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SUMiyiARY 

This dissertation provides a linguistically oriented methodology 

for conducting experiments in which the subject may play an active 

role in a dialogue or conversation on a trial by trial basis. A dis­

tinction is made between two levels of analysis. A macro-analysis 

which utilizes semantic information measures (SIM) to assess the 

status of information flow between the subject and an information 

source, and a micro-analysis which provides a processor program 

description of individual subject strategies in acquisition and 

retention. 

A model of the interaction of short term and long term memory 

is presented which is based on a micro-level analysis of obtained 

SIM data. An analysis of observed subject strategies and theoreti­

cally optimal strategies is presented. The methodology is demonstrated 

by application to experimental data. 



CHAPTER I 

THE METHODOLOGY 

In traditional experiments requiring information acquisition 

(such as learning, concept formation, etc.) trials are presented in a 

fixed or random order. This procedure allovs the subject (S) little 

or no opportunity to control the sequence of cummunication events and 

thereby restricts the range of behavior displayed. For example, such 

procedures limit the su'bject's information acquisition strategies. 

As a result, conclusions dravn from traditional experiments may seri­

ously underestimate the importance of subject directed activities in 

acquiring information and present a distorted picture of human informa­

tion processing. This paper provides a linguistically-oriented method­

ology for conducting experiments in "which the subject may play an 

active role in a dialogue or conversation on a trial by trial basis. 

This methodology involves the utilization of semantic information 

measures (SIM) to assess the status of information flow between the 

subject and an information source as defined by the experimental 

situation. 

Experimental Background 

The problem of assessing and facilitating S's information 

acquisition is emphasized by recent research on man-machine interaction. 

This is illustrated by the work of Gordon Pask (1968) on adaptive 

machines which indicates substantial differences in human information 



acquisition strategies. Dexter [1972] has also investigated the 

variability of strategies in the context of computer-aided instruc­

tion. She finds substantial differences not only in strategies, but 

also in their effectiveness in learning tasks. This conclusion points 

to the need for a methodology vhich permits the design of experimental 

situations in which there is a clear display of the S's information 

acquisition strategy. Given an adequate display of S's strategy, the 

design of an appropriate adaptive system becomes feasible. 

Semantic Information Measures And Communication Events 

In 1950, Rudolf Carnap [1950] published Logical Foundations of 

Probability in which he demonstrated an important technique for assign­

ing probabilities as degrees of confirmation to sentences in a formal 

language. This interpretation of probabilities is known as logical 

probability and must, according to Carnap, be understood as distinct 

from probability interpreted as a relative frequency measure. This 

development in inductive logic permitted Carnap and Bar Hillel [1964] 

to outline a semantic information measure utilizing logical probabil­

ities in a manner similar to information measures developed by Shannon 

and Weaver [1949]« However, it was emphatically pointed out by Bar-

Hillel that the information measures of Shannon and Weaver could not 

be considered semantic measures of information; e.g. Bar-Hillel [196^], 

pp. 283-290. 

The work by Carnap and Bar-Hillel was limited to lower order, 

unquantified languages. Application of the measures developed by 

Carnap and Bar-Hillel, therefore, only apply to universal sentences 



due to this restriction. 

Recently David Harrah [1963a] [1963"b] developed a logical model 

of coimnimication which is of interest in information acquisition situ­

ations. This model explicates questions and answers in a formal 

language which permit the calculation of semantic information measures. 

The basic assumption about measures of information is that 

information is the reduction of uncertainty. In order to measure 

uncertainty, distinctions are made between the logical possibilities 

that can be expressed within a language^ . The more possibilities a 

sentence (Sen) of oL admits the more probable it is in the logical sense 

of probability. The more possibilities a Sen of^KT excludes, the less 

uncertainty it leaves and hence the more information it conveys. 

Thus, information is a monotonically decreasing function of logical 

probability. In addition, it is reasonable to require that informa­

tion should be additive for sentences that are logically independent. 

It is also assumed that information be non-negative, that it should be 

zero for logical theorems of ^ and be constant over any class of 

logically equivalent sentences o f ^ . 

Suppose that language^ is a lower predicate calculus with the 

usual connectives, variables and quantifiers. Further suppose that it 

has m monadic logically independent primitive predicates P , Pp, ..., 

P : and that it has n primitive individual constants a^, a„, ..., a , 
m 1 2 n 

that name n individuals. 

In such a language, it is possible to give a function P which 

attaches to each Sen a logical probability P(Sen). This function is 

presented below. 



Given the requirements outlined above for an information measure 

and the probability function P, at least tvo uncertainty functions are 

available. These are: 

1) Content: Cont(Sen) = l-P(Sen) 

2) Information: Inf(Sen) = -log(p(Sen)). 

(The base of the logarithm is generally taken as 2.) 

These tvo measures satisfy the basic requirements of an informa­

tion measure and both seem to have potential merit. In comparison: 

(l) the content function is a very direct measure of the number of 

alternatives that Sen excludes, while (2) the information function is 

the same as the function based on the frequency probability interpre­

tation and used by Shannon-Weaver in statistical information theory. 

This Inf function gives rise to the familiar entropy equation 

H = ) p^ log P. 

for expected information in situations where a number of mutually 

exclusive alternatives with probabilities P.(i=l;2,...) present 

themselves. 

These measures are related as follows: 

Inf(Sen) = l°g i . Cont(Sen) 

Bar-Hillel [196^] has said that Cont(Sen) is a measure of the sub­

stantive information conveyed by Sen while Inf(Sen) is considered the 

surprise of value of Sen. 



These measures give rise to additional measures such as 

incremental information, transmitted information and conditional 

information as will be discussed later. 

