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A new experimental method to identify the

process of logical reasoning
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Abstract: A new method to identify the process of logical reasoning is presented. In spite of
its indispensability and importance, we have had few methods to identify a subject’s reasoning
process, except that of using verbal protocol data. In this paper, for the purpose of objective
identification of the reasoning process, we propose a new method to obtain the subject’s
reasoning process, in terms of a resolution tree for a task of which the logical structure can
be written by first-order predicate logic. The results of an experiment using this method are
presented. They revealed some interesting features of human reasoning such as, large differ-
ences between subjects, remarkable parallel processes, and the existence of subgoals for

each subject.
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In this paper, a method to identify the process
of human logical reasoning is proposed. Sup-
pose a subject is given a logical problem, such
as the following (modified from Chang & Lee,
1973, p. 89), and is asked to judge whether the
conclusion is true or not.

Premises: The customs officials searched
everyone who entered this country who was
not a VIP. Some of the drug pushers entered
this country and they were searched only by
drug pushers. No drug pusher was a VIP.
Conclusion: Some of the officials were drug
pushers.

Generally, the procedure of derivation of
proof from a given set of logical formulae is
nondeterministic, and automated procedures
often give a vast number of redundant infer-
ence steps, even if the problem appears quite

simple to human beings. Several efficient
methods have been proposed in automated
theorem-proving systems of artificial intelli-
gence (Al). There emerges a question: “What
is the real inference process of human beings?”
In order to answer this question, it is important
to know the process of human logical inference
for problems like that given above, in other
words, to find out how a human being solves
logical problems in what steps of inference, and
to know where (s)he infers correctly and where
(s)he infers incorrectly, and so on, throughout
the whole logical reasoning process.

Though many models of deductive reasoning
have been developed in psychology (for reviews,
see, e.g., Evans, Newstead, & Byrne, 1993;
Johnson-Laird & Byrne, 1991), we have had
few methods to identify the subject’s reasoning
process except that of using verbal (oral or
written) protocol data — the method of protocol
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analysis (e.g., Ericsson & Simon, 1984). Even
though this method is useful in many cases,
there are some problems with it in strictly and
objectively identifying reasoning processes. For
example, the subjects must be specially trained
in order to obtain useful protocol data. Second,
subjects may not always tell the truth. Third,
subjects cannot always verbalize all the proces-
ses. Fourth, it leaves room for involving the
experimenter’s subjectiveness in interpreting
the data, and so on.

We propose, in this paper, a method to iden-
tify objectively the process of human logical
reasoning. This method has several restrictions
at present, such as the logical structure of the
task being represented by first-order predicate
logic, as is detailed in the next section. On the
other hand, the method of protocol analysis
may be a generic one for a variety of cognitive
tasks. Therefore, if the present method is
used simultaneously with protocol analysis, it
may lead to a new paradigm for experimental
studies of logical reasoning. The discussion
about the extension of this method and general
problems in methodology will be presented in
the last section.

Representation of the problems
and solutions

Below, we propose a method to identify a sub-
ject’s reasoning process when (s)he is solving
logical problems. We introduce the notion of
logical formulae and graphs in order to repre-
sent given problems and subjects’ solutions of
these problems.

The method we propose here is based on the
resolution principle (Robinson, 1965), which is
one of the algorithms of automated theorem
proving that verify the validity of a given form-
ula of first-order predicate logic. For instance,
the logical structure of the problem given above
is represented by the following well formed
formulas (wffs). Let A(x) mean “x entered this
country,” B(x) mean “x was a VIP” C(x) mean
“x is a human,” D(x,y) mean “y searched x,”
E(x) mean “x was a customs official,” and F(x)
mean “x was a drug pusher.” Then the premises

can be represented by the conjunction of the
following wifs:

F: Yx[[A(x) N =B(x) \ C(x)] =
y[D(x,y) N EW)]],

F; 3x[F(x) A AR) AVD(xy) ~ FO)I]

