’ li ;ivc ‘ foim ii d a sm;i 11
numbe’r of case a I Ike’ t h u i s, In wl i h- li  a at  ti d e ’n t ‘ a e ’r nor was ill re’e- t 1 v r .’ I at eel

o the skit Is i i i  t l ~e’ t ask hut t hit’ Im it orpret c m l i  t’semt etl a mit )miS p l ’( ’  i f  Ic e r ro r
u m ie ’aaagu ’ ; En those ’ few eases , a l ink between tIme parser  and ( h it ’ s k i l l  s l i s t
comm id have ’ produced a more  re I e’vant message.  Iii t he above examp le , w h e r e
t h e ’ pr tnt ing s k i l l  re’qu I reel by t h e  t a s k  is “Pr t n t  s t r i n g  var  lab I t ’  express iou-i , ”
the  . in te ’n p r e ’ter  could  proc ’ss each PRINT s t a t e men t  In a spec bai l w a y ,  c h e c k i n g
spec if ica I ly fo r  ~lie ’ conca t  c- m i n t  ion o p e r a t o r .  The add i t  tom - i of such 1 im ik s
wed Id have to he’ domie em -u a ve ry  t a sk — s p e c i f i c  basis , since comp i icated t a s k s
t y p i c a l l y Invo lv e  so mwm nv ~l i f  i t ’r en t  k i n d s  ot  at  at  ement a that overr  id ing t h e
g e ner a li t y  at t I m e  in t t’ r p r e  t 01- ecu Id cause  e’q ua l i v  m i s  lead ing e r ro r  messages.
(Th e l ink , would , however , cans 1st of a cal 1 to one of a set  of skill—re lated
proc edures ;  It wou ld not be a s p e c i f i c  procedure ’  f o r  eac h task so l i n k e d . )

Another  more ’ i n t e l  1 [gent U se ’ of en rors won Id he t he add i t  Ion of spec if  Ic
ru i e’s l i n k im i g  s t r u c t u r a l or execut  [em) e r rors  t o  t h e  s t ud en t  model .  When an
er r o r  such as “missing NF.X’I’ fol lowing FOR statemen t ” occurs r e p e a t e d ly  d u r i m i g
a s t u den t  ‘ a expe’r lenc c’ w i t  ii a g iven  t o  sk , i t  m i g h t  be r e a s o m m a h i  t ’ to flag
the correspond ing skill as miceel l ug  mor e ’  work  e’ v om before t h.’ student compl ete ’s
(or quits) the t a s k .  lit, ’ l i n k  wout li_ I cons i at  of  a chock h-in i i  t i m i t o  tIme st rue—
tural. analysis proc edure’, of a form somnething I Ike’: “if a loop error occurs ,
fit -id the ski 1 in tIm is task that ,Iea is w i t h  loops , and f I ;mg tha t sk i l l  .

An assumpt  [on I nip t i c  I t  In  t lie ’ procedures t h at  a I t  e’ r t hue st m~d en t model Is
t h at  a student h its ‘ ‘le ’a tn ed ’ ’  a giveti skill if hue s m m c e c s s f m m l  1 y c o m p i e t e ’s a
ask r e q u i r i n g  t h a t  s k i l l  . We’ have chosen t o  i gnore ’ the  mum mbe n of a t  t e m p t s