In many experimental situations, the language between the sub­

ject (S) and the experimenter (E) may be formalized as a lower predi­

cate calculus. For example, one class of experiments may require S 

to map a set of stimuli (s ...s ) onto a set of response items 

(r-,...r ) according to a predetermined rule. For example, in such a 

case the language of the experiment might be formalized as the standard 

lower predicate calculus with M independent, monadic predicates 

P , Pp...P and N individuals a.,, ap,...,a . Such a language is 

^ m ^ m 
generally referred to as an J^ language. The interpretation of JT 

is that the predicates P ,...,P are taken to represent stimulus com­

ponents of the matching rule which match stimuli S ,...,S to responses 

r^, ..., r . The individuals a^, ..., a represent the responses 
1' n I n ^ 

r , ..., r . Accordingly, P̂ a would be interpreted as the statement 

"stimulus S is matched to response r^." 

In such a language quantification can be eliminated in favor of 

enumeration. For example, (3x) (Px) where Px is any compound formula 

formed from atomic fonnulas P-,x, ..., P x and the usual logical con-
1 ' m ° 

n e c t i v e s can be w r i t t e n : 

Pa-, V Pa_ V . . . Vpa 
1 2 n 

(x) (Px) can be w r i t t e n : 

Pa., A Pa„ A . . . APa 
1 2 n 



An effect of the quantification "by enumeration is to permit the 

calculation of inductive probabilities by the methods of Carnap rather 

than those of Hintikka. 

The method of calculating P(Sen) for sentences of ^ is as 

follows: 

1. Form 2 Q predicates: 

Q.x = + P, X A + Po ^ A • • • A + P X 1 — 1 — 2 — m 

(O ^ i ^ 2 ) For each distribution of - (not) or + 

(nothing) in front of the Atomic Fonnulae P-,x, .... P x 
1 m 

2. Form 2 * Ordinary Constituents or state descriptions: 

Ci =± V l ^ ± V l ^ '"^ ± V l 
± ^1^2 A ± ^2^2 A • • • A + P^a^ A • • • A 

+ P,a A + Po^ A •• • A + P a 
— I n ' * — 2 n m n 

0 ^ i ̂  2 ' For every distribution of 'not' or 

nothing before the m.n instantiations of the predicates 

P^x. •••, P X with the individuals a^. •••, a . The 
1 ^ ' m 1̂  ' n 

reader can easily verify that each C. is a conjunction 

of Q predicates instantiated with the individuals. Or: 

In 1963^ Jaakko Hintikka [1965] produced a distributive normal 
form for general sentences which permitted the extensions of semantic 
information measures to quantified languages. 
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Thus every sentence Sen of ̂  is logically equivalent to a 

disjunction of ordinary constituents. 

Computational Procedure (l) 
It is possible to distribute probabilities evenly to the C. so 

that for this particular language P(C.) = . Under this scheme to 
^ ^ ^ 1 pm.n 

calculate P(Sen) for Sen in X^ ve only need find the width of Sen 

(w(Sen)) where w(Sen) is defined to be the number of ordinary consti­

tuents in the disjunction of C.'s logically equivalent to Sen. Then 

simply 

p(Sen) =]iSen) 
^m.n 

This procedure is used in calculating results given in this paper^ 

and is essentially Carnap's M** proper M function. 

Computational Procedure (2) 

A second and computationally more difficult procedure is as 

follows: 

1. Let C. be called isomorphic to C. if and only if C. can be 

obtained from C. by permutation the individuals a^, . , . , a . 

Call this isomorphism ISO. 

^ m 
2. Let CONS be the set of all ordinary constituents of J[ 

-̂ n 

Quotient the set CONS by ISO. Then if x e CONS/lSO, then 

V X (the disjunction of the elements of x) is called a 

structural description. 

3. Let the cardinal of x e CONS/lSO be k , then the probability 

mass of X is evenly distributed among the constituents C. e x. 



Thun: 

P(CJ = ^ 
1 2^.n ^ 

h. Thus for sentences s of 
n 

w(j) 

p(s) = 2, p(^i . ) 

This procedure outlined ahove has the possible advantage that 

the patterns of assignment of the individuals of the language to the 

response items do not yield different probahilities (and hence dif­

ferent information content measures) for the sentences of Ji • The 
n 

quotient of the set CONS "by ISO insures that the calculations are not 

sensitive to these assignments. This procedure is "based on Carnap's 

M proper m function; e.g. Carnap [1950]. This M function was 

intended to allov an information user to learn from Inductive samples. 

There are three reasons why the first procedure based on the M"* 

functions chosen. First, rules are chosen in demonstration tasks in a 

random fashion and subjects are so informed. Since rules are state 

descriptions, their random selection might be reflected In equal 

probability assignments to state descriptions. Second, since S's are 

informed that they should not expect to discover a predictable rule 

based on evidence, the M function intended for inductive applications 

would be inappropriate. In fact M is a function reserved for deduc­

tive applications. It has been referred to as M_ to emphasize its 



deductive character; e.g. Carnap and Bar-Hlllel [196^] and its use is 

therefore appropriate. Third, empirical studies "by Cohen [1970] sug­

gest that the M* function has more psychological validity for the 

tasks under consideration. 

For the calculations represented in the traces in Chapter II 

the function Inf was chosen as a "basic function hut a derived function, 

Incinf vas used for the SIM curve. This is: 

Inclnf(s/h) = Inf(s A h ) - Inf(h) 

Incinf(s/h) measures the information of s A h ahove that of h 

alone. Here h is the "history" or the conjunction of all previous 

sentences delivered in a sequence of communication events. A plot of 

the accumulation of incremental Inf against communication events 

reveals a trace of information flow to the subject. This shows (l) 

the points at which information is made available, (2) the amount of 

information received at each event, (3) the occurrence of events which 

convey no new information, and {h-) the point at which the maximum or 

total amount of information is available to the subject. 