F: Vx[F(x) = =B(x)],

: Vx[F(x) = C(x)],

and the conclusion is
[G: Ix[F(x) N\ E(x)]]-

Generally, as a matter of convenience, auto-
mated theorem-proving procedures including
the resolution are not based on validation but
on refutation. These procedures are applied to
a standard form of a wif. The conjunction of
the premises and the negation of the conclu-
sion should be transformed into prenex normal
form whose matrix is in conjunctive normal
form, QxQx, - Qx, [F /\ -+ /\F ], where
every Qx,i=1, ..., n,is either Vx, or Ix, and
every F, j=1, ..., mis a disjunction of literals —
a literal means an atom or the negation of an
atom (e.g., A(a), —B(x), etc.). Furthermore,
without affecting the inconsistency property,
the existential quantifiers in the prefix of this
formula can be eliminated. Suppose Q, is an
existential quantifier in prefix @ x, Q,x, --- Q x,,
1 < r < n. If no universal quantifier appears
before , we choose a new constant, ¢, and
delete Qx, from the prefix. If 0, O, -, Q,,
are all the universal quantifiers appearing
before 0,1 =<5 <5, <..<s, <r, wechoose
a new m-place function symbol f, replace all x,
by f(x,, x, ... x,), and delete Qx, from the
prefix. The function introduced here is called
Skolem function. The wff transformed into
standard form through the above process
becomes a conjunction of clauses governed
only by the universal quantifier, where a clause
is a finite disjunction of zero or more literals.
Thus, for convenience, omitting the universal
quantifier and conjunction symbol, we repre-
sent a wff by a set of clauses like below.

§={=A(x) v B(x) \/ =C(x) vD(x, f(x)), (1)
—AQY)V BY) VvV -CO)V ERAY). (D)
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An example of a connection graph. The node partition corresponding to the conclusion

Chapter 5). A step in the resolution in the set
of clauses corresponds to an edge in the con-
nection graph. Figure 2 shows an example solu-
tion of the problem in terms of a resolution
tree.* Every branch pair in this figure repre-

Figure 1.
{i.e., top clause) is written in the duplicate line box.
-F(2) v -B(z), 3)
~Fu) v/ C(u), 4
F(a), (5)
A(a), (6)
—D(a, v) \V F(v), (7
—F(w) v/ =E(w)}. (8)

Here, (1) and (2) are obtained from F,, (3) is
obtained from F,, (4) is obtained from F,, (5),
(6), and (7) are obtained from F,, and (8) is
obtained from negation of G.

In order to clarify the logical structure of the
task, we represent the set S of clauses by a
(directed) connection graph’, as shown in Figure
1 (Chang & Slagle, 1979; Sickel, 1976, 1977).
Every edge in the connection graph connects
the literals that are potentially complementary
with each other. It corresponds to the possible
refutation and substitution in the set of clauses.

The central idea of the resolution procedure
is elimination of literals in the set of clauses: for
any two clauses C, and C,, if there is a literal L,
in C, that is complementary to a literal L, in C,,
delete L, and L, from C, and C, respectively,
and construct the disjunction of the remain-
ing clauses. The constructed clause is called a
resolvent of C, and C, (see Chang & Lee, 1973,

sents a step in the resolution corresponding
to the edge in Figure 1, and the label of each
pair of branches and that of the edge are
named identically. To take a simple example of
resolution (Figure 2), the step in the resolution
labeled “a” deletes literals F(a) and —F(a) from
two clauses, (5) and (3), and the resolvent is
—B(a), labeled o. We will show in the following
section that a subject’s reasoning process can
correspond to a resolution tree.

Practical design of the experiment

To identify a reasoning process with the resolu-
tion tree, we designed an experiment as follows.

Framework

The experimental task is a quasichemical
experiment conducted on a color video display
controlled by a personal computer. The task
need not necessarily be a chemical experiment;
as long as the task satisfies the methodological

S

*The original version of this graph is called clause inter-
connectivity graph in Sickel (1976, 1977).
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“This solution is based on the method of SPU {selective
positive unit resolution; see Nagao & Fuchi, 1983, p. 105).
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: C(a)
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Figure 2. A resolution tree for the example in Figure 1. Each number in this figure indicates a clause
in the set S of clauses, and corresponds to that in Figure 1. The label marked on each pair of
the branches corresponds to that of the edge in Figure 1.

conditions described below, the style of task is
free.