made ’ b e f o r e  succt’ss amid the’ nature cii t he  t ’r r c -i rs  made thur Ing th e ’ process of
d evt’ lop ing .u cor roe I aol ci t  ion . We tb f t’ i_ ’ I that a l a rge  number of errors shoci Id
be forgot Lemi by t h e  (mis t  rue t tonal p r o g r a m  ( a f t  or the error  mnc ’sa ;mge is given ,
of course’) , because’ students shmo u li_ I be one ouurage ’et to  t ’xper  linen t with a compute’ m-
system to help th i emm m discover how it works; we do not want st udcnts to fee l
that “typ ing somnet 11 trig wrong ” wi l l  Ito Id t he’ni back. A comprom 1st ’ might he
useful: demomis trot e’d cliff 1cm ., it v wit ii spec i f  h e  skills , e’ve’n whie’n fe-il towed by
Sdie ’CCS5 , should he ref le ’cteet in the student moele’I such that t h e  nex t  t a s k
at ’ icc ted w i l l  g Eve mnore 

~~~~ 
t t e e ’ in the d t il l cu It .i r e n a.  As in  f lit’ ease of

syntax errors , th e’ l inks be’ tween tI-ic’ It-i terpre to r , t hue cu rr ic’u 1 tim , and the
student mode’ 1 sh mou let he re’ I at ivu’ ly f e’w and v e ry  s p e c i fI c .  Using t h e above’
example , it would he’ important to use’ the  oc cu r r e n c e  of the structural error
to  a f f e c t t ime “FOR . . NEXT ” sk i l l  only, not t ile ’ s k i  i i  s t hat re’ 11 t’ t - t the
processing clone’ wi t .hih m i the ioop .

One’ of t Ime ties t use ’ f i t  I ‘‘h i t n t  ‘‘ f t’a t m i r e ’ s  o f  Ill P Is t lie’ REP command , wh Ic hi
d i s p l ay s  a I- lowe-l i ar  t — like r ep r t ’a t ’u t  at Ion of f lit’ sot t i t  I eu to t he’ en rrent t a s k
and iii lows the’ stmitl emi t t o  pro hi t ’  t lie ’ di sp I ~l\’ , e ’X I a l m i t i  I ng t lie ’ “boxes” of in for-
mat [on t o  see how the  st rue ( m i r e ’  ot  t h e ’  so lot ion p r o g r a m  f i t  a t o g e t h e r .  The’
REP p i c tu re ’  fo r  eae ’lu t a sk  i s  dr awm by the cu r r i c u lu m  au t hor when t i l t ’ task is
w r i t t e n , mi ot generated atitonmat [( ‘a l l y ;  one advan tage  of t h is  r e l a t i v e ly  U n —
sop h i s t  tested  approach is tha t sp ec if it ’ i n f e - u r m n t  Ion re 1st lug ii sect Ion of
I lie ’ p i c t u r e  to p a r t  [cu l l  ar s k i l l  a can be s tored a b u g  w i t  ii i t  . Thieui • when a
s tuden t  asks to hiave~ t h a t  see’ t ion of the  t i l e’ t u re  e’xpanded , RIP Comm lii add to
time ’ st uden t  mode’ I an m d  i cat  tomi t liii t t he at  m m e l e n t  mii i ght  need more ’ work on t h ie
rela ted skills.
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A l t e r n a t i ve Student  Model

In the current working version of BIP , th e student model, consists of a
set of counters associated with each skill , indicating how many t imes the
studen t had used the skil l , how many t imes he had been successful  I n the
tasks tha t required it , how many times he had responded with confidence in
his own ab i l i ty in the post—task interview , etc. These counters are used
to determine whether or not the student needs mnore work with the skill at
the t ime a next task is to be selected . We have developed a new six—state
model to rep lace this binary characterization of the state of the skill ,
where the states are described as follows :

NO——Skill has not been presented , nor have others a t its
technique level.

Nl——Skill has not been presented , bu t others at its level
have been seen .

U0——Ski l l  has been presented but has not been learned .

L3——Lowest level of learning . Skill was required in a task
in which the s tudent  had d i f f i c u l t y  achieving an acceptable
solution .

L2——Sk i l l  is considered “learned ,” having been used success—
fully hu t in a restr icted context of other skills.

Li—— Highest learned state.  Skill has been used successfully
in varied skill contexts.

In addition to -indicating whether or not a given skill needs more work ,
this new model will give BIP more informa t ion abou t the studen t ’s knowledge.
In par ti cular , it should help in iden t if ying those skills that are the most
l ikely  source of a studen t ’s difficul ty with a given task . Instead of dealing
with the en t ire list of skills when a studen t chooses to quit a task , for
examp le , it ~eems reasonable to assume that those skills that were initially
least well—learned shou ld be the object of the search in the selection of
the next task.

A l t e r n a t i v e  Form f o r  the  C1N I t s e l f

SIP ’s Curriculum Informat ion Network was , f rom the beginning , an ad hoc
design based on the authors’ ideas and feelings about teaching programming .
The details of the curricu lum description have been changed many times, in
response to observed errors, our changing opinions, and our experience with
our s tudents .  But the fundamental  s t ruc ture  of the network has not been
changed , since we were Interested in doing the best job of Ind ividualization
t h at  we comuld wIth the o r I g i n a l  des ign  before’ comparing it with something
e l s e .  lii Is sect lc~m dose’ r I lie ’s a u m e w network design we’ are cleve’ lop ing wh [cli
we hope W I  11 c ’v e ’r mt . m i i i  11 y prey Id . m ore I n s t  glu t  l u i  I eu r r  Ecu I urn d e c  is ions for RI 1’
students.
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One shortcoming of RIP ’s curren t representa t ion of ski l l s, which groups
them by techniques onl y,  is that the inherent semantic relationships be tween
the skills are not utilized . C1~arl y Skills 3 and 4 are analogous—— ”prin t
the value of a numeric variable” and “print the value of a string variahie.”
One could infer that If a student knows about printing numeric variables ,
and abou t assign ing values to str ing var iables , then he would probabl y have
no trouble with the skill of print ing the value of a string var iable.

Fur ther , inferences can be made abou t the relative d i f f i c u l ty of cer ta in
skills based on value judgments about the difficulty of their components.
Thus , if string li terals are though t to be harder to use than numer ic literals
(because of the problems arising from quotes and spaces), then Skill 2 (“print
a string literal”) can be described as harder than Skill 1 (“print a numeric
literal”), since it d i f f e r s  from Skill 1 onl y with respect to the type of
literal being printed . All other pairs of skills with this same minimal
difference can have a similar “hardness” relation drawn between them.