Communication Events Or Trials 

It is important that this procedure permits the calculation of 

the information content of a question. Intuitively it might appear 

that questions convey no information, but a question is a communica­

tion event in the formal language and can potentially have non-zero 

information relative to the instructions. Notice that the calculation 

for traces can be done at this level of resolution. Each communication 
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event can "be divided into tvo communication events vhich are (l) the 

question Q and (2) the information resulting from the evaluation of 

the answer to Q (inf(Q) if the answer is affirmative and Inf(-Q) if 

the answer is negative.) 

The following logical analysis of questions is based on a sug­

gestion by Harray [1963a] although it is not identical with his 

procedure. 

All forms of questions in our explication are special cases of 

Harrah's "whether" or disjunctive question, Harrah first describes a 

prime disjunct as follows: 

given a finite sequence G , ..., G of wff (n > l) 

for each i (l ^ i ^ n) write: 

•Ĝ ""' for '((...((((...(-G^ + -G^) + ...) + -G^_^) 

+G,) +-G.^^) + ...) +-GJ' 

He then enters a definition of a prime disjunction: 

(His) Def 7.1 

F is a prime disjunction in G , ..., G 

if and only if N > 1 and F is 

(((...((Ĝ "" VG^"") VG^"") V ...)V G^_/) V G / ) 

and defines a disjunctive question: 

(His) Def 7.2 

F is an n place disjunctive question 

if and only if F is a prime disjunction in 
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some sequence G , ..., G of wffs. 

and explicates answers to disjunctive questions: 

(His) Def 7.3 

A direct answer to a disjunctive question^ q, 

is a disjunct of q. 

These definitions insure that there is exactly one disjunctive 

question in each sequence of wffs G, . . . , G and that there is at 

most one true direct answer to it. 

Harrah also defines a metalinguistic notation for disjunctive 

questions. 

(His) Def 7.9 

(1) a disjunctive question in G,̂  . . . , G is referred 

to as '{G,^ ...; G ?)• 
^ 1 n ' 

(2) 'G?' for '(G,-G?)' 

This question mark, '?', occurs only metalinguistically and 

only as an abbreviational device. It is convenient but dispensable, 

thereby causing Harrah's question logic to differ from question logics 

of Kubinski [1958], Steinmann [1959] and others. 

There are two variations of the same procedure presented; the 

first is utilized in cases in which S poses questions and the second 

formalizes questions posed by E. 

1. A question by S is taken to be of three types 

(a) simple, (b) disjunctive, and (c) conjunctive. 

A simple question is of the form "does s. match 

r.?" and is formalized as P.a.. It is useful to identify 

questions with sentences of «C in this manner because it 
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permits an SIM to be calculated on questions as well as on 

responses. 

A disjunctive question is taken to be a question of 

the form "does s. match r. or r. or ... or r, ?" Such 
1 1 J k 

questions are formalized as P.a. V P a. V p .â  . If S vere 
^ 1 1 i J 1 k 

to ask "does s, or s. match r, ?" then the formalization 
i J k 

vould be P.r, V P,r, . 
1 k J k 

A conjunctive question is as above using "A" for "V", 

For example, if S asks "does s. match a. and a ?" then the 
1 J r 

>* m 
question is taken in JT to be P. a. A P. a . 

•̂  n 1 J 1 r 

Responses from E which evaluate or answer S's questions 

are taken to be the same as the question or its negation 

according as to whether the answer is "yes" or "no." If a 
question is formalized as q and is answered "yes" then q 

y m 
also is the ^ representation of the response. If the 

question q is answered "no" then this response is taken to 

be -q. 

Notice that questions that we refer to as conjunctive 

and questions referred to as disjunctive are both disjunc­

tive questions in Harrah's sense. For example,, the ques­

tion P.a. A P.a above is equivalent to Harrah's 

1 J 1 r 

((p.a. A P.s ), - (p.a. A p.a )?) 
^ ^ i j i r ' i j i r ' 

All questions in our sense are of the type {^Qsy-Ott) in 

Harrah's sense. The responses given to S's questions by E 
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are direct answers to disjunctive questions according; to 

Harrah's def. 7.3. 

2. Questions posed by E of the form "vhat r does s. match to?" 

are formalized as ( 5 x) (P.x) but as outlined above the 

quantification is eliminated in favor of enumeration. This 

question then becomes: 

Jr .a_ \/ Jr. a^ \i ... \/ Jr. a 

S might respond^ for example "S. matches r^," vhich is 

formalized as P.a . If S's response is correct then the 

message from E to S to this effect is formalized also as 

P.a^. If S is told by E that he is incorrect then this 

message is formalized as -P.a . Compound questions and 

responses to such questions can also be formalized. 

Application to Experimental Tasks 

In the class of rule learning tasks mentioned above vhich 

require S to map a set of m stimuli to a set of n responses^ the rules 

that are possible are exactly the 2 * state descriptions of cC . 

Thus each possible rule is a statement that each stimulus is or is not 

mapped on to each response. As a result^ vith no instructions what­

ever^ except that a mapping rule is to be discovered, S is confronted 

with a Problem Space (P.S.) which is the disjunction of the 2 * state 

descriptions or ordinary constituents. Each communication from E to S 

by way of instructions concerning the nature of the rule or in the 

form of answers to questions from S about the rule limits the P.S. by 



1 .̂ 

eliminating ordinary constituents from this disjunction. The Inf(Sen) 

function is a tool for evaluating the vay S elicits information about 

this P.S. When S has elicited enough infonnation to fix the rule, he 

has eliminated all but one ordinary constituent as being inconsistent 

with this elicited information and therefore has a complete description 

of his "universe" vhich is the problem or rule that vas embedded in the 

original P.S. 

