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ABSTRACT

Determining altermative curriculum sequences is a tedious task involving many individuals

and analysis of large amounts of curriculum-related information.

Because these tasks are not _

readily reduceable to mathematical operations, and because educaters and curriculum designers
are generally not so  inclined, computer intervention into this design process has been meager.
Nevertheless, the power of the computer to handle vast amounts of information coupled with its
high speed manipulation ability makes it an ideal instrument to use in the instructional design

process.

which a curriculum may be analyzed fto determine a
curriculum objectives and limiting comstraints.

The project reported hexein describes the development and application of & nodel by _
lternative instructional sequences based upon
The project's primary goal is to ultimately

apply the model to the analysis and design of imstructional sequences for 16 closely related
courses currently under development by the U.S. Navy Recruiting Command.

THE PROJECT

The U.S. Navy Recruiting Command has under-
taken the task of developing training programs
for 16 individual, vet closely related jobs (or
billets) within the duty called recruiting.
Although development of training programs is not
new to the military, the approach to this partic-
ular curriculum design problem is. Due to the
close interrelationship between and among each
of the 16 courses under development, there is
heavy reliance upon instructional sequence.  For
example, several competencies have been identi-
fied which overlap in many of the 16 courses.
Because such overlaps parallel real-life recruit-
ing practices, they were not avoided. ..It is
educationally sound practice to structure student
learning experiences so as to simulate reality as
much as possible. Some-educational psychologists
believe this produces maximum learning transfer.

However, the payback comes in the form of an
increased demand on curriculum seguencing. A
non~sequitor or ill-sequenced curriculum can
damage the realism of learning experience. It
can also reduce the student's ability to internal-
ize the concepts presented. The student may
appear to perform satisfactorily in the scheool
environment bub become disoriented in trying teo
perform a similar task in the real-world environ-—
ment. - Thus the need for well-sequenced instruc-
cion.

The classicaf approach to determining accept-
able instructional sequences has characteristice
ally been human intuition. Such an approach is
time-consuming in that it seldom produces an
adequate sequence on the first attempt.
ally, considerable work is involved with each
iteration. In this current project, intuition is
simply not sufficient for the task of aligning 16
courses into a unified sequence. -

In any curriculum design problem, there are
a myriad of variables which may dramatically

affect the ultimate instructional sequence. How-

-for planning and design.

sddition-

ever, a medel exists in the literature which is
capable of dealing with complex systems of
interacting variables. (1) This model, known as
Interpretive Structural Modeling (ISM), has
been successfully applied to the sequencing .of
process elements in a number of design projects
in the fields of engineering, agriculture as

well as a host of other complex scientific and
social problems. (2} Unfortunately, ISM has seen
limited use in the field of education as a toecl
In fact, this writer
has found only one such use. And this has been
accomplished primarily by Sato and his colleages
in Japan. {(3,4) It is the intent of this project
to adapt ISM to the instructional: sequencing
problem and build upon the work that has already
been done in this area with the hope that stuccess—
ful development here may spawm more educational
uses of ISM in this country.

As the initial project report, this paper
will present some basic theory underlying the ISM
concept as well as a methed which shows great
promise in assisting the curriculum designer in
determining appropriate alternative instructional

_Sequences.

COMPLEXITY IN THE DESIGN PROCESS

The instructional systems approach, or any
systematic apprcach to instructional design for
that matter, is anchored in mathematical modeling.
It has long been recognized that a systems
approach to instructional development is patterned
after -the scientific method(3) which is in itself
a modeling approach. (6} The question then arises
as to why the design of instruction is not treated
by a mathematical approach to approximating the
shape and scope of a curriculum! In their text,
Programmed .Learning in Perspective, the authors

allude to the mathematical character of curricu-—
Ium. They descyibe a quasi-mathematical technique
(termed the matrix technique) which dis useful in
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determining optimum uwnit sequencing within
programmed instructional material. (7) Davies
further generalized this procedure, demonstrating
its utility in optimizing presentation sequences

for objectives of an entire course of instruc— -
tion. {8) The logical extension of this work

leads one to believe there may be a method by

which a complex curriculum composed of disjointed
competencies might be. alternatively sequenced.

Successful instructional design models call
for some sort of determination of sequence at some
time during the design process. Often this is
achieved through construction of objective trees
{or hierarchies). In fact, instryuction in the
building of such hierarchies is often in great
detail (9) -- testimony to its importance in the
instructional design process. To anyoné familiar
with such a task, it is immediately obvious that
instructional hierarchies are complex structures
not only to build, but also to interpret. The
casual observer is often unable to visualize the
many possible sequencing strategies from the maze
of lines displayed. Such insight requires a know—-
ledge of -the course content and at least some
grounding in basic learaning psychology. Yet, even
if this prior kmowledge is assumed, the task of
choosing an appropriate sequence from all the
possible sequences displayed on the hierarchy is
still not easy.  Mathematical modeling and opera-—
tions research provide some interesting algorithms,
however, which demonstrate the potential to assist
in selving complex instructiomal sequencing
problems.

In their paper Unifjed Program Planning, Hiil
and Warfield describe a methed for reducing complex:
systems of elements (Iin our case, ohjectives) inte
a matrix which deseribes their mutual relation-
ghips. (10} They call this a $elf-interaction
mathiX because it contains. information relating to
the interaction of each element with itself and
the others in the system. The authors define such -
a matrix as containing enough information to con-
struct an objectives tree.

For this project, their matrix method is used
in developing an objectives hierarchy from an
initial set of course objectives.. The worth of -
this matrix method is in its ability to produce a
hilerarchy which actually contains more information
than hierarchies developed by other means. "As an

OBJECTIVE 1

example of the kinds of informatien stored, and
generally gleaned from typical objectives trees,
consider the hierarchy of a hypothetical curricu-
lur containing 15 interrelated objectives as shown
in Figure 1 below. ’

Several bifs of information are implicitly
stored in this hierarchy. For éxample, OBJECTIVE
1 appears to be the terminal objective for the
curriculum. That is, all other objectives either
directly or indirectly terminate at OBSECTEIVE 1. .
Also, OBJECTIVEs 3,8,10,11,12,13,14, and 15 are
at base levels with no supporting objectives.