Chemical agents are displayed on the screen,
and subjects are given a set of fests with which
to examine the properties of the agents. Every
subject is also given a sheet of paper on which
are written a set of rules regulating the rela-
tions between the properties of the chemical
agents. Each rule is written in natural language,
and expressed by conditionals. The goal of
the problem is to find out which agent satisfies
the designated chemical property. Subjects are
instructed to solve the problem logically by
examining the properties of the chemical agents
through the tests and by making inferences
from the results of the tests and the given rules.
However, in order to execute a test, the follow-
ing conditions have to be satisfied. These con-
ditions will be called the bottom-up restriction.

1. The property of the chemical agent that is to
be examined by the test must not be included
in any of the consequents of the given rules.
(Note that unit ctause, e.g., P(a), or Q(x), is
not involved.)

2. If the property violates the above condition
(i.e., if the property of the agent to be exam-
ined by the test is included in the conse-
quent(s) of one or more rules), then all the
antecedents of the rule or rules must have
been confirmed by preceding tests.

With this restriction, you can represent the
structure of the logical task as a connection
graph and represent the real reasoning process
of each subject as a resolution tree.

Reasoning process and execution

of tests

In this experiment, each rule corresponds to a
clause in the set S of clauses (it is called node
partition on a connection graph), and each test
corresponds to an edge that connects the com-
plement literals to each other in the connection
graph. (In fact, as it will be shown below, a test
may correspond to more than one edge.) From
the standpoint of formal logic, a chemical agent
corresponds to a nonlogical constant. And the
results of an experiment will reveal the sub-
ject’s logical reasoning process objectively as

© Japanese Psychological Association 1996
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[ ]|

Figure 3. Two cases in which a node has

multiple edges. The difference
between cases | and |l is the direction
of the edges. In these cases, the
correspondence between test and
edge can not be one to one.

a sequence of executed tests, corresponding to
the sequence of labels of the edges. In fact, the
sequence of executed tests indicates a proof by
the refutation procedure on the basis of the
resolution principle.

Now, consider some problematical forms of
connection graphs. If a node has multiple edges
(Figure 3), the relation between a test and a
step in the refutation cannot have a one-to-
one correspondence. For this reason, there is a
need for an additional procedure. In the new
procedure, the subject has to answer the fol-
lowing two or three questions, every time (s)he
executes the test.

1. “Which rule’s condition’ do you want to
satisfy by the test that you intend to conduct
at present?”

2. “If you are confident about the result of
the test by the given rule, then answer
whether the chemical agent has or does
not have the property; if unsure, then
answer uncertain.” (The answer should be
“yes,” “no,” or “uncertain.”)

” W
4

"As a matter of fact, the strict meaning of the word
“condition” used here is “antecedent.”

© Japanese Psychological Association 1996.

3. If the subject answered “yes” or “no” to the
previous question, (s)he was given the fol-
lowing additional question: “From which rule
did you predict the property of the agents?”

The subject is allowed to select more than one
rule in question 1, but only one in question 3.

The answer to question 1 resolves the un-
certainty of the correspondence between a test
and a step in the refutation shown in Figure 3-I,
and the answer to question 2 resolves the
uncertainty shown in Figure 3-1I. Moreover,
the answer to question 2 indicates whether the
execution of the test is merely a means to find
out the agent’s property, or whether it corre-
sponds to a step in the refutation. For example,
conducting test A under the condition given by
the rule “There exists chemical agents that
have property A” may not correspond to a step
in the refutation, but rather be a means of
examining the property. On the other hand,
when the rule is “If a chemical agent has prop-
erty B, it has property A” and it is already evi-
dent from the results of test B that the agent
has property B, then the execution corresponds
to a step in the refutation. This will be sub-
stantiated by the answers obtained from the
questions.

Experiment

Following the method above, we conducted an
experiment to identify the reasoning process of
subjects during the solving of a logical task.

Method

Task. Seven rules and a supplementary rule
were prepared. The rules and the goal were
printed on a sheet of paper and handed to the
subjects. They were as follows® (all properties
in the rules are fictional):

1. Iso-group chemical agents which are poly-
modific and not breakabilic are heatable.

8They were written in Japanese in the experiment:
iso-group was described with Japanese artificial word
iso-zoku, breakabilic with kai-sei, polymodific with juuka-
sei, drastine with geki-sei, paratic with para-sei.
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2. Iso-group chemical agents which are poly-
modific and not breakabilic are drastine
after heating.