^ m 
The use of the ^ formalization of the experimental language 

provides a means of incoirporating a description of the problem space 

into the language of the experiment and hence allows a measure of the 

information to S contained in the instructions as they relate to the 

problem space. This is an important aspect of the methodology. If 

there is to be an adequate theory of S's search through his problem 

space, then there must be a means of determining what that problem 

space is for S. Therefore, it becomes important that the experimental 

language be capable of containing a description of the problem space 

and that there be a means of measuring the information that it conveys 

to S about the task. In the conducted experiments this was included 

in the instruction to S: "The rule that you are to discover is a 

one-one rule. This means that one (stimulus item) matches exactly one 

(response item) and that no two (stimulus items) match the same 

(response item). There is for each (stimulus) a unique (response)." 

The protocols of these experiments indicate that this task 

description did in fact cause all S's to act upon the same problem 

2 
The complete instructions will be found in Appendix B. 
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space. That is to say that each S understood the nature of the rule 

he was seeking. This is evidenced "by the fact that errors attribu­

table to misunderstanding of the nature of the rule prescribed by the 

initial instructions -were rare. That is to say Ss alvays queried E 

about each stimulus item until a pair of matches were discovered and 

then left that stimulus for another (except for rehearsals of those 

matches). 

s0 m Therefore; -we must be able to formally describe in ^ the 

problem space permitted by the natural language excerpt cited above. 

Toward this end̂  a description is entered here of the language of the 

experiments in which the instructions are formalized as an axiom. 

Description of oL 

1. jjis a family of languages with the following description 

a. The logical frame of all languages in Jf is the lower 

predicate calculus with identity together with the usual 

model theoretic semantics. 

b. Each ^ p member of X. has the following primitive 

vocabulary (non-logical vocabulary in addition to the 

vocabulary of its frame) 

i. individual constants: 'a', 'a'^ . , , , 'a'^, 
1 2 ^ ' n ' 

•b., -b., ..., .V. 

ii. one two place predlcator: 'R' 

R 
2n 

(in addition to the proof theory of its frame). 

c. Each ^ p member of X ^^^ "the following descriptive axiom 

Axl. (x) (x=aVx=:a V...Vx=aVx=b Vx=:b V...Vx=b ) 
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Ax2. a :fap̂ a :fa A. . .Aa 4=a Aa :f:a A. . .Aa J=a A... 

\-l^ V l̂̂ l̂'̂ l̂̂ V • • -^^l+V ̂2+=̂ !̂ - • -̂  ̂ 2fV 

...a 4=b . (an axiom that states that all 2n 

individuals are distinct) 

Ax3. Ra b ARapb A.•.ARa b (or alternative) 

Zxh. (x) (y) (z) ((RxyARxz3y=z) A (RyxARzxD y=z)) 

one-one of R (or alternative). 

d. The following defined notation is introduced: 

P.x stands for Ra.x for every i 

All the models of jT o have carriers with 2n members and a 
^ 2n 

structure composed of a one-one relation Q which is one-one, 

whose field is the carrier and whose domain and range are 

disjoint. For the sake of simplicity all inductive proba­

bilities are calculated by first eliminating quantification by 

enumeration and then translating all primitive non-logical 

notation into statements containing only the predicators 'P.' 

and the individual constants 'b.'. 

2. The language used in the experimental transactions (questions, 

answers) are formalized in the defined notation of the appropri-

ate I . 
^ 2 n 

3. The instructions given to the experimental subjects are formalized 

by the axioms of the appropriate ̂ „ and the inductive proba­

bilities calculated as above. 
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Formal Descriptions of the Problem Space 

In the description of the language given above a sample axiom, 

Ax« , for the nature of the rule is given. This sample axiom charac­

terizes the P.S. as the set of all one-one rules. Since the calcula­

tion of the information measures is carried out in languages with 

monadic predicates, we expand here on descriptions of P.S. 

With a binary predicate 'R', one-one-ness of the corresponding 

relation is expressed in the object language by: 

M (y) (z) ((Rxy ̂  RXZ:D y=z)A (Ry^^zxDy=z)) 

Going back to monadic predicates the same fact is metalinguistically 

expressed by: 

P a '̂  P a"' e n t a i l s y=z and P z ^ P a "* e n t a i l s y=z for a l l x y x z y x z x '̂  

indices x,y,z, where 'P ' 'a ' are metalinguistic structural descrip­

tions for x=l,2,...,m y=l,2, ..., n respectively of monadic predicates 

*p m 

and individual constants of the object language ^ . The above meta­

linguistic entailments are many-one is encased in: 

m n 
A A -(P a^ A P a J j_ X y X z' 
x yfz 

one-many is encased in: 

n m 
A A -(P a ^P a ) 
'' I y X z x^ 
X y:f:Z 

and that to every element of the domain there is an element of the 

range and conversely is encased in: 
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m n n m 
A V P a A A V P a 
X y *" X y -̂  

The fact that for every element in the range of R there exists at 

least and at most two elements of the domain of R related to it is 

expressed in the object language with the predicate 'R' as follows; 

(x) (3y) (3z) (y:f:zA Ryx A RZX A (•W)(RWXDw=y V W= Z ) ) 

which;, following essentially the same procedures^ goes into a meta­

linguistic schematism as follows: 

n ^ m r- m 
A | V A P a A P a A - P a [ 

L i L i y x z x w x j 
X y4:Z W::Z ^ 

If other instructions are read to S indicating types of rules 

other than one-one rules, then other axioms must be constructed after 

the above manner which capture the nature of the alternative rules and 

substituted for A X 4 above. 