Thus, these are ideal starting peints for: sections |

or modules of instruction. TYet another bit of
information available from the hieratrchy is
implied by the arrows connecting the various
cbjectives.
of partitiong between objective clusters (though
such partitions are purely arbitrary). For ex-
ample, one such partition could be OBJECTIVEg 11,
6, 2, and l; ancther, OBJECTIVEs 13, 12, 7, 2, and
1; another, OBJECTIVEs &, 4, and 1; still another,
OBJECTIVEs 15, l4, 9, 3, and 1; etc. Although
such partitions are arbitrary, these groupings
give some indication of the amount of Informationm
potentially stored in am objective hierarchy. ALl
these bits of informatitn taken together represent
a detailed picture of how each objective interacts
with all the rest in this particular hypothetical
curriculum,

Yet, a completely different class of inter-
actions exists which alsc come to bear on a
curriculum.
related items as resgurce constraints {money, man-
power, -and time), student needs, types of learning
activities available to students to meet course .
cbjectives, types and timing of measurement tests,
etc.  Each of these has a effect on whether or not
a given instructional sequence will work
effectively. However, these interactions canpot
be stored or displayed on a typical objectives
hierarchy, such as that in Figure. 1. Even by look-
ing at the hierarchy, it is impossible to discern
if such interactions were taken into considerztion
in the hierarchy's development. Of course, this
information could be superimposed onte the hier—
archy, however, this could very easily complicate’
the diagram to the point that interpretation
becomes impossible. The reason for this is that
there seems to be an upper limit on the amount of

_ — = — I . .
QBJECTIVE 2 IGBJECTIVE 3| l 0BJECTIVE A} lﬁOBJECTIVEAEJ

l OBJECTIVE a IDBJECTIVE 71

| CBJECTIVE lli )

OBJECTIVE 10

i QBJECTIVE Sl ]%BJECTIVE 2

DBJECTIVE 12

OBIECTIVE 13

Figure L.

An objectives hierarchy containing 15 interrelated objectives
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information that one human can process and operate
on at any given time. - "Research tentatively shows
that the amount of information man is capable of
processing is limited, and more data...do not
necessarily increase the quality of decisions in
the same proportion.” (12) It must be made clear
at this juncture that the self-interaction matrix
is not intended to replace the objectives tree, but
only to emhance it. "The self-interaction matrix
C.+.15 not as clear as the objectives tree for view-
ing the relationships among objectives, but it
incorporates significant advantages in relating
objectives to constraints, alterables and needs”
inherent in the instructional system. (13) Thus,
in this project, both the matrix and the objectives
tree are utilized to their maximum advantages.

In actuality, the curriculum designer, the
teaching staff, and the management personnel each
recognize a different set of such interactions as
mentioned above which impact on the curriculum..
Thus, the designer must spend considerable time
with teachers to develop an instructicnal hierarchy
which tzskes into account as many of the ancillary
interactions as possible. And when they finally
come to an agreement on a reasonable teaching se-
quence, they may find (to their dismay} that the
administration rejects the plan because of scme
‘constraining factor neither the designer nor the
teachers knew about. Such situations are common
and illustrate the peed for a model which can con- -
tain and process much more curriculum-relevant
information than is currently possible. The major
requisites of such a model would have to be: con-
venience, simplicity and utilicy.

Convenience can be described as the ease of
applying the model to the design problem. Simplii--
city refers to the quantity of information that
must be provided by the user for the model's oper—
ation. And utility can be expressed as the model's
adaptability to a general class of curricuium
design problems — from the relatively simple task
of sequencing information within a programmed text
to the highly complex task of determining the
sequence for effective learning in a spirafed "K
through 12" educational network. ISM, the model
used in this project, posesses these primary
requisites in varying degrees and is thus a likely
candidate for the curriculum design problem.

CHARACTERISTICS OF 4 BINARY MATRIX

Before detailing the results and current
status of the project, we should first clarify the
terms uged, The literature on the subject is
primarily mathematical. For this discussion, the
mathematics have been simplified In some places,
and eliminated altegether in others. In its place,
intuitive arguments have been used. Readers inter-
ested in the actual mathematical derivations are
referred to the work of Warfiield. {(14)

A binary matrix is a square.arrzy of elements
whose values are either 1 or 0. TIf all the main
diagonal elements (from upper left to lower Tight
in the array) are ls, the matrix is said to be
reflexive. Thus, an irreflexive matrix has some
Ds on 1ts main diagonal. An irreflexive matrix -
must be made reflexive in order to be analyzed by
‘the matrix method. Fortunately, this is easily
accomplished by adding to the irreflexive matrix

an jdentity matrix. This is also a binary matrix.
with ls along the main diagonal and 0s everywhere
eise.

The rows of a matrix are usually referred to
by the letter £, while the columns are usually
referred to by the letter f. Every matrix element _
occupies a position which is at the intersectiom
of a row and column. Thus, any arbitrary element

-0of a matrix can be referred to as the (L,j) ele-
- ment. If a matrix element L, 1) and its "mirrir-

image” element (f,{) are the same value (either 1’
or 0), then the matrix is said to be symmetric.

The degree of symmetry. depends upon how many ele-
ments (£, ) are matched to their "mirror-images".

‘To illustrate this more clearly, note the mivror-

image quality in the binary matrix in Figure 2 on
both sides of the main diagonal. .For clarity, the
zeros have been removed.

12345

e b

Mirror-Image Symmetry Above agd_ﬁelow
the Main Diagonal {dashed) . . _

Figure 2.

A binary matrix may have a few assymetric points
and still be considered symmetrie for purposes of

- this method if the number of assymetric peints

are kept to a mirimum. TIn reality, an assymetriec
matrix yields the best Instructional hierarchy.
Thus, the degree of assymetry in the matrix deter

:mines the richness of the resulting hierarchy.