Thu s, a be tter task selection algorithm m igh t be devised if , instead of
simply grouping skills, we represent them in a notation that points up their
similarities and differences, and tha t allows skills to be f unc t ionally
related to one another. The new task selection algorithm would have access
to much more information than the current one, and could take advantage of
inferencing strategies to make a more “intelligent” choice of curriculum .

BASIC Netwo rk

As a foundation for specifying relationships between pairs of skills, a
semantic network representation of BASIC has been formulated . The nodes of
the network were chosen from a consideration of pr ogramming concep ts in
general , and the syntactic and semantic components of the BASIC language
in particular. The links between these nodes represent the usual set member-
ship relationships , as well as the subjective pedagogical opinions “harder
than ,” “analogous to,” etc. This network embodies a general description of
BASIC , ra ther than a specific description of the BIP tasks and skills; thus ,
it will remain useful even though the tasks or the skills may be changed .

Figure 5 shows a small piece of the BASIC network. It indicates that
there are four kinds (K) of variables: unsubscripted (VAR), subscripted
(SUBV AR) , numeric (NIJMVAR) , and string (STRVAR).

The H relation in Figure 5 indicates an opinion that the concept of sub—
scripted variable is generally harder to acquire than that of an unsubscripted
one; the bidirectional S and A relations indicate that numeric and string
variables are similar in difficulty and analogous to one another . The
D relation indicates that the concepts of subscripted variables and the
dimension statemen t are mu tually dependent.
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The comp lete list of link types are:

K——Kind of
C—Component of

[CJ— - .Optional component of
H—Harder than
P——Prerequisite to
S—Of simi lar d i f f i c u l t y
D—Mutual l y dependent upon
A—--Analogous to
X——Appears analogous to but is different from
I—Identical to (i.e., is the same variable as)

S, D, A , X, and I are always two—way relations; the others are one—way rela-
tions in which the direction of the arrow is significant.

In general , the nodes of the net should no t be thoug ht of as represent-
ing orthogonal classes. In the example in Figure 5, the four classes
exhibit completely overlapping membership at the next lower level, since
subscrip ted and unsubscrip ted variables include both numeric and string
types , and numeric and string variables include both subscripted and un—
subscrip ted types. This is partially illustrated in Figure 6, which shows
further levels of the subscripted variables (SUBVAR ) subnet.

This figure indicates that subscripted variables may be described as being
of two particular kinds, numeric (SUBNVAR ) and string (SUBSVAR). It also shows
that subscripted variables in general consist of two components (C), an unsub—
scripted variable (VAR ) followed by an index. (Since componency is always
written from left to right , no overt relationship between component nodes
need ever be indicated in the notation.) The particular componency of sub-
scripted numeric (SIJBNVAR) and string (SUBSVAR ) variables is shown at the next
lower level , along with that of the index. The meanings of the names of network
nodes are listed in the glossary.

Much of the network is recursive, as Is appropr iate for a structure that
resembles to some extent a BNF for BASIC. The part of the network that describes
the simplest skill a student can acquire——printing a numeric literal——is extremely
general and recursive. Thus, the print statement (PRINSTS) is seen in Figure 7
as having the componen ts “PRINT” followed by an expression list (EXPRLIIST).
This expression list may be either a simple expression (EXPR) or a multip le one
(EXPRS), which is harder. The possible kinds of expressions are numeric , string,
and Boolean, in order of increasing difficulty.

Once the BASIC net was completed , it was represented as a LISP file itt a
simple property list notation. Each node has as a property the kinds of links
that emanate downward from it and to its right ; the value of each property is
the appropriate list of next levels nodes. Thus, the print statement is re-
presen ted in LISP as

(PRINSTs C (“PRINT ” EXPRLIST)),

with the SIJBVAR node is represented as

(SUBVAR K (SUBNVAR SIJBVAR) C (VAR INDEX)).
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This LISP notation provides not only a machine—readable data base (which
we can use in the future for program—generated inferences) but also a formal
structure that has been helpful in guiding our thinking . The representations
of SIP’ s skills described below were produced by the applica t ion of rigorous
algorithms to the BASIC net Itself. The LIST representation is shown in
Append ix B.

Represen t ing the Struc ture of the Sk ill s

Given a complete BASIC net , we were than able to start devising a notation
for representing the 83 skills. Since the BASIC net is general and recursive ,
the notion of ins tan t ia t ing  general nodes in the net wi th specific nodes for
specific skills was introduced . The f i r s t  ten skills are all p r int ing skil ls;
they involve the use of a simple PRINT statement within a variety of simp le
s t r ing and numeric expressions. They all use the general part  of the network
shown in Figure 7 and represented in LISP as

(PRINTST C (“PRINT ” EXPRLIST)).

Since Skill 1 is “pr int  a numeric l i teral, ” it can be represented as

(SKOO1 (PRINTST (EXPRLIST . NLIT)))

which indicates tha t , on th is  occasion , EXPRL IST (an expression list) is to
be instantiated by NLIT (a numeric l i t e r a l ),  which is one “kind” of EXPRLIST
and is t r s el f  a ‘~~de elsewhere in the network.

Using th is  notat ion , we were able to represent all the skills in terms
of the network and compute the relationships between them. The notation is
designed to be descriptive of the relations between the skills and the
pr imit ives, and also of the relat ions between the skills themselves. Thus,
skills are defined not only in terms of network nodes , but also in terms of
each other .

For example , Skill 2 is “print  a s t r ing l i teral, ” d i f f e r i n g  from Skill 1
only in the type of literal to be printed . We can represent Skill 2 as

(SKO02 (SKOO 1 (EXPRLIST . SLIT) ) )

indicating that it is the same as Skill 1 except that the expression list is