An alternate assumption could be used to deal with the informa­

tion contained in the instruction. The position could be taken that S 

does not begin the experiment with Inf(P.S.), but rather uses P.S. to 

skew his probability distribution in such a manner as to begin the 

experiment with zero infonnatlon relative to the learning task. Thus S 

might assign zero probability to the ordinary constituents that are 

excluded by P.S. (if P.S. ̂  C. is logically false, then P(C.) = O) and 

assign equal probabilities to those constituents that are logically 

compatible with P.S.^ thus using P.S. to effect a task. However, it 
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turns out that this is not a significantly different procedure^ at 

least for the intended applications. In order to compare this proce-

yjf m 

dure "With the one outlined above^ consider an J language with a 

one - C rule where ( j ̂  m. This situation allows a problem space 
,n. , .n. . 

with w(P.S.) = ( )i/(( ] - mj since the arbitrary first stimulus has 

( ) possible matches. 
c 

Wow^ if Carnap's M^ function is utilized, each C. is assigned 

M (C.) = and therefore 
^ i' pm.n 

,n 
-m 

p(p.s.) =-^2A_A^ 

Now let us suppose that a sentence s is processed which elimi­

nates K constituents. The result is that: 

and 

IncInf(s/P.S.) = -logo(P(^P.S.) + log^(P(P. S.)) 

= m.n - log2(( ):/(( )-m)) - K 

n .n 
+ log2(( ):/( )-mj - m.n 
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= log^ 

However;, let this new M function, call it ]yL , be used which 

assigns to each constituent in P.S. equal weight but assigns zero to 

all others. 

Then P(P.S.) = 1 and 

n 

- M 

» p . s . ( ^ i ) = : ^ 

as there are 

n 

- M 

possible one - C rules in P.S. 

Now P(P.S. ) = 1 and Inf(P.S. ) = 0 as opposed to Inf(P.S. ) = 

m-n - logp(( )•'/(( ) " ̂ )) ̂ o^ "̂ hs M* function. However, we can show 
c c 

that the increments of information are the same. Here vhen s is 

processed eliminating K constituents from P.S. we have 
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n n 

^ - m ) - K 

P(s A P.S.) = "̂  "" 

- M 
• • / ( ( ) 

and IncInf(s/P.S. ) = - log^ (P(s A P.S. )) + log^ P(P.S. ) 

CM - M ) - K 

as before. 

We see^ therefore^ that these choices of an M function^ the 

one being Carnap's M and the other the idiosyncratic JVL ̂  , are 

both equally usable in a context in which Incinf is of interest. The 

major difference is that in the one case S starts with Inf(P.S.) and 

in the other vith 0 information and from this new base builds his 

information state as a sum of increments of information. 

One difference is sufficient to cause us to reject this M- ^ 

in favor of M . That is the fact that M_ q i^ ̂ o"t a proper M-function 

in Carnap's system. One requirement of a proper M-function is that 

for all state descriptions C.^ M(C.) > 0. This is not the case with 

Mp q and so we reject it even though it seems otherwise plausible 

and even appealing. 

This methodology allows careful distinction between communica­

tions events (QA exchange) that are acquisitions of new information 

and rehearsals. Any trial i for which IncInf(Sen. |h.) > 0 is a trial 
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on which new information has been acquired and therefore is not 

rehearsal. All other trials are defined to "be rehearsal trials. It 

is not necessarily the case that this distinction reflects the inten­

tion of S hut it is based on purely logical consideration. For an 

ideal S_, any trial for which Inclnf(sen. (h.) > 0 provides a reduction 

in the P.S. Hence^ he has acquired information relevant to his task. 

Also for the ideal Ŝ  any trial for which Incinf (sen.|h.) = 0 fails 

to change the P.S. Hence^ the trial logically is a rehearsal of 

already available infonnation. 

For the ideal S, these definitions are only prescriptive. 

However^ when an S performs his information acquisition with small 

deviation from a prescriptive base line^ we have increasing confidence 

that the definitions have a high degree of psychological validity. 

Based on the foregoing analysis of questions, the problem space 

and chosen information measure^ we can now enter a series of defini­

tions which lead to a performance record of S in a rule learning task. 

«p m 
Definition 1: A trial Q.? is any S originated oC formalizable 

"•p m 

communication event which elicits an I formalizable 
A. n 

response from E. 

Definition 2: A rule is an ordinary constituent C. of j^ . 

v» m 
Definition 3: An E message M. is an V response from E to a trial 

Q.? from S. 

For trial Q.? Then M. = Q. or -Q. according 
1 1 1 1 ^ 

to which of Q. or -Q. are compatible with 

the rule set by E. 

Definition h\ A history h. for trial Q.? is a conjunction of P.S. 
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with E messages m-, . . . , m. -,. 

{ 
h^ = P .S . 

h. , . = h . m. 
1 + 1 1 1 

Definition 5: Inc. = Incinf (m./h.) 
1 ^ i' 1'̂  

Inc. is simply the increment of information that S 

receives as a result of E's response to his question 

on trial i. 

Definition 6: A trace for a K trial task is a graph of Inc. x 1 for 

all i ^ K. 
n 

Definition J: S's information available state IAS. = ) Inc.. 

1=1 

The difficulty here is that S's actual information state need 

not be the same on trial i as IAS.. This is due to forgetting^ failure 

to process inferences, etc. For this reason, a description is needed 

of the actual information state for trial i, (AIS.). It is not immedi­

ately clear what this should be. A conservative definition for AIS. 

covers only the case where i is a rehearsal trial on which S is 

recalling his own information state for (apparently) memorial fixing 

purposes. In order to do this a definition is given to distinguish 

between acquisition and rehearsal trials. 