However, this depends upon the nature of the.
cbjectives under consideration and the nature of
the interactions among objectives - both of which
are dependent on the type of curriculum belng
designed.- -

TRANSITIVE RELATIONS AND DIRECTED GRAPHS

In ‘determining an appropriate curriculum se-
quence, .considerable thought must be given te¢_how
each instructional objective relates to all other
objectives in the curriculum. During the so-called
"front-end analysis'" phase of a design project,
relationships between what the student needs and

what the curriculum will offer to meet those needs =~

are more likely to be philosophical intuitions
than rigorous precofs. The mathematical charactex
of 18M, however, requires a more detailed analysis
of such relationships. These relationships are
logical rather than mathematical.

Consider the logical relationship among three
objectives {(a, b, and ¢) as illustrated in Figure
3. TFigure 3A shows that cbjective a relates to
objective b, and that b relates to c¢c. However,
objectlves a and ¢ are not directly related to A
one another. Clearly, if objective b were removed
from the curriculum, objectives a anq‘g"would exist
as isolated entities. Such a relation among objec—
tives is called jintransitive because there is no
direct relation or, or comnection, between objec—
tives g and c¢.

Figure 3B, on the other hand, indicates that
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Figure 3. Two Types of Relationships
Among Objectives a, b and-c

all objectives are directly related to each other.
If any one of them is removed, the remaining two
are still linked together through a binding
relationship. A tramsitive relation is one in

which each objective relatas, or is somehow linked

to the others in the group.

Though we have used the term "relation”
numerous times, we have not yvet clearly defined it.
A relation is a phrase or term that shows how two
or more elements (or objectives) interconnect, or
link, to one another. Whether or not a relation
is transitive depends not so much on what relation
is used, as on the sitwation in which it is used.

For example, consider the relation "is
contained within". If a "is contained within' b,
and 1if b "is contained within"” ¢, then it follows
that a “is contained within" ¢.” We can visualize
this relation in Figure 4. Any objectives a, E

Visualization of the relation

45 contained within

Figure 4.

and ¢ for which this relation holds true is
considered a transitive set of objectives.
be borne in mind, however, that even though the
relation 1s transitive, not all ebfectives will
suit it.. If ome particular relation is not
transitive across an entire set of objectives under
consideration, a relation that does apply must be
found. Each new relation chosen, of course, must
be similarly tested to insure transitivity within
the entire objective set.

Some relations are intransitive in all but the
most specific of situations. TFor example, Warfield
has reported that the relation “obeys"™ fails the
transitivity test (I3): if a "obeys" b, and if b
"obeys" ¢, a may not necessarily "obey” c. In fact,
most relations are situation specific.  They must be
carefully considered in the context of the entire
chjective set.

© anext section.

It must

Once a transitive welation has been identi-
fied, it remains to be discovered how the relation
specifically affects each pair of objectives.
Does, for example, the relation link objective a
to ogbjective b, or vice versa? A simple example
should serve to illustrate this point. Consider
the transitive relation depends upon priox
aecomplishment of. If objective a depends upon
don accomplishment of objective Eﬁ then elearly,
b cannot. possibly depend upon paion accomplishment
0f objective a. In addition te illustrating
assymetry, thils example alsc illustrates the
concept of directability. In the above example,
an arrow could be drawn between objectives a and b
with the arrowhead peinting toward objective a to
show that a dependé upon prion accomplishment of
k.

If all such directed relations between
objectives are considered, a picture of the inter-
actions can be obtained. 5Such a picture is kaown
as a directed graph. Warfield has shown that any
directed graph or dighaph possesses an associated
binary matrix (16). A given binary matrix, how-
ever, may produce a number of alternative digraphs.
Any one of them could be used as an ¢bjectives
hierarchy to describe the interrelationships among
instructional objectives. The binary matrix needed
to produce the digraph is called the reachability
matriz. If transitive and assymetric, this matrix
can be manipulated to produce a digraph (otherwise
known as an objectives hierarchy). The procedure,
described by Warfield, requires the formation of
tables consisting of varicus arrangements of objec—
tives (17). The actual procedure followed for this
project will be described in greater detail in the
This cursery overview of the under-
lying theory supporting the matrix method will
suffice for our purposes here. o e

THE PROJECT'S METHOD

The process of generating a digraph from a
set of curriculum objectives is a straight-
forward approach composed of the following steps

1. . Identify the objectives of the curriculum.

2. Determine a transitive relation which _ _
applies toe the objectives in the context
of.. the instructional situation.

‘3. Place objective relations into a matrix
format - termed a self-interaction matrix.

4. Manipulate the matrix into a sultable
form - termed a reachability matrix.

5. Re-order the rows and columns of the
reachability matrix and partitien it to
reflect hierarchical levels - termed 2 _ __
modified reachability matrix. h

6. Compute a hierarchy (or digraph)} from the
modified reachability matrix ’

The curriculum design project described in
this paper feollows this six step process for
generating hierarchies and determining instruction-
al sequences. Since the approach is beth complex
and time consuming, computer algorithms have been .
designed to perform most of this work. The remain-
der of this paper details the process followed ln
the Navy curriculum project.
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Step I

After the froat-—end analysis had been
completed for the 16 courses under development, a
listing of tasks required for training were
identified. And from these, a series pof learning
objectives were developed for each course. One
course was used for the pilet study in this
project.

Step 2

The transitive relation {4 necessary Lo
aceomplish was agreed upon by the subject matter
specialists, the curriculum. design staff and
the approving board for curriculum development.
This relation was used in the analysis of the
relationships between every possible pair of
objectives. Since 18 objectives were originally
identified for training in the pilet course,

18 x 18 (=324) distinet objective pairs were
analyzed via the agreed upon relatiom.

Step 3

For each of the 324 objective pairs, a 1 was
placad into the corresponding cell of a matrix,
if the relztion was.tyue. If, however, the

‘relation was false for a particular pair, a 0 vas

placed .in the appropriate matrix cell, The
resulting matrix required approximately foux
marhours teo accomplish. The self-interaction
matrix ‘which resulted is shown in Figure 5.