instantiated by a s t r ing l i teral (SLIT) . Thu s, the notat ion i tself expresses
the relat ionship between the skills. Similarly we could in fe r , if necessary,
that

(SKOO 1 (SKOO2 (EXPRLIST . N L I T ) ) ) .

The usefulness of represen ting skills in terms of each other becomes more
appa rent as the skills become more complicated . For examp le , Skill 8 is “pr in t
a concatenation of string l i terals .” This can be wr i t t en as

(sKOO 8 (SKool (EXPRL I ST . (CONCATSEXPR (SEXPR . SLIT)(SEXPR . SLIT ))))).

Here several levels of in s t a n t i a t i o n  are indicated . Firs t , Ski l l  8 is the
same as Ski ll 1 except tha t  i ts  expression list (EXPRL I ST) is a concatena ted
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expression . Then , wi th in  the  concatenated expression , both of the s t r ing
expressions are to be i n s t an t i a t ed, in t h i s  case , by s t r ing  l i t e ra l s .  The
dot indicates that instantiation is being expressed within the components
list ; an open parenthesis  indicates a dropp ing of levels wi th in  the network
or w i th in  anothe r skill expression .

Having w r i t t e n  that  reasonably comp l icated descr ip t ion , we can now say
tha t Skill 9, “pr in t  a concatenation of variables ,” is simp ly Skill 8 using
variables instead of l i tera ls .  Tha t is expressed as

(SKO0 9 (SKoo8 (SEXPR . SVAR) (SEXPR . SVAR))).

Not only is this succinc t , but it also poi nts  out clearl y the minimal d i f f e r -
ences between the skills. The comp lete LISP notation for  the s t ruc tu re  of
the skills is shown in Appendix B.

The Skills Network

Given the LISP notation for the skills, we were then able to group them 
-

into “skill sets. ” A skill set consists of a skill (like Skill 1) that is
not described in terms of any other skill, but rather in terms of some net-
work node , and all other skills tha t are descr ibed in terms of tha t f irs t
skill , in a recursive sense. Thu s , Skills 1, 2 , 8, and 9 above all  belong
to the same skill set (along with many other skills as well). Ten skill sets
were isolated in this  way,  the two largest ones covering the concepts of assign-
ment by means of the LET statement and printing . A few skills, like the use of
the R~ 1ARK statement , were not related to any others and were treated inde-
penden t l y .

A
Complex diagrams were drawn for  each skill set showing the rela t ions

between skil ls .  These relations were derived from the informa t ion in the
BASIC net , using fa irly rigorous algorithms. For examp le , a hardness link
was drawn be tween Skills 1 and 2 , indicating that printing a string literal
is general ly  ha rder than printing a numeric literal. This link is substantiated
by the link in the BASIC net that  indicates string literals to be generally
ha rder to use than numeric l i terals , whether for  print ing or for other purposes
(like assignment , input , or comparison) .

The skills net contains the same H , S , and A links found in the BASIC net .
In addi t ion , an impo r tant  new prerequis ite link (P) has been added . Thu s ,
Skil l  8 , “pr int  a concatenation of s t r ing l i terals, ” has as a prerequisi te
Skill 2 , “print a string l i t eral , ” since the inexperienced student is considered
to need experience with  a single l i teral  before  he is expected to combine two
or more s t r ings.  Similarly,  Skills 13 and 15 (assignment to a variable via
INPUT and READ — DATA respectively) are both given Skill 11 (assignment with
the LET s ta tement)  as a prerequis i te .  Clear ly ,  prerequis i te  links are largely
a matter of pedagogic opinion.

The sk i l l s  net is represented in the same LISP property list notation as
that  used for  the BASIC net . Thu s , the fac t  that  Ski l ls  I and 2 are analogous
to one anothe r , and tha t  Ski l ls  2 and 28 are found , by a consideration of the
BASIC net , to be harde r than Skil l  1 is represented as
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(SKoo l A (SKOO2 ) ii (SKOO 2 Sk028)).

The complete LISP representation of the relationshi ps between the skills is
given in Appendix B.

An Illust r at ion

The fo llowing is a desc r iption of a mechanism that relies heavily on the I -

exp licit relationships between the skills for the “app ropriateness” of i ts
task se lection. Though we have not yet implemented this design in a fu l l—
sca le simulation of SIP , the limited simulations we have carried out by hand
have been p romising , and we intend to evaluate this new scheme , essen t ially
as described here , in the near future.

The network representations of BASIC and the skills present a tremendous
a~ ray of possibilities for program—generated inferences about the content of
the tasks. At some t ime in the fu tu re , we would like to build in some in-
ference—making procedures that might improve BIP’s selection of appropriate
tasks. At present , however, we will make the following changes to BIP’s design ,
which will not involve the full use of computational mechanisms allowed by the
new networks:

1. Replace the “cou n ter ” stud ent model with the “states” model descr ibed
above.

2. .“.dd ~.., the CIN the relationships between skills listed in Appendix B.

3. Implement a new task—selection process based on the modified model and
CIN , replacing the technique s t ructure .

The new task—selection design is similar to the old one in that it assembles
a set of skills (ca lled the NEED se t ) ,  on which the studen t needs work or to
which h~ is read y to proceed , and then locates a task using some of those skills
without requiring skills for which he is not yet ready. The p rocess will  work
as follows, where bracketed words indicate parameters that  are expected to be
varied experimentally :

1. Identif y all skills in states L3 or UO (those that the student has seen
but not mastered , o~ has asked for specifically). If any such skills are found , -

put them into the NEED set and continue from (4).

2. Locate all skills in states Ll or L2, and find all skills that are
ANALOGOU S to them. If any such analogous skills are found , put them into the
NEED set and continue from (4).

3. (No skills need remediation , and no immediate analogies are ready to
be satisfied.) Identify all unpresented skills whose INVERSE—PREREQUISITES
are in states Ll or L2. That is, locate the skills whose prerequisites have
been relatively well learned , and put those “ready” skills into the NEED set.