Definition 8: An acquisition trial is a trial t, such that Inc. > 0. 
^ 1 1 

Definition 9: A rehearsal trial is a trial t. such that Inc. = 0. 
^ 1 1 

Here we have a minor difficulty. On trials, t., on which S 

can (logically) infer M. from h., but not from h. ^, it is not clear 

that S psychologically treats Q.? as a rehearsal. This may occur when 

all available responses save one have been eliminated for a particular 
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stimulus. S's often ask If that stimulus Is matched to the only 

available response without appearing to realize that the question 

logically elicits no new Information. S's have^ however^ commented 

to E that they were aware that such questions were rehearsals In the 

logical sense. We take these definitions;, therefore^ to be suffi­

ciently natural for present purposes. 

We can now define bounds on the value of S's actual Information 

state 

Definition 10: S's actual Information state at trial Q.? Is 

IAS ̂ ^ AIS. ^ Inf(M ) if M^ = Q^ and t. is a rehearsal 

trial. AIS. is undefined otherwise. 
1 

Note that if Inf(M.) = IAS., then AIS. = IAS.. This occurs if 

S rehearses all available Information. If Inc(M.) < IAS., then S has 

not rehearsed all available information and we only have a minimum 

value of AIS.. Here S may be able to rehearse all of the information 

in IAS., but not choose to do so; hence, we choose AIS. ^ Inf(M.) 

rather than AIS^ = Inf(M^). 

A task is successfully completed when on trial Q.? AIS. = M.N. 

This can only occur when M. is the rule set by E. As noted earlier, 

all trials beyond this point are rehearsals. 

Until S successfully completes the task by stating the rule 

and hence terminates his trials, he may err. We must, therefore, 

identify what constitutes error among the conversational trials. S 

may ask many questions that may be answered "no" that are not errors 

Bruner, et. al. [I965] refer to this as 'reassuring redundancy' 
see p. 81 ff. 
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in any sense. If a trial i is a question Q.? for "which S cannot infer 

the answer from the history h., then an answer of "no" cannot be 

counted as error. This is simply a message M. = - Q. for which 

IncInf(M./h-) > 0« Therefore, trial i is not error but information 

bearing. However, if trial i is a rehearsal (i.e., Inc. = O), then 

an answer of "no" implies that S could logically infer - Q. from h. 

and hence constitutes error. Therefore: 

Definition 11: A trial Q.? is an error, iff Inc. = 0, and M. = - Q.. 
1 ^ I ' l l 

The linguistic analysis presented above allows S to frame his 

own questions on a trial by trial basis. With these procedures more 

complicated rules such as one-two rules, one-three rules can also be 

utilized. However, it should be noted that more complex rules may 

require more extensive computation and may therefore present practical 

difficulties. 

Finally it should be noted that traditional fixed trial pro­

cedures can also be described in terms of the communication analysis. 

In such cases, the subject's information state can be determined by 

tests which consist of questions posed by the experimenter which 

k 
elicit information on all possible s-r connections. 

Carnap and Bar-Hillel [19^^] have pointed out that Semantic 

Information Measures (SIM) are measures of the information contained 

1̂  
The logic of the SIM suggests that S should only be tested 

on s-r connections which have been previously presented to him. SIM 
can, of course, be calculated for a test of S's information regard­
less of the correctness of his answers. The issues raised by the 
calculation of SIM on incorrect responses are beyond the scope of 
this discussion. 
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in language structures for an "ideal" language user. By this they 

mean a user vho has perfect memory is completely logical and is a"ble_, 

with these tools^ to completely process all the content of any sentence 

of the language. It might "be assumed that the information traces in 

Chapter II are representative of the information for an "ideal" sub­

ject. The curves do not represent information acquired "by the su"bject, 

"but represent the information that would "be acquired "by an ideal 

language user "listening in" on the conversation "between the experi­

menter and S. 

To the extent that the S can relia"bly approximate the per­

formance represented in the SIM curve, one has increasing confidence 

that the S is processing information in accordance with the assumptions 

made in calculating the SIM. On the other hand, if S's performance 

indicates serious discrepancies from that of his SIM acquisition 

curve, then we might assume that the situation presents an information 

overload. Thus, the SIM may provide a technique for determining those 

conditions under which S can or cannot operate as an efficient informa­

tion processor. 

As noted earlier, the SIM curves permits us to divide the 

su"bject's performance into two distinct periods. The portion of the 

experiment represented "by the curve "before it asymptotes can "be called 

the acquisition period. The period following this can "be referred to 

as the practice period since no new information is presented. The 

point dividing these periods is the first trial at which the curve 

achieves maximum value. The terminology is "based on logical con­

siderations and is not necessarily descriptive of S's psychological 
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processes. 

Dialogue questions during the acquisition portion of the curve 

vhich provide no increment of information may indicate practice or 

rehearsal by S on previously presented information. Since no nev 

information can logically he presented during the practice portion 

of the experiment as noted, measures or tests of the S's ability to 

perform the criterion task (as shown by the bars) are required if E is 

to determine S's information state. 
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CHAPTER II 

MACRO-AmLYSIS OF PROTOCOLS 

A characteristic of the data ohtained in this experimental 

condition of the conversational methodology is that it is very 

regular and therefore analyzahle on several levels. The highest 

level of analysis hy vhich these data are to be examined might he 

called a macro-level of analysis. In this analysis, the nature of a 

subject's performance as to amount of error, information state, and 

information trace is in question. In a later chapter, a level 

referred to as a micro-level of analysis vill be found. There, certain 

theoretical mechanisms will be postulated which might account for some 

of the characteristics pointed to by the macro analysis. 