Objective Number

1 1 11111
123456789%012345678
i1fro000110001001101%90

0 2101 0100000000DG1 000
b 3]0010100000000000000
3 4000100000000 DCG10000
a 5/(]¢011:000CGL00G10000¢0
[ 6/00D0D00Y050D0000C0QO00
t 7{¢000010110c010G011011
i 3/000010110110010000D0
v 91001 01011100001000°%0
e lpjooo00D000NDOCYILOODOODL D
1100001010001 LCGEDGLO

of 12j000000002000100CL000D
u 13]001110¢60011001600.00
m - 14{0000101900000110011
b 153)000000000000001.000
e - l6§000000002000190011.00
r i7i000000Q00010000D0010
18j]0000000010000200001

Figure 5. A Self-Interaction Matrix
for the pilot Course

Warfield. describes an algorithm with which a
computer can be programmed to accomplish this
data entry step with reduced effort on the part
of the user.{l8) Currently, the algerithm is
belng modified for use in this project, but was
not used for the pilot project. After creation
of the seif-interaction matrix of Figure 3, it
was loaded into a BASIC language microprocessor
via a prompting routine developed by Orwig. The
flowchart of this routine is shown in Eigure 6.
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YHow many objectives are
in this unit?"

"What would you like to
call ohjective™; I;
"“Enter z 25 character
or less descriptor”

INPUT
OBJECTIVE
NAMES

I»H

DOES
OBJECTIVE PATR

AI,I) =0
RELATIONSHIE

A{II) =1

Chotce:
I. Save matrix on disc
2. Make changes to matrix
3. Digeard matrix

PRINT OBJECTIVE
DESCRIPTORS AND
THE CORRESFONDING
MATRIE .

MATRIX CHANGE
ROUTIME

MATRIX SAVE
ROUTINE

Figure 6. A Prompting Routine

for Matrix Data Entry
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Step &4

The self-interaction matrix of Figure 5 must
be manipulated into a reachability matrix before
further analysis can be performed. This manipu- -
lation involves raising the self-intéraction
matriz (M) to successive powers (squared, cubed,
etc., by Boolean multiplication) until the
following equality is met: MR = potl- An

algorithm used to accomplish this wultipiication
process is presented in flowchart form in Figure
7. (A flowchart of the entire computer program
developed by the authors appears in the Appendix.)
According to theory, if there are N objectives in
the matrix, the reachability matrix will be
derived in N-J or less iterations. (19) The self--
interaction matrix for the pilot course (Figure 8)
was converted to reachabllity form inm four itera-
tions. In ether words, the matrix of Figure 8
multiplies out in four iterations to_form the
reachability matriz in ¥igure 9, which satisfies
the equality: 3 _ MA.

Inftially, Dimension
aec C(N,N) AQLLRY CUN,H)
equal to PRLX,N)
ALK, K]

H N 1

Foz W=l to N

For Jmi to N

PR(I,¥)=
A(T,I3%C{I, W)

H Ser Flag

Iranafer PR{N,N)
ta C(H,HY and
* claax PR(N,W).
keiterste till
411 elements of
PRE{H,K)~C{H,K)

Y

Priot Hacrix
PR{N,N)

Figure 7. An Algorithm To Convert
A Self-Tnteraction Matrix A(N,N) Inte
A Reachability Matrix PR(N,N)
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Figure 8. The Self-Interaction Matrix of Figure 3

Objective Number

111111111
123456789012345678
o pjiolli111t111111171011
b 2101010000000000QG2000
J 3061110111111 111011
e 4/0003100000000001000
c s{ooi1119i111111111011
t §{00000100D0D000D000OQD
i 700111 0111111111011
v Bj00111.0111113111101T1
& gloolriolliiriiilliloll
lgjooill110111111111011
N 11100111011 1131I11110¢%1
b 1210000000000 0100Q1000Q
o 13|00 11013111131111011
b 14j001I110111111111011
e sloocooooco0o0000001000
r 16{000CG00000001001.2.00
izjooll1o111l11l11l1t1l011l
18foolli1o0l1111113111011
Figure 9. The Reachability Matyix Derived
From the Matrix of Figure 8
Step 5

.. The purpose of this step is to partition the
reachability matrix inte submatrices which Yeflect
the levels within the imstructional hierarchy. )
The resulting partitioned matrix will be tbhe
reachability matrix modified by row and column
interchanges. To determine the eventual order of
this interchange, a table is created which
contains a reachability set, an antecedent set and
the product {or intersection) ¢f both sets.
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The reachability set for element 1 is found
by inspecting row 1 of the reachability matrix
(Figure 9).  Every l in row l corresponds to a
column index, and every such column index will be
in the reachability set of element 1. To find the

antecedent set of element 1, imspect column 1. To

every entry of 1 im celumn 1, there is a corres-
ponding row index; and the set of such row indices
is rhe antecedent set of column 1. FEach row and
colurn is similaxly considered in turn thus
producing a table of reachability and antecedent
sets for each row of the matrix. -

In Figure 9, the row and column indices (1-18)
are used to identify the respective elements of
the reachability and antecedent sets. Table 1 is
constructed from Figure 9 by inspection.

Table L. A Reachability Table
ROW SET PRODUCT |
TMDEX(S) REACHABILITY SET RI{S) ANTECEDENT S£T A(S) B(5) N A(S)
1345678310 |
! 11 12 13 14 15 17 18 1 1
2 2415 2 2
745780101l 13578910 3578910
3 12 13 14 15 L7 18 11 13 14 17 18 1113 1417 18
1234578
4 415 g 10 11 13 14 4
3457291011 13573910 5578910
s 1z 13 L4 1517 18 1113 14 17 18 11013 14717 18
3 3 16 [
3457B910tl 13578910  [3578910
7 12 13 14 1517 18 113 14 17 18 1113 1417 18
3457891611 13576910 1578910
8 12 13 14 15 17 18 1113 14 17 18 11713 16717 18
3457491011 L3578910 31578910
2 12 13 14 i5 17 18 1113 14 17 18 1171314717 18
345784100 13578910 15789 L0
1o 12 12 14 1517 18 1113 14 17 18 113 14717 18
3457851011 13578910 3578910
u 1z 13 14 35 17 16 113 1417 18 1113 1427 18
1357691011
iz 12 15 1z 13 14 16 17 18 12
1457489101 13578910 15783910
13 12 13 14 15 17 13 11713 24 17 18 1113 L6717 18
3457851611 135780910 35760910
"' 12 13 L4 15 17 18 1113 16 17 18 11713 14717 13
123457891013
] 1S 3213 14 15 16 17 18 15
16 12 15 16 16 15
3457891011 13578%10 3578910
7 1z 13 14 15 17 13 1113 t4 17 1B 1113 16 17 18
345789161 13578910 31570910
1 12 12 16 15 27 18 1U13 16 17 18 11713 14717 18