4. Locate all unpresented tasks. Order them by [most] NEEDed skills,
then by [fewest] learned LI or L2) skills.
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5. Examine the tasks on the list. If the given task requires any
skills whose own prerequisites have not been met , reject the task.

6. II a task is found that does not require such “not ready” skills,
present that task. Otherwise , if the list of tasks has been exhausted ,
find all the unsatisfied prerequisites of the skills in the [last] task
examined . [Add ) those prerequisite skills to the NEED set and continue from
step (4).

We have made a few laborious attempts to follow this desi gn by hand to
select a few tasks, and the sequence we have produced is quite reasonable.
The manual labor is tremendous, however, and we will soon begin experiment-
ing with at least partially—automated simulations.

The most important difference between this scheme and the current imple—
mentation is our reliance on prerequisite and analogy relationships between
skills, which are much more explicit than the vague technique groups. Further—
more, the potentially greater precision of the “states” model should allow
more accurate distinctions to be made between skills in cases where the student
has difficulty or quits the task. The “hardness” links between the skills will
probab ly be added to the scheme, mainly to provide further inferences for
identifying NEED ed skills, once we verify the general usefulness of the design.
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CONCLUSIONS AND RECOMMENDATIONS

We feel  tha t  the Cur r iculum In fo rmat ion  Network shows great promise as
a fundamental  s t ruc tu re  fo r CAl curricu lums in technical problem—solving areas.
One topic worth a brief note at this point is that of CAl “au thor  languages. ”
As ref lected in ou r discussion of curr iculum—based branching CAL , we are not
enthusiastic about a t tempts  to make it trivially easy for a subject matter
expert to design his own instructional ma ter ial wi thin the framework of a
lesson—oriented branching CAl system. The limitations imposed on dynamic
runtime individualization of the presentation of material are simply too great .
The pu rely generative approach , on the other hand , makes it impossible for  a
nonprogranuner to contribute very much to the design of a course , which obviously
l imits  the au thor  pool to an in i t i a ted  few.

W r i t i n g  c u r r i c u l u m  for  the  BIP course , by contras t , is easy.  The au thor
wr i t e s  the tex t , h in t s , and model solut ion more or less as he p leases , and
then constructs  the list of skills for  the task w i t h  reference to the l ist  of
skills and the i r  numbers.  We do not mean to underes t imate  the e f f o r t  involved
in cons t ruc t ing  the program i t s e l f — — a  job requir ing cooperation between sophi s—
ticated programmers and equally sophisticated subject matter experts. h owever ,
once such a program exists for  a given course , the CIN provides an ext remely
f lexible  s t r u c t u r e  wi th in  which cur r icu lum may be added by nonexperts.  In
applications such as Nav y t r a in ing , a system like BIP ’s mig ht be const ructed
for  some technical subject  area that  is taug ht at a number of d i f f e r e n t  ins ta l—
lat ions. Indivi’3 u~i.1 ins t ruc tors  at each site could then be encouraged to
produce specialized curriculum sections , tai loring the content of the course
to their  own requirements.
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GLOSSARY

ADD addi tion opera tor
ADDSUB additional and subt raction operators
ARITH arithmetic opera tor
ARITHNEXPR arithmetic expression
ASSIGNST assignment statement

BASICPROGRAN BASIC program
BEXPR Boolean expression , either simple or comp lex
BOOLEREL complex Boolean expression with Boolean operator(s)
BOOLOP Boolean operator (AND , OR, or NOT )

CHARACTER any keyboard symbol known to BASIC
COMP GT and LT
COMPLARITH complete arithmetic expression
COMPLEXPR complex expression (operator — either string or numeric)
CONCAT concatenation operator
CONCATSEXPR string expression with concatenation operator(s)
CONDITIONAL conditional branching
CONTROLST control statement

DATAST DATA statement
DIGIT 0 through 9
DIGITS one or more DIGIT
DIMST dimension statement
DIV division operator

ENDST END statement
ENDSTAT~~’1ENT the END statement , including its line number
EQCOMP LE and GE
EQUAL EQ and NEQ

exponent lation operator
EXPR expression (either string or numeric)
EXPRLIST expression list
EXPRS multiple expressions (in a PRINT statement)

FORNEXTST combination of FOR statement and NEXT statement
FORST FOR statement
FIJNCNEXPR func tion

GOTOST GOTO statement

IFTHENST IF—THEN statement
INDEX index part of a subscripted variable
1NNANE name of an in statement — either INPUT or READ
INPUTST INPUT statement
INST in statement
INT integer function
INTEGER integer number (positive, negative, or zero)
lOST I/O statemen t
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LETST LET s tatement
LITERAL literal (either string or numeric)
LITLIST literal list (for use with DATA statement)
LITS multiple literals (for use with DATA statement)

MULT mult ipl icat ion operator
MIJLTDIV multiplication and division operators

NEG negative integer
NEXPR numeric expression
NEXTST NEX T statement
NLIT numeric literal
NOSTEP nil (missing) step expression (in a FOR statement)
NOTONE positive integer , not one
NREL simple Boolean expression relating numeric expressions
NUMLET numeric LET statement
NUNVAR numeric variable (either simple or subscripted)
NVAR simple numeric variable

OPERATOR operator — either arithmetic, string , or Boolean

POS positive integer
PRINTST PRINT statement

READATAST combination of READ statement and DATA statement
R EADST READ statement
REAL floating point number
RELOP relational operator — EQ, NE Q, CT , LT , LE , GE
REMST remark statement
RND random number function

SEXPR string expression
SIMARITH simple arithmetic expression
SIMNEXPR simple numeric expression
SIMPLEXPR simple expression (no operator — either string or numeric)
SIMREL simple Boolean expression with one relational operator
SIMSEXPR simple string expression
SLIT string literal
SQR square root function
SREL simple Boolean expression relating string expressions
STATEMENTLINES BASIC statements, including line numbers
STATEMENTS BASIC statements, exclusive of line numbers