. Paratic chemical agents are not breakabilic.

. Paratic chemical agents are polymodific.

There exists a paratic chemical agent.

. There exists an iso-group chemical agent.

. There exists a paratic chemical agent after
heating.

N0 kW

Some chemical agents satisfy rules (5), (6), and
(7) simultaneously.
And the goal was:

8. If there are chemical agents that are paratic
and drastine, please find one; if you cannot
find any, then form it (by heating) from the
given chemical agents.

Let A(x) denote “x is iso-group,” B(x)
denote “x is breakabilic,” C(x) denote “x is
polymodific,” D(x,y) denote “x changes to y
by heating,” E(x) denote “x is drastine,” F(x)
denote “x is paratic.” The logical structure of
these rules is identical to the example men-
tioned at the beginning, and the premises and
the negation of the conclusion are shown by
the set of clauses (1), (2), ..., (8) given under
“Representation of the problems and solu-
tions,” while the connection graph of these
clauses is shown in Figure 1.

The set of clauses pertaining the task con-
tains one Skolem function relating to the pred-
icate S; the Skolem function corresponds to the
operation heating, and the predicate S denotes
the relationship between the agent to be
heated and the one generated from it by the
operation.

Subjects were given eight chemical agents
fictionally named on the video display. In order
to avoid a possible selection-order difference
among subjects, the properties of chemical
agents were not defined in advance but were
defined by the subject’s selection order itself.
For instance, both for a subject who selected
the left-most agent first and for another subject
who first selected the agent third from the left,
the property of the chemical agent was the same.
Hence, in whatever order they selected the

agents, all the subjects had to conduct the same
minimum number of tests that was decided
upon before the experiment by the experi-
menter. Since the goal chemical agent formed
by heating is necessarily selected seventh in
this experiment, everyone had to test at least
six agents before the goal was reached, regard-
less of selection order. Figure 4 shows an exam-
ple of the video display from the experiment.
Subjects. Eighteen subjects participated in
this study. All subjects were university students,
and were native Japanese speakers. Although
we did not restrict subjects by their majors, no
one was a mathematics major nor a logic major.

Results and discussion

The resolution trees obtained from subjects
(two of them are shown in Figures 5 and 7)
indicate large variation, showing that differ-
ences in people’s logical reasoning styles are
quite large.

Figure 5 shows a resolution tree for a subject
which represents a typical process of reasoning
in this task. The tree shows that the first step of
the subject’s inference is to obtain both clause
B(a) \/—C(a) \/ E(f(a)) (labeled ¢ in Figure 5,
and we call it resolvent @) from rules (2) and
(6), and clause B(a) \/—C(a) \/ D(a, f(a))
(resolvent ) from rules (1) and (6) concur-
rently. Repeating the resolution like this, the
subject was able to prove (i.e., solve) the prob-
lem in seven steps at the last stage of the task.

Some of the steps in the resolution (i.e., the
first, second, fourth, and sixth steps) in Figure 5
can be regarded as a kind of parallel resolution.
For example, the resolution of the first step is
regarded as deriving two resolvents (i.e., o and
B) concurrently from three clauses (i.e., rules
(1), (2), and (6)), while the ordinary resolution
procedure practiced in artificial intelligence
derives only one resolvent at a time. We call
this parallelism divergent parallelism, and it can
be schematized generally as Figure 6-1.

The salient feature of this tree is the portion
for deriving the resolvent { and 9 (the fourth
and the sixth step, respectively) in the figure.
Three or more edges come together at these
nodes. This derivation can be regarded as a kind
of parallelism. We call it convergent parallelism,

© Japanese Psychological Association 1996.
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Dephosphoric Naphthal
Acid

Quer Acid

Iso-group

This is ...
Not Paratic.

Kerotene Elementary Galotimol Meta-shood Proterose

Remicine Acid

Please click the mouse button. X

Breakabilic
Polymodific

Paratic

Drastine

Figure 4.