From Table 1, it is immediately apparent that
the only rows for which the set product equals the
reachability set are rows 6 and 15. These two
rows are therefore removed from the table along
with all references to numbers 6 and 15 everywhers
else in the table, Thus, rows 6 and i5 from the
reachability matrix (Figure 9) become the first
two rows of the modified reachability matrix.
These two rows will be considered the top level in
the instructional hierarchy (or digraph).

Qrdinarily, the references to rows 6 and 15
can simply be erased from the table, and the next
iteration begun. For the purpese of illustration
in this paper, however, each new (reduced) table
will be enumerated.

Removal of all 6s and 15s results in the
reduced form of Table 2. This time,. the

Table 2. Reduced Table - Level 1 Removed |
ROW SEY PRODUCT
INDEX(S) REACHABILITY SET R(S) ANTECEDEKT SET A(S) R{5) N A(5)
1 1345 78810
1f 12 13 14 17 18 1 1
H 24 2 2
R 34575912011 138578910 3578910
12213 1 1718 11713 14 17 18 111 s 17 18
R t234578
& %10 L1 13 14 4
5 34576891011 13578¢210 3578910
1z 13 14 35 17 18 1113 14 17 18 1113 14727 18
, 34578091021 13578910, 3ISTB Y IO
21316 1718 1113 16 17 18 1013 14 17 18
P 3457891011 L215789510 I3ISFE 10
12 13 14 17 18 11 I3 14 LT 1B 11 13 14 17 18
’ 345789101t 135780910 35783910
12 13 16 17 18 1113 14 17 18 11712 14°17 18
o 3457851013 135780910 3578910
13l 17 18 1113 16 17 18 1113 18 17 18
a 3457841011 13578910 1576510
1243 14 17 18 11713 16 17 18 113 16 17 28
1z 135789101
iz 12 13 14 16 17 14 12
13 345789012 135784Il0 3578910
1213 16 27 18 1083 14 17 28 3113 16 17 33
u 3457893012 13578916 3578910,
12 13 14 i7 18 11 13 14 17 18 11 12 14717 13
i 1z 1% 16 16 )
1 3457891011 13578510 3578510
. 12 13 14 17 18 11 t3 14 17 1B Il 33 14 17 18
0 3457809101t 13578910 3578910
12 131 14 17 18 11 12 i 17 18 il 13 16 17 1B

reachability set R(s) and set product columns
match for rows 4 and 12. As before, these rows
are removed from the table and the reachability
matrix to become the second level in the modified
matrix. Again, removing all references to 4 and
12 from the above table results in the formation
of Table 3.

Table 3.. Reduced Table - Level 2 Removed

oW SET PRODUCT
TNDEX{S) REACHABILTTY SET R{5) ANTECEDENT SET A(S) RS N A(S)
. 13 5 T390
1l 13 14 17 18 1 1
2 2 2 -4
. 3 s7BO9lclL 135788910 1578910
1336 1718 1113 14 17 18 1113 1617 18
3 578901l 1357868910 3578910
5 1318 1718 1113 14 17 18 1013 14 17 18
; 3 57891011 13578910 . |l3szaole0
13161718 1113 14 17 18 1713 14717 18
s 3 57891011 V33578310 31576910
31 1718 1113 16 17 18 11713 14717 18
R 3457891011 13578910 3576810
1213 14 15 17 13 117131417 18 113 14 17 18
10 3 5789101 L3589 10 33578 7% l0
13 14 17 13 11 13 14 17 LB 10 13 14 17 18
n 3 57391012 13578910 3578810
13 16 17 18 1113 24 17 18 11713 16 1T 18
" 37 578391011 t357389 10 357859 l0
1316 1718 113 14 17 28 1113 1417 18
1 3 S7T8§I01I 13578910 3578910,
1?1 1718 113161718 113 14 17 18
6 16 16 Te
3 578910131 13578910 - |35780910
» 1316 1718 1113 14 17 18 11713 14 17 28
3 s7891011 13578910 3578910
18 1! 1718 1113 14 17 18 1113 14727 18

From Table 3, the third level of the modified
matrix is shown to be composed of rows 2, 18, 3, 5,
7, 8, 9, 10, i1, 13, 14, 17, and 18.
these references from Table 3 results in the forma-
tion of Table 4. Note that only row l remains to
make up the fourth and £inal level of the modified
matrix. . The resulting modified matrix is sghown in
Figure 10. The heavy black squares clarify various
submatrices which denote the four levels identified
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from the tables. Note that both row and

column designations in the modified matrix have
been identically interchanged.
ally accomplished by the computer algorithm,

This is automatic—- - and starting at the bottom of the matrix.