STEP overt step expression (in a FOR statement)
STEPEXPR step expression (in a FOR statement — may be n il)
STOPST STOP statement
STRLET s tr ing LET statement
STRV AR s t r ing variable (either simple or subscripted)
SUB subtraction operator
SUBNVAR subscripted numeric variable
SUBSVAR subscripted string variable
SUBVAR subscripted variable (either string or numeric)
SVAR simple string variable
SYMBOL CHARACTER which is not a letter , digit , or a space
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TEXT arbitrary text (as in a REMARK statement)

UNCONDiTIONAL unconditional branching

VAR simple variable (either string or numeric)
VARIABLE all variables — string and numeric, simple and subscripted
VARIABLES multiple variables (for use with INPUT or READ statement)
VARLIST variable list (for use with INPUT or READ statement)
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TILE TECHN IQU E GROUPS AND THE SKILLS

Technique 1. Simple ou tpu t— —fi r s t  programs . h
1 Print  numeric l i teral
2 Print s t r ing li teral
5 Print numeric expression [operation on literals]
8 Print string expression [concatanation of literals]

Technique 2. Variables—assignment.

3 Print value of numeric variable
4 Print value of string variable
6 Print numeric expression [operation on variables)
7 Print numeric expression [operation on literals and variables)
9 Print string expression [concatanation of variables]
10 Print string expression [concatanation of variable and literal]
11 Assign value to a numeric variable [literal value)
12 Assign value to a string variable [literal value)

Technique 3. More complicated assignment.

34 Assign to a string variable [value of an expression]
35 Assign to a numeric variable [value of an expression]
69 Re—assIgnment ~-‘f st ring var iable (using its  own value)
70 Re—assIgnment of numeric variable (using its own value)
82 Assign to numeric variable the value of another variable
83 Assign to string variable the value of another variable

Technique 4. More complicated output.

28 Multiple print [string literal, numeric variable]
29 Multip le print [str ing literal , numeric variable expression]
30 Multiple print [str ing literal, s t r ing variablel
74 Multiple pr int  [str ing literal, str ing variable expression]

Technique 5. Interactive programs—INPUT from user—using DATA.

13 Assign numeric variable by —INPUT—
14 Assign string variable by — INPUT—
15 Assign numeric variable by —READ— and —DATA—
16 Assign string variable by —READ— and —DATA—
55 The REM statement

Technique 6. More complicated input.

17 Multiple values in —DATA— [all numeric]
18 Multiple values in —DATA— [all string]
19 Multiple values in —DATA— (mixed numeric and string]
22 Multiple assignment by —INPUT— [numeric variables]
23 Multiple assignment by —INPUT— [string variables]
24 Multiple assignment by — INPUT— [mixed numeric and string)
25 Multiple assignment by —READ— [numeric]
26 Multiple assignment by —READ— [string]
27 Multiple assignment by —READ— [mixed numeric and string]
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Techn Ique 7. Branching—program flow.

36 Unconditional branch (—GOTO—)
37 Interrupt execution

Technique 8. Boolean expressions.

38 Print Boolean expression [relation of string literals]
39 Print Boolean expression [relation of numeric literals]
40 Print Boolean expression [relation of numeric literal and variable]
41 Print Boolean expression [relation of string literal and variable]
75 Boolean operator —AND—
76 Boolean operator —OR—
77 Boolean operator —NOT—

Technique 9. IF statements—conditional standards.

42 Conditional branch [compare numeric variable with numeric literal)
43 Conditional branch [compare numeric variable with expression)
46 Conditional branch [ compare two numeric variables]
47 Conditional branch (compare string variable with string literal]
48 Conditional branch [compare two string variables]
59 The —STOP— statement

Technique 10. Hand—made loops——iteration.

44 Conditional branch [compare counter with numeric literal]
45 Conditional branch [compare counter with numeric variable]
49 Initialize counter variable with a literal value
50 Initialize counter variable with the value of a variable
53 Increment the value of a counter variable
54 Decrement the value of a counter variable

Technique 11. Using loops to accumulate.

51 Accumulate successive values into numeric variable
52 Accumulate successive values into string variable
71 Calculating complex expressions [numeric literal and variable)
78 Initialize numeric variable (not counter) to literal value
79 Initialize numeric variable (not counter) to value of a variable
80 Initialize string variable to literal value
81 Initialize string variable to the value of another variable

Technique 12. Using “dummy” value to signify end of data.

20 Dummy value in —DATA— statement [numeric)
21 Dummy value in —DATA— statement [string]

Technique 13. BASIC functionals.

56 The —INT— function
57 The —RND— function
58 The —SQR— function
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Techn ique 14. FOR ...NEX T loops. 
$

61 FOR . NEXT loops with literal as final value of index
62 FOR • NEXT loops with variable as final value of index
63 FOR • NEXT loops with positive step size other than 1
64 FOR . NEX T loops wit h negative step size

Technique 16. Arrays.

31 Assign element of string array variable by —INPUT—
32 Assign element of numeric array variable by —INPUT—
33 Assign element of numeric array variable [value is also a variable]
60 The —DIM— statement
65 String array using numeric variable as index
66 Print value of an element of a string array variable
67 Numeric array using numeric variable as index
68 Print value of an element of a numeric array variable

Technique 16. Nesting loops (one loop inside another).

72 Nesting loops
73 Subroutines (—GOSUB— and friends)
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1. THE LISP NOTATION FOR THE BASIC N ETWORK:

( u , -~ ;I Cr ~~ooR.A N ~~ (SrATEMENTLINES . OP r LND~ TA fE~’I:NT))
(3rArENENTLiNE ~ C (LINENUM (STAT IThENFS O P T ) ) )
(END~~TATEM ENT C (LINENUM ENDST))
(Si -~TEt1ENTS K ( REMST lOST ASSIGNST CONTROLST DIM~ T ) )
(ENOST C ( XEND~~) )

(RENST C ~~Ef IX (TEXT • OPT)))

( 103r  K (PRINTST INST) )
(INE31 H (PRINTST LETST) C (INNAME VAHL.IST) K (INPUTST READATAST))
(MS SIGNS 1 K (INs-r LETST))
(fl~ MS~ C (Y.DI!1~’. VAR NEXPR) D (SU~3V A R ) )
I 
~~~ ‘3 F ~) NC- ~~’,3 I ~~~~ CCN~ -: I ~Th ’~ __ )