Samples of the protocols obtained from the participating S's 

are found in Appendix A. Certain notational abbreviations are system­

atically utilized and are explained there. The protocols were obtained 

from seven S's performing in 15 tasks ranging from five items to l8 

items. The sessions with the S's were recorded and the recordings 

were later transcribed and summarized into the protocols as sampled 

in Appendix A. The protocols are numbered and the S for which the 

protocol is a performance record is identified by number. The pro­

tocols include a record of the increments of information and a sum of 

increments of information. The sum of increments is used to construct 

the traces of information available to S as a result of his questions 
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over trials. These are displayed in Figure 1 through Figure 15. 

Performances recorded in protocols P-3, P-^, P-5, P-6, P-Ta^ and 

P-12 are particularly interesting "because of the high level of per­

formance that they represent. An examination of other protocols "will 

indicate that Sxs are not always found to produce data of this regu­

larity. 

The striking feature of these protocols is the small amount of 

error. Error is here used in the sense of Definition 11. Negative 

responses in acquisition trials are not errors according to this 

definition. The assumption is that if a trial produces a non-zero 

increment of information from a negative response from E^ then S has 

not erred, but has received useful information. Protocols P-^, P-5^ 

P-6 and P-12_, all represent performances in which S has made only one 

error. This seems remarkable when one considers that S-6 in P-12 has 

sorted through l8j possible rules in 121 trials in which 55 of them 

require him to process non-zero increments of information and has made 

only one error. Consider P-7a in which S-7 has found the correct rule 

out of 12.' rules in 8l trials with no errors. It appears that these 

Ss have chosen a strategy of acquisition and rehearsal which is 

absolutely appropriate to both the task presented to them and to their 

own memory and processing constraints. 

The existence of such error-free performance (EFP) is made to 

seem more remarkable by comparison with S-1 who failed on two occasions 

to provide EFP in a task Involving only five pair items. Compare also 

the larger task protocols to P-11 in which S-k commits six errors and 

then terminates trials as a result of his inability to process 
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information in such a way as to allow progress further in the task. 

Coulter (1973) has found that many subjects are able to formulate a 

strategy for generating questions and processing information in such 

a way that they can complete tasks of 12 item pairs under several con­

ditions of list order, visual display vs. no display, etc. He has 

found, however, that few subjects are able to perform error free, but 

that most Sxs commit many errors even though they eventually complete 

5 
the task. 

Another aspect of the performances of these Ss is the number of 

trials on which they demonstrate that their actual information state is 

equal to the information available state. For example, S-3 has demon­

strated at six points in P-5 that he has processed and stored all 

information available to him. If consecutive trials of this sort are 

included, S-3 demonstrates that AIS. = IAS. for i=^, 9, 12, I3, 20, 2^. 

That is six trials out of 2k. The existence of only one error indicates 

that the actual information state is likely to be maximum in many other 

trials also. 

Long term retention (2^ hours) data were taken for the longer 

tasks. This retention appears to be quite high, but more control 

would be required before it could be compared with long term retention 

data available in other experiments. Coulter (l9T3) has examined the 

issue of long term retention in several conditions of conversational 

tasks, ., ., 

It appears from Coulter's data that even though appropriate 
acquisition strategies are chosen, Ss may fail to perform with minimal 
error due to inadequate rehearsal procedures. As a consequence, a very 
wide range of performance was observed in number of acquisition trials, 
total time to reach criterion performance, and number of errors. 
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Table 1 contains an assembly of macro-level analyses of the 

various protocols. 
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CHAPTER III 

MICRO-ANALYSIS OF PROTOCOLS 

It is not claimed that the semantic Information measure "being 

utilized operates independently of a psychological model of infor­

mation users. Such a claim would he equivalent to claiming that the 

SIM is universal. Rather it Is claimed that there exists a psycho­

logical model of a participant in a rule learning task as an informa­

tion processing system vhich is compatible with the assumptions of the 

SIM. Such a model is proposed helow and includes two components: 

(l) a model of acquisition and (2) a model of rehearsal. 

Binary Search Behavior 

In protocols of rule learning tasks assembled in Appendix Î  

it can be seen that a particularly efficient strategy has been utilized 

by several S's. This strategy can be characterized as a binary search. 

This is a search which partitions possible matches available for a 

particular s. e ST into two equal sets with each question. In such 

a search if S seeks the appropriate r. which matches s. and if 

r. , r. , . . . , r. are available (not already matched) he might ask 
1 2 m 

"does s. match r., or r. or ... r. "? Thus either an affirmative 
^2 V 2 

or a negative answer will eliminate half of the possibilities. Of 

course if m is not even then Im/2| responses might be mentioned in the 

question, where IxJ is either the "round up" or "round down" function. 

In order to analyze S's behavior relative to the binary search 
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we can make what we might call a su"bgoal analysis. Let us suppose 

that S has a goal which is the rule to "be discovered in the task^ and 

that this goal consists of all possible state descriptions in P.S. 

This is in agreement with Newell and Simon's [1972] p. 7^ definition 

of a problem: "Given a set U, to find a member of a subset of V 

having specified properties (called a goal set^ G.)." Here the problem 

is the task presented by the P.S. and the unit goal set is the rule. 

We can further consider subgoals for S. For each s. e ST, 
1 

there are only certain allowable responses r. e R. (Those are exactly 

those r. such that no other s. has been found to match r. if the rule 

is one-one). Therefore, the goal consists of a conjunction of sub-

goals where each subgoal requires discovering which r. is matched to 

a particular s.. 

Any question that S asks about s. which is not a rehearsal 

question provides him with information which leads toward subgoal i. 