Table 4. Reduced Table ~ Level 3 Removed
oW SET BROLVCT
IHDEX (8) READHABILITY SET R{S) AWIZGEDENT SET A{S) R{5) M A(SY
1 1 1 1
Objective Number
IS 11111
0 564226357890134781
b
: t5d1o0lcoocoonoco00000000
J sloalooopoccopocoC0DQO } —— lLevell
& 41 oftoloooooopoccunac
c 12(1 0k 1Jl0oDDOOO0D0000DD0GO } T Level 2
t 2[T79,: o[l;0 000000000 D00 h
. 18/ 10w 1failln 0 000000.0700k0
i 3ltoefoa T T1IT T 110
v sjtontljoo1 111111111150
a slrodrtfoorr1r1111111 18¢
sfrofiifogitlzr111311140
sfroftffocit 111112121z 1fofg— Llevel 3
BN mwlronifeerriarrriirs o
u f1ohiifeoiri11111111o
m  13|lopifoarr111111111 Mo
wliglifeoll 11ty 1111 0
b 17/ 1ot ifoosr 11111t ifo
e 1ef1ofafooir vyt 11y efoll)
T 111113002 L 1111011100 —— Level 4
Figure 10. The Modiiied Reachability

Matrix Containing Four Hieraxchical Levels

The dashed lines within the level 3 submatrix
identify constituents, or interior links, within
that level. The largest of the three constituents
is called az universal submatrix because it
. contains all ls indicating that each of the
associated cbjectives in that submatrix are
mutually reachable to each other. 1In the litera--
ture, this is more commonly known as a maxfmaf
cycle. The dashed lines to the left of each of
the four heavy-lined submatrices outline what we
in the project have termed communication sub-
matnices which essentially describe how one level
communicates with the level above it. These
submatrices become useful in determining paths in
the eventual digraph. -

Step 6

At this step, all required information exists
in the modified reachability matrix to compute the
digraph. Warfield has noted that a given
reachability matrix does net produce a unique
digraph. (28) - This implies that more than one
digraph can- be constructed from the reachability
matrix of Figure 10. All the digraphs constructed
in this project are generalized digraphs which are
actually composites of all the pessible dlgraphs
contained in the reachabillity matrix.

The construction method is illustrated using
Figure 10 for reference. The following illustra-
tlon represents the process vsed to panually '
construct the digraph from the modified matrix.
The computer algorithm accomplishes this entire
process in a manner which is Lranspatent to the
user. The process is presented here for these who
wish to develop their own algorithms.

called a maximal cycle.

Begin by laying out each of the four levels
identified by the heavy-lined submatrices {levels)

contains only row 1, Level 3, the largest level,
contains rews 2, 16, 3, 5, 7, 8, 9, 10, 11, 13, 14,
17, and 18. Level 2 contains rows 4 and 12. And
level -1, the highest level, contains rows 15 and 6.

By referring to the dashed submatrices {(communica-

tion submatyices) to the left of each level

submatrix, commecting paths between the objectives

of one level and the objectives of each higher
level on the hierarchy can be determined.

For. example, the level & communication sub-

matrix (bottom row in Figure 10) has the follgwingr

pattexrn: (0011131111111 1)., This
pattern matches the patterns of rows 3, 5, 7, 8, 9,
10, 11, 13, 14, 17, and 18 in the third level.
Thus, a connecting path from objective 1 to each
of those mentioned above can be drawn on the
digraph. Note here that no cormmecting path exists
between objectives 1 and 16 or 1 and 2 because
their communication patterns do not match.

. On level 3, there are three separate parts
{or conéIAIuenté) within the level. - One constitu—
ent is composed of objective 2; another is composed
of objective 16; and the third is composed of
objectives 3, 5, 7, 8, 9, 10, 11, 13, 14, 17, and
18. As stated earlier, this third constituent is
Thus, interconnection paths
can be drawn on the digrapk between objectives 3,
5, 7, 8, 9, 10, i}, 13, 14, 17, and IS.

To get from level 3 to level 2, the level 3
communication submatrix (the dashed matrix to the
right of the level 3 submatrix} is analyzed
gainst the level 2 submatrix. Since level 3, as
was shown, possesses three separate and unique
constituents, there are three unigue communication
patterns to consider. For instance,. the maximal
cycle constituent (rke largest within level 3) has
a communication pattern of (1 1). This pattern

_matches the ls in both row 12 and row 4 of level 2.

Thus, connection paths can be drawm on the digraph
from any member of the level 3 constituent to each
of objective 12 and 4 in level 2. It is suggested
here that only one menber from level 3 be comnected
to level -2 since each member of the maximal cycle
is already connected to all others in that
constituent (by virtue of it being a maximal cycle
set). Iu addition, a single commecting path allows

- the resulting digraph to appear considerably more

simple.
this is completely arbitrary.

However, the choice to do or not te do
Also in lewvel 3, the

row 16 communication pattern (0 1) matches only row
12 in level 2, while row 2's communication pattern -

matches only row 4. Thus, two more connecting
paths can be drawn. Continuwing In this manner,; a
complete digraph can be drawn to represent the
reachability matrix., The finished digraph is

_showm in Figure 11.

We should digress here for a moment to make an
important point. Tatsuokaz contends that a digraph
can be constructed merely by analyzing the self-

.interaction matrix (he terms it the adjfacency

matrix). This writer, however, believes that
although Tatsuocka's contention is valid and logic-—
ally consistent, the adjacency matrix contains enly
enough information for one unique digraph, whereas,
the reachability matrix yields a more generalized
digraph. In a manner of speaking, the reachability

207

Level 4 .



LEVEL
FOUR

LEVEL
THREE

LEVEL

LEVEL
OKRLC

Figure 11. A Digraph for the Pilot Curriculum

Figure 12,

An Alternative Form for the Digraph of Figure il
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matrix is a composite of a family of adjacency
matrices. This is intuitively true since the
reachability matrix is computed by raising the
adjacency mairix to consecutive powers.,

This can also be ghown mathematically. Take,
for exampie, the number 16. There are two numbers
whose consecutive: products will equal 16 - they
are, of course 2 (2x2x2x2) and 4 (4x4). Both
consecutive products result in the same number =
16. However the original numbers 2 and 4 ara

obviously not the same. . This same analogy trans- -

fers to the problem of whether to use the adja-
cency or reachability matrix in determining a
suitable instructional digraph.

A digraph computed from the adjacency matrix
will undoubtedly be more simplified. than one
derived from the reachability matrix, although
the level of complexity does not begin to hecome
a hinderance until very large numbers of
objectives (40 or more) are to be manipulated.

In other words, the digraph derived from the
reachability matrix will usually contain more
paths than that computed from the adjzcency
matrix.