A sample screen from the experiment. This figure indicates an execution of paratic test for the

extreme left chemical agent, and the result shows that it is not paratic. All of the subjects’
operations (e.g., selecting a chemical agent from eight, executing a test, etc.) were conducted
by clicking a mouse button. The center part of the screen demonstrates each test execution,
and varies with the test. The lower left window lists all the results of tests previously executed
for the current agent. In the experiment, all messages and all names of the chemical agents
and properties on the screen were in Japanese.

and Figure 6-1I shows the general form of this
parallelism in the resolution tree. These paral-
lelisms are different from “or parallelism” or
“and parallelism,” which are major concepts of
logic programming.

In relation to the response time in Figure 6,
while it seems that there is no significant differ-
ence between steps, the second or the third
step from last takes a little longer. The second
step from last corresponds to the execution of
test E for the chemical agent after heating.
Table 1 shows the mean response time for all
subjects. This table reveals that test E took a
long response time. The initial response time —
time from the beginning of the task to the initial
response — is not shown in Table 1 because it
was often very long and was regarded as being
somewhat different from the other responses.
The point to notice is that test E was executed
right after test D (heating operation) by the
subject of Figure 5 and many others. Test E must
be executed after heating because the literal
E(f(y)) of rule (2) contains a Skolem function.

© Japanese Psychological Association 1996.

(See formula (2) above.) For this reason, there
is a possibility that heating was a kind of sub-
goal for most subjects, and when they reached
the subgoal, they needed extra time for new
planning to attain the final goal.

Some subjects derived redundant resolvents.
Figure 7 indicates a resolution tree which
contains a redundant subtree (represented by
broken lines). In Figure 7, we cannot overlook
the fact that there was a marked increase in
response time on tests B and E (i.e., the sev-
enth and the ninth steps, respectively). With
regard to the resolvent k, the subject concur-
rently derived resolvent A, which is indispens-
able, and u and v, which are redundant. The
response at the seventh step was right after this
derivation, and the ninth step occurred when
the subject ended the derivation of redundants.
A possible explanation for this round-about
means of attaining the goal might be as follows:
the subject thought about something for a while,
made a false plan and derived a redundant
resolvent, & (the seventh step), and successively



Figure 5.

Figure 6.
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a: B(a)\/— C(a)\vE(f(a))

B B(a)\/— C(a)\vDa, f(a))
Y- B(a)

& —E(a)

& ~Cla)vDa, (a)

& D(a, f(a)

n: F(f(a))

0: —F(f(a))

0 5 10

Response time
(seconds)

A resolution tree for the task. Each number labeled on the node in this figure (i.e., {1}, (2), ...,
(8)) denotes a rule number, and each label {i.e., &, B, ..., 6) denotes a resolvent that the subject
derived. Note that this tree represents only the last stage of the subject’s reasoning process
for the task. At this last stage, the subject dealt with the chemical agent that satisfied the
conclusion, namely, the last agent that (s)he used in the task. The subject had carried out
similar inferences before this stage. The right-hand horizontal bar chart shows response time
corresponding to the steps of the inferences. On the vertical axis, the predicate symbol of the
test that corresponds to the step of resolution of the left-hand tree is shown. The salient
feature of this tree is the portion for deriving the resolvent { and 6, which is called

convergent parallelism.

|. Divergent parallelism in resolution
tree (n = 2). ll. Convergent parallelism
in resolution tree (n = 2).

derived o (the eighth step) following this plan.
Then the subject became aware of the mistake,
thought about it for a while, and then attempted
to resolve the contradiction (the ninth step).

General discussion

The experiment reported in this paper revealed
details of each subject’s reasoning process. The
inference process was identified objectively in
the form of a partial or whole resolution tree,
and response time in each step was informative
of the characteristics of the reasoning process.
Thus the differences between individuals in
reasoning were concretely and objectively
identified, and, in particular, the existence
of a parallelism in logical inferences was
shown. Though further experimental research

© Japanese Psychological Association 1996
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Table 1. Mean response time and the
total number of executions of the tests for
all subjects
Test A B C D E F

Response time (s) 145 113105 120 311 155
Numbers of executions 66 49 48 39 23 120

The initial response time was excluded because the time
was often very long and appeared somewhat different
from the other response times. It is evident that test E
took a comparatively long response time.

is needed to confirm the parallelism, it may
lead to a new conceptualization of the reason-
ing process.