We will look at several lines of protocol Number 7' in a particular way. 

We will use the identity of the s. being asked about (hence the subgoal) 

at the left margin. We will use a bracket under a response list to 

indicate the range of a disjunctive question. We will use a dotted 

line to indicate that a disjunctive question does not include all 

items included in the bracket but only those indicated by vertical 

markers. We use the number of the question at the left of the bracket 

and the response to the question within the bracket. Also, all 

response items not available for the stimulus because of having been 

previously matched are circled. 

From such a display in Figure l6 several things about S-3's 



'}0 

strategy are clear. First, in all cases a su"bgoal is completed in 

sequential trials interrupted only by rehearsals. Su"bgoals are 

achieved sequentially. This sequential achievement of suhgoals can 

of course be observed quickly in all the protocols by simply scanning 

the range of questions. It is of some importance^ however, because 

the commonality observed in this matter has suggested asking an S to 

perform tasks without sequential subgoal achievement. The S was 

highly inefficient and committed a large number of errors. His 

introspective report was that this procedure though informationally 

equivalent -was much more difficult than the sequential subgoal 

achievement. 

Of more immediate interest is the observation of a search 

strategy much like a binary search. It is of considerable interest 

then to observe that to some extent this strategy is observed not only 

in S-3 but also in all other S's. S-5 began in the first 21 trials 

of P-9 to follow a search strategy of a different nature. At this 

point he stopped and asked for an additional reading of instructions 

concerning compound questions and proceeded from that point to follow 

an approximation to the binary search. 

The discovery that many S's follow a highly regular and effec­

tive search strategy and that this strategy produces performances with 

relatively little error, suggests that these S's are behaving as infor­

mation processing systems in Newell and Simon's sense [1972]. 

In order to look at our data according to techniques similar to 

those of Newell and Simon we must first consider the problem space 

adapted by S's. In Chapter I it was briefly argued that the disjunction 
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of state descriptions compatible vith the instruction about the nature 

of the rule to be learned is a description of the problem space for S. 

This sense of problem space is more restrictive than that of Nevell 

and Simon. Newell and Simon, p. 8lO, vould include in the descrip­

tion of a problem space all of the following: 

1. A set of elements: these are symbol structures which are 

representations of states of knowledge about the task. 

2. A set of operators: these are information processes by 

which S can move from one state of knowledge to another. 

3. An initial state of knowledge that S has about the task. 

h. A problem: a set (possibly singleton) of designated know­

ledge states. 

5. The total knowledge available to S: this includes contents 

of primary, secondary, and external memory as well as path 

information, etc. 

What we have designated as P.S. is most closely allied to 1 

above. An alternative could be taken as follows. The disjunction of 

%p M 
all the state descriptions in o(^ ^ could be taken as 1, while what we 

call P.S. could then be 3* ^e choose, however, to take all disjunc­

tions of subsets of the disjuncts of P.S. as the set of knowledge 

states and take the initial state to be P.S. 

The set of operators are the Q. available to S, the answers to 

the Q., and the information processors S brings to bear upon the Q. 

and their answers. The description of these information processors 

will occupy us below. 

Discovering how S accesses E.M. is a very difficult process. 
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This is true because of the difficulty of calibrating eye marking 

cameras and other such devices but is also true because of the diffi­

culty of accounting for the interaction of E.M. vith other memories. 

A procedure for dealing vith this problem in a relatively straight 

forward manner is discussed in the section on proposed research in 

Chapter VI. By utilizing only minimal E.M. we allow an investigation 

of the participation of STM and LTM in S's behavior in a much more 

direct manner than that of Newell and Simon. 

We assume that a minimal set of information processors that are 

necessary to accoiont for the binary search strategy shown above includes: 

1. The ability to store sets in STM. 

2. The ability to mark elements of sets or alternatively store 

subsets of other sets in storage. 

3. Ability to perform unions (or additions) of sets in memory. 

k. Ability to take relative compliments (or substraction) of 

sets in memory. 

5. Ability to make comparisons on cardinality of sets in 

memory. 

6. Ability to partition sets in memory. 

These processors are elementary information processes (e.i.p.'s 

in Nevell and Simon (p. 20). The program which organizes these(e.i.p.'s) 

in such a way as to account for an s's behavior we take to be S's 

strategy, 

To construct a strategy program we shall let: 

1. S be a set of Stimuli 
2. R be a set of Responses 
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3. M(S) be a set of Stimuli marked as processed. 
k. M(R) be a set of Responses marked as processed. 

An information processing model based on this set of assumption 

and e.l.p.'s can be constructed to account for observed acquisition 

behavior. 

Strategy Program 

The programs which operate on the problem space to account for 

S's acquisition strategies are divided into three levels and in one 

case four levels. These are (l) the goal program; (2) the subgoal 

program; (2) the subgoal program; (s) the response set selector pro­

gram. The fourth is a program which was needed to account for one 

subject's strategy and will be discussed separately. This structure 

was chosen as a result of two factors. First, introspective data from 

participating S's indicate that the goal of learning the rule is sub­

divided into subgoals associated with each stimulus item in a very 

natural way. This is borne out by the data which indicate S's almost 

invariably seek information about the rule to be learned component by 

component, finding a match for s. before ever asking any information 

about s . This tends to verify the validity of a goal for the task 

which is subdivided into subgoals for each stimulus item. The second 

reason that this structure was chosen is that there is a commonality 

to certain aspects of the acquisition by all subjects and other aspects 

that are much more particular to individuals. As mentioned above the 

selection sequentially of stimulus items to ask about is almost per­

fectly common to all participating S's. The type of questions genera­

ted about the selected stimuli, however, displays much less commonality 