Each path on the digraph can be thought of
as a legitimate transition from one objective to
another within the curriculum. Looking at the
digraph in this way, one can begin to see that by
developing such a transition-laden digraph yields
a more fextile data base from which alternative
instructional sequences may be derived.

In the pilot project, it was recognized that
the digraph of Figure 1l could be redrawn to
yield more meaningful information to the curricu-—
lum desigrer. This alternate digraph is shown in
Figure 12. This type of digraph is called a
minimum edge representation of. the hierarchy (22).

Note in this figure that the maximal cycle
constituent of level 3 is represented by a
bi-directional cirecle interlecked via objective 1.
From the viewpoint of the actual course curriculum
there is, in fact, a great deal of coherence among
objectives 1, 3, 5, 7, 8, %, 10, 11, 13, 14, 17
and 18, Thus, it is not coincidental that such
a pattern has emerged. Note also that objective
6 can only be reached by objective 1. Therefore,
any instruction concerning objective & must rely
on information presented during instruction on
objective 1 - if, that is, the studenta are to
see a loégical tramsition from ome lessonm to the
next. Since objectives 1 and 6 appear isclated
from the rest, instruction relating to these rwo
objectives could very easily form a module of
instruction. Indeed, cother modules begin to
emerge from the digraph upon closer inspection.

It will be left to the reader who gains pleasure
from such activity to discover these other
modules.

This in and of itself is a remarkable tool
for the curriculum designer - to be able to iden~
tify "natural™ groupings of objectives via
mathematical analysis. However, this is merely
a fringe benafit of the matrix analysis technique.
As the computer analyzes the reachability matrix
and its communication patterns, a data base is
formed which contains all pessible legitimate
transitions from any given objective to any other.
Once computed, this data base is used for compar-

don_with a user's transition selections.
A usey can, in fact, experiment with wvarious
instructional sequences - tramsitionming from one.
cbjective to another until an entire course is
created. By comparing user-selected transitions
with the permissible transitions stored in temory,
the computer will inform the user if a particular
instructional sequence is, or is not, advisable.
It will even printout the sequence created by the
user in hard copy, if a printer is attached.
Fignre 13 is an actual, though partial, computer
printout of the interactive instructional sequence
creation routine.

WITH WHIGH OHJWT.I?E WOOLD YOU LIKE TO START '.EEF SEQUENCET 1

THE FOLLOWING TRANSITIONS ARE ADVISED, = CBOOSE ONE OR ENTER ZEB0 TO EWD TEE SEQUENCE:
357B9101113141718 17

ok, 17w : =

THE FOLLOWING' TRANSTTIONS ARE ADVISED. CHOOSE ONE OR ENTER 2XRO T0 END THE SEQUENCE:
35851021 13141718 13

UK. 1 +7 »3»

TEE FOLLOWING TRANSITIONS ARE ADVISED. CHOOSE ONE OR ENTER ZERO TO END THE SEQUENCE:
5578910131213 141718 14

OF, I #7433 %4

THE FOLLOWING TEANSITIONS ABE ADVISED, CHOOSE ONE OR ENTER ZERO TO FND THE SEQUENCE:
15 12

THIS OBJECTIVE IS OUT OF SEQUENCEZ. [ YOU STILL WANT TO SELECT IT {Y OR ¥}1 T

OX. ROWEVER, IT WILL BE PLAGGED 10 REMIND YOU II'S OUT OF SCQUENCE.

1-7#30&4@*

THE FOLLOWING : TRANSTTIONS ARE ADVISED. CHOOSE QNE OR ENTER ZERND TO END THZ SEQUENCE:
4 s

OF. 1-.7-3-.41-@*6-)

THE FOLLOUING TRARSITIONS ARE ADVISED, CHOOSZ ONE OR ZNTZR 2TRO TO D THE SEJUENGE:
57 8

msmc‘r‘wLsou‘rorsamcz.nomusrmumrmsmcru(!onu)z ¥

OF. HOWEVER IT WILL BE PLAGGED TO RIMIND YOU IT'S OUT OF sEQm:z.

RIS PR PN - N

TRE FOLLOWING TRANSITIONS ARE ADVISED. CHOOSE ONE OR ENTER Z¥RO TO END THE SEQUENCE:
3579101013 141718 7 1B

@ e a3 g sfl]es wf@a1e s

THEPOLLUUWGTRMSITIBNSARZADVISZD mmnmoxmmcmmmmmcs

35789100123 16107 T 16
THIS JBJECTIVE IS OUT OF SEQUENCE. DO YOU STYLL WANT TO SELECT IT f OR W}T Y
OK. BOWEVER IT WILL BE FLAGGED 70 REHIND T0U IT'S OUT OF SEQUEMCE.
Lot w3 g affed off]rie ofes B
THE FOLLOWING TRANSITIONS ANE ADVISED, CHOOSE ONE OR INTER ZERD T0 Znb THE SEQUERCE:
12 T o

Of. HERE IS TEE WERIGJT:IH SEQUENCE YOU HAVE {REATED:

LeT 34T i o[58 o7 ) -

DC YOU WANT TU CREATE AMOTEER SEQUENCE (Y 0R'N)Z N
OK. BYE FOR NOW.