(Cu’ :~ I 1 I UN ~-,L H (UNOONDITION~ L) V, ( IE -rHENST FOPNEX ~s r> )
(UN- Ji-~DiT ICNAL.. ~ (ENDSI QOTOST SIOPST))
(ST OPST H (GOTOST ) C (XSTOPY.))
(FO~ ST D (NEXTST) C (YFORY. (NUMVAR 1) XFROM7. NEXPR %TOX NEXPR STEPEXPR))
(CO TOST C (XGOTOY. LINENUM ) H (ENDST))
(LETST K (NUMLET STRLET) C ((Y.LETV. • OPT) VAR IABLE GETS EXPR>)
(SF~ PEXPR K (NOSTEP STEP)) 

-

(FORNEXTST H (IFTHENST ) C (FORST NEXTST))
NExTS r 0 (FORST) C (XNEXTY. (NUMVAR • 1)))
(NUMLET C ((%LETY. • OPT) NUMVAR GETS NEXPR))
STPLET C ((7.LEr/. • OPT) STRVAR GETS SEXPR ) H (NUMLET))
(NO~ TEP C (NILL))
(STEP C (Y.STEPY. NEXPR ) H (NOSTEP)) 

H
(IFTHENST C (XIFY. BEXPR Y.THENV. LINENUM))
(PRINTST C (Y.PRINT7. EXPRLIST))
(ExPPLIs~r K (EXPR EXPRS))
(EXPRS H ~:x rr ~ (EXPR EXPRLIST))
(EX F’R K (SIMPLEXPR COMPLEXPR NEXPR SEXPR I3EXPR))
(SIN?LEXPR K (SIMNEXPR SIMSEXPR))
(COMPLEXPR H (SIMPLEXPR) C (SIMPLEXPR OPERATOR EXPR))
(SIIISEXPR H (SIFINEXPR) K (SLIT STRVAR ) A (SIMNEXPR))
(SEXPR K (S1MSEXPR CONCATSEXPR ) H (NEXPR))
(C3’~CATSEXPR C (SEXPR CONCAT SEXPR) H (SIMSEXPR ) A (SIMARITH))
(SItINEXPR K (NLIT NUMVAR ) A (SIM-SEXPR))
(I-4EXPR K (SIMNEXPR AR ITHNEXPR FUNCNEXPR))
(AP .1THNEXPR K (SIMARITH COMPLARITH ) H (SIMNEXPR))
(SIMAR ITH C cEXMNEXPR ARITH SIMNEXPR) A (CONCATSEXPR))
(COMPLAR ’” C (SIMARITH AR ITH NEXPR) H (SIMARITH))
(FUNCNEXPF. -. (SOR INT RND) H (SIMNEXPR))
(SOR C (V.S~ RV- NEXPR))
(INT C (7.IN.. NEXPR) H (SGR ) S (RND))
(RND C (%RND7.) S (INT))
(BEXPR K (SIMREL I300LEREL ) H (SEXPR))
(BOOLEREL C (BEXPR DOOLOP BEXPR) H (SINREL))
(SIrIREL K (NREL SREL))
(SREL C (SEXPR RELOP SEXPR) H (NREL))
(NREL C (NEXPR RELOP NEXPR))
(INNAME K (XREADY. V.INPUTV.))
(INPUIST C (XINPUTV. VARLIST))
(VARLISI K (VARIABLE VARIABLES))
(VAPIABLES H (VARIABLE ) C (V A R I A B L E  V A R LIS T ))

(READATAST C (READST DATAST) H (INPUTST))
( f

~~EAvST C Y.READ~’. VARLIST) D (DATAST ) S (DATAST))
(DATAST C (7.DATA7. LITLIST) D (READST ) S (READST))
(LIT LIST K (LIT LIT S ) )

(LITS C (LIT LITLIST) H (LIT))
(OPERATOR K (A ~~ITH CONCAT RELOP BOOLOP ))
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• - - : ‘ i i  ~~~~~~~~~~~~~~~~ NUL. I D )  - Xi— ’ ) )

(I - -. $ (ti’ ‘I - - ~- T V )  C ( 
~~/ -;. )

~I ‘ i~ 
I UIV H — ‘~~~ Ui-i ) K (I-luLl D I V )

(~ ..I I’) H ( 1j -J ;~~~) C ( 7 / / ~.)
I i~)LT C ( 

~./ p : .)  ~

( Ai)05ui V~ - , )!) ~3ytJ ) )
( E~UL’ t A r ;o )  C (7. ,’— X )  )
(AD ~.) C 

( - .. ‘ ~~~) ~ t C o — ~::AT )
(~~:~:-I~~•~,T C (~~~- -~~~) A (ADD ) H ( A D D ) )

~~~~~ ~~, (~ -~--L OR NOT ) H (RELOP
(~~J(~ H (t~Nii)’ C (7.OR7.) )
(~~N1) C (XAND -.’ )
rT :~. r C C:-~~~-~CTEP (TEXT - OPT)))