Figure 13. An Interactive Instructional Sequenca
Dialog Between User and Computer

LIMITATIONS WITHIN A CURRICULAR SYSTEM

Naturally, the ultimate decision as to how a
curriculum is to be arranged rests with the
managers ot administrators of the curriculum. It
has been this writer's experience that a major

deficiency of front-end analysis is the inadequate

attention paid to the interplay among the numerous
internal and external constraints and limitations
placed upon a given curriculum. Limitationms such
as facilities, persomnel, time, money, social’
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factors, etc., if not anticipated in advance of - APPENDIX
establishing a curriculum sequence, could result

in the uvltimate zlteration of an otherwise . A Detalled Computer Flowchart for Developlng
logical instructicnal sequence. A Sequence Digraph From a Set of e
Curriculum Objectives
It is admittedly. a .complex task to comsider : {continued next 2 pages)

the effects of all possible limitations affecting

a curriculum without some means. to organize and

manipulate very large amounts of data. The

project described in this paper has illustrated a - -
method with the power to expand and accemodate M .

the analysis of such limitations --and thus

produce azn ultimate curriculum seguence which is B

sensitive to those limitations. The work on this ﬁ?ﬁ?ﬁ&ﬂ;
expansion forms the basis for Phase II of this B jrjyﬁghﬂ;m
project planned to be completed later next year. e T Dace sreraseucy

slawrals

The ultimate goal of this project is to . _
develop an integrated curriculum for 16 closely
related courses. EBach course possesses certain
characteristic limitations which are either
reinforced or overcome by the remaining courses. raavtes i
It is desired that this project will produce a fee T 9
curriculum which will reconcile the majority of
those limitations. Such a goal is common to .
curriculum designs both in the military and
civilian sectors of education. ' In that respect,
at least, those of us associated with this project
feel a bond with educators in every sector of

Misual or
Automatic leng
Iapat M or &

Lead date from

1

3. EisTareby coastructios
3, Exic”

"Ihaoss =n opriom:
2. Manual rou saguamcer

soclety.
Flot
malrix on

2
i P petubes vescar
ABOUT THE AUTHORS “Eessa PRTTCN=E crattor mequancicy
L < macrin
Mr. Thomas R. Remckly, Education $pecialist, REA gl Ao Sl

U.S. Navy Recruiting Command. Coordinator

for Curriculum Design at the Navy Recruilting
Orientation Unit, Educational Research and
Systems Development Department, Orlando,
®lorida. Currently pursuing a doctorate in L] .
Curriculum and Instruction at the University
of Florida. . +

" Tan
art(Iyex !

Fare(1)w¥~, T42

Ho

Dr. Gary Orwig, Asst. Professor in Instrue- - - B

tional Technology with the College of i o3

Education at the University of Central . Faretor | T .
Florida. Teaches courses in computer Fare(T)-x {h""hunnvwhhu
applications in imstructionmal technology;

actively engaged in research concerning A
interactive video and instructional design.

Loop ok a2l Tows, T mud
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chasgasf (Y or }
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Lonvert aelf-interac-
tiso wasTix A(K.N) To
a Teachabllicy matrix

ATmaT*l

PR{U,N} by rateing
A(%,¥} to pouers mntil

ANCL, W)=l

\_j/'_ : 1
; Xe y
Yen
r /

R{T,J)=7

IK(L, 3)=
R{1,J}

S$gan PR{¥,K) colummn
by column to build
reachability set
R(N,N) for esch of
N rows.

Scan PR(N,H) rou by
row to beild mntelew
dant sec AN(W,RW) for
each af R coluans

Compute fmtersection
of R(H,N} and
ANCH, N3

J

A A RARRTATE AR
Beachabilicy tabhle

cowputed
ARAERCAKARRS NN b
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A1

XuX41
Vald(l)«I
Pazc(X)=I

R(Vold (I),)=0
A IR(Va1d(I},J)=0

see routine iz Fig.7)
BOTES: . - -
1. R(K,W habilizy st
y: 2. AN(H,¥)=AnTecedent st 5
PR(N.X) 3. IN(H,M)=Intersection of R(K,H) and
into AB(N,¥)
EMIN,X) 4. PR(M,N)=Reachabilizy matrcix
5. RHM(H W =Modified Teachabiliry maciiy
6. Laval{N¥.,H)= holds levels and
gonseirusncs of RAIN,H)
7. Parn(¥}~holds row Interchange
Eriat sequence for PRALHLN)
Aeachabil-| g yaid(n)=holds tow numbers to vold Compare R(M,N) with
_ig“ from PR(N,X) IX(H,%] column by
PR(N,.N} celuan for each row.
* w . If corresponding rows
” h are equal, stare row

zumber for veoiding
froa reachability
table.

At this point, there
is. a pateh on row 2
berveex R{I, N} aud
IN(I,N). mtoTe row I
- J and reicerste for all

K rowm.

WOUE FOR THIS FLOWCHART SEGMENT:

Afcer all rowvs have been
mpalyred, delete eptire
Towe frpm R{N,N) and IR{H,H)
as stored In Void{K).

Then delote all references

T'to Void{F) eotries ia R(N,N},

AN(K,H) and IR(N,N}.

AN(1,3)=0

IN{I,J)=0
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Set:
veid{N}=0
Flaz=

Flag + 1

Levald (Flag, Ji=
veid(J)

Save levels for later
partitionircg

Derermine 1f R{®,¥) 1s entlrely
voided. If pot, clexy void

vector Vold (X, K) and Telterate
until R(H,H) ig entirely empiy.

eM{Yt, ) =PR(Part(I}.J)

5K
Hext J

JIrH

Prinot
RELR.R)

Print
Level (R, N}

Loxpute propertionn
al spacing for
ficrarchy print-out

Print hisrxrchy
{11st alcgents
of each leyel)

Prints a modified renchabilicy
mrtrix ready for partitioning
and digraph comstructien,

Print congtituents of each
level in the modified sarrix.
Eack raw L& o Jevel 1F I

Compute Eirecied
veczors in hiererchy
by analyzing modificd

chability matrix,

Recognize and stoTs
patterns for:

LevelX ((I-1).8) &
LevelIT{l,J}.

The Tth jevel patterz In Levell
matrix is coopared with the I-1sT
patzern in Levell for mll elements.

Srore vectar path
jusy computed

{i o I-1} for
later print out

dce:

T, Llist of directed vactors

2. Create » cufTéculum seguence
Both

Print directed
veeror lisc for

hierarchy previous
1y liated

contains nontero elements.
All momrers elswments 1u &
given row are constituencs of
that level.

transizion
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Hith which Eask 20 You want to begin cthe

mequece?; 4 ; Where to from here--enter

oA to end the sequence; L. The follows
Ang tranaitions are adviced:

Diaplay

Print
Sequence

Prime:
¢ "Tranmitica
not advizgd™
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