~~~~~~~~~ i - -

/
‘C-: (L)- ) C (7./ >/=’/.)
(C C ; !P  K (GT L I)  H ( E Q U A L ) )
(Ci S (LI) C ( 7./ ~~7 . ) )
~LT S (CT ) C (7.1<7.))
(EQU AL R (EQ NEQ))
(NEC) H (E~

) )  C (7./ :>/<7.)
(EQ C (7 .1—7. ) )
~V,-~~ 1Ar3LE K (VA R SUDVA R NUMVAR SIRVAR ) H (LFrEPAL )
(E.UDVAR D (DINST ) K ( SUiJNVAR SUUSVA R ) H ( VAR ) C (VAR INDEX))
( VAR K (NVAR SVAR ) )
(SVAR A ( t- ’VA R ) S (NVAR ) )
(MVA R A (SVAr ~

) S (SVAR ) )
(SU~’SVA R S ( SUL3NVA R ) A ( SUDNVAR ) C ( SVAR INDEX) H ( S V A R ) )
( SU!3NVAR C (N V A R  I N D E X )  S ( SUI3SVAR) A ( SUI3SVAR ) H (N V A R ) )

(INUEX C ( 7 .1 ( 7 .  NEXPR 7.1)7.) )
~N . JM~~AR K ( NVAR SUBNVAR ) S (STRVAR ) A ( STRVAR ) H (NU T ) )
(S IRVAR K (SVA R SUSSVAR ) S ( NUNVAR ) A ( NUMVAR ) H (SL IT ) )
(LITERAL K (NLIT SLIT))
(SLIT C ( QUOTE TEXT QUOTE ) H (NLIT) A ( NLIT))
(F-:~.JU_ H ( S P A C E )  A (ZE R O) )
(SPACE H (SYMBOLS ) C (7.! 7.) )
(CHARACTER !-~ (1_ETTER DIGIT SYMBOL SPACE NULL)) ft
( S r ’ r1~3OL II  (DIGIT))
(DI(;Ic H (LETTER ) X (P09) K (7.07. 7.17. 7.27. 7.37. 7.47. /.57. 7.67. 7. 77. 7.87. 7.9% ))
(
~~LIT A (SLIT) K (INTEGER REAL))
(fl~ AL H (INTEGER))
( INT~~)2R R (POS MEG ZERO))
(NEG H (ZERO) C (7.1—7. DIGITS))
(DIGITS C (DIGIT (DIGITS OPT)))
(POE X (DIGIT) Ic C ONE NOTONE ) C ((7.+7. . OPT) DIGITS))
(ZERO H (P06) A (NUL.L) C (7.07.))
(N OIOCIE H ( ONE )
(ONE C (7.1%))
(Mlii H (OP ) C (7.NOTV.)

BF.S~ :Av AUUAB~E COPI 3-2 
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2. THE LISP NOTATION FOR THE SKILLS STRUCTURE: -

~~~k’~~ ,1 ~~c INTST (E XPRLIST MLII) — -

(~~k)~)2 (SKOO I (EXPRLI ST - SLIT]
(9K003 (SKOO 1 (EXPRLIST NVAR ]
(SKOO4 (SKOO 1 (EXPRLIST SVAR J

(SROO 5 (SKOO I (EXPRLIST (SIMARITH (S1MNEXPR NLIT)(SIMNEXPR - NU T)
(SK&06 (St&005 (EXPRLIST (S I MAR IT H  (SIEINEXPR . N V A R )(SIM NE X P R  - NVAR]

c Sicoc~7 
( SROO~ (EXPRLIST (SIMAR ITH (SIMNEXP R . NLIT)

(SKO•D8 (SKOO I (EXPRLIST - (CONCATSEXPR (SEXPR sLI-r)(sExpR . SLIT)
(SK~~)9 (SKOOB (SEXPR - SVAR)(SEXPR -
(SKOIO (5K 009 (SEXPR - SLIT]
3R’) ~~ , - :

~~~~~- L ET  :-i :~ R -/AR ) (N~ XPR NLIT]

~~~
- U

~~~~2 (STRLEI ~ 3l~~’ .AR - S V A R ) ( 8 E X I ~R - ~LIT]

~. 3 R O I 3  ~I N P U T~ T ‘.VARLISI NVAR ]
( SK014 (3R013 ( VARLIST - SVA R J
(SK015 (READATAST (READST (VARLIST . NVAR))(DATAST (LITL IST . NL I T )
(SK 016 (Si-c015 (READST (VARLIST SVAR))(DATAST (LITLIST - SLIT]
(5K 017 (DATAST (LITL IST (LITS (LIT - NLIT)(LITLIST NLIT)
(SRO18 (SK017 (LIT - SLIT)(LITLIST SLIT]
(SK OI9 (SKO1S (LiT NLIT)
(SKO2O (SikOll)
(3K 021 (SKOI8)
(5K 022 (INST (INNAME . %INPUT%)(VARLIST - (VARIABLES (VARIABLE

NVAR)(VARLIST . NVAR ]
( SK023 ( 9K022 ( VARIABLE - SVAR)(VARLIST SVAR]
(SK024 ( SK023 (VARIABLE . NYAR )
(SKO2~ ( SK022 (INNAME . ZREADX)

(6K 026 (SKC~ 2 ~~:~~ I~~~ME 7.READ%1
(9K027 (SK024 (INNAME - V.READX]
(sI-cc2B (SKOO l (EXPRLIST (EXPRS (EXPR - SLIT)(EXPRLIST NVAR]
(SK029 (SKO2B (EXPR - SLIT) EXPRLIST SIMAR ITH)
(SKOJO (SK 028 (EXPR - SLIT)(EXPRLIST . DVA R I
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