Some subjects made redundant steps: part of
the reasoning steps of some subjects turned out

1) © @
Q Q P

to be a redundant subtree which had no bear-
ing on the attainment of the goal. But this
redundancy differed from that usually encoun-
tered in artificial systems. The redundant resol-
vents derived by automated theorem-proving
systems are extensive, diverse, and out of con-
trol, while redundant steps of human beings
are characterized by their response time. Thus,
the comparison of redundancy in human and
mechanical systems may provide new insights
both for artificial intelligence and for the
psychological study of reasoning.

The method we presented has potential for
generalization. First, the nature of tasks is not
constrained - the method is independent of the
superficial meaning of the task, as described
above. Second, we can examine all varieties of

] 0 5 10 35 40 45 50
Response time (seconds)
o B(a)\/—C(a)\/KAa, f(a)) . E(f(a))
B B(a)\/C(a)vE(f(a)) K. F{f(a)
y: - B(a) A —E(f(a))
& Cla) u: C(f(a))
& 1 Ea) v: —B(f(a))
¢ —Cla)vD(a, fla) & mA(fa))y—Clf(a)) VE(f (fa))
n: 2 C(a)\v E(fla) o: mA(f(a)) v E(f (f(a)))

6 D(a, f(a))
Figure 7.

A resolution tree that contains a redundant subtree. The subtree represented by broken lines

(which involves resolvent g, v, & and o) is unnecessary to finish the task. There is marked

increase in response time on tests B and E.

© Japanese Psychological Association 1996,
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logical structure (at least in terms of classical
logic) that correspond to an unsatisfiable set
of clauses. Therefore, an experimenter can
include any logical structure that (s)he wants to
examine in the cognitive task.

On the other hand, there are several prob-
lems that need to be resolved. The fore-
most is the bottom-up restriction (see above).
Since many strategies that are not bottom-
up, for example, simple SNL (selective nega-
tive linear resolution; see Nagao & Fuchi,
1983) can also be considered as a solution
for a set of clauses, the subjects should be
allowed to select such strategies. The bottom-
up restriction of the present experiment may
have overly constrained the inference style of
subjects.

A closely related problem is that if a subject
used a procedure that is not bottom-up, the
response was regarded as a mistake and was
inhibited thereafter, so that the inference steps
that may have occurred after the response
failed to be recorded.

Third, though we interpret a rule in the set of
clauses as a conditional, for example, -A \/ B
as “If A then B,” this is not a unique interpre-
tation. In classical logic, the formulas —A4 \/ B,
A — B, and =B — —A aré equivalent to each
other. Thus the rule could be expressed by a
sentence like “Not A or B (or both),” or “If
not B then not A,” and so on. The crucial
point is whether these sentences are cogni-
tively equivalent or not. If they are not equiva-
lent, it is important to know their effects on
reasoning.

Lastly, and with some relevance to the
last problem, there is a question concerning
whether the set of clauses are sufficient as tools
to represent the human reasoning process. It is
true that any wff can be transformed into a set
of clauses without affecting the inconsistency
property, but there remain some problems in
the transformation. Let us return to the exam-
ple at the beginning of this paper. Consider the
following two sentences.

1. Some drug pushers entered this country and
all of them were searched only by drug
pushers. ‘

2. Some drug pushers entered this country and
some of them were searched only by drug
pushers.

These two sentences are expressed by follow-
ing wifs, respectively:

Ax[F(x) N A A VY[F(y) N A(y)—>
Vz [D(yz) = F(2)]]

3x[F(x) N A A Fy[F(y) N APN
Vz [D(y,2) = F(2)]]

These wifs, however, are transformed into the
same set of clauses:

{F(a)x A([l), _‘D(a’z)r F(Z)}

When these wifs are transformed into one and
the same set of clauses, some information (but
not the inconsistency property) is lost. The dis-
tinction of meaning between the above two
sentences disappears as soon as they are trans-
formed into a set of clauses. It is certain that
the above two sentences are different in mean-
ing for human beings. If a difference like this is
really important for the human reasoning proc-
ess, the sets of clauses are insufficient as tools
to represent the logical tasks and reasoning
process, and need improvement. They also
need extension in order to examine other kinds
of reasoning processes, which have the charact-
eristics of inductivity, abductivity, nonmonoto-
nicity, and so on. And with respect to the
experimental findings reported here, we need
to find out in further research whether they are
dependent on the personality characteristics of
the subjects and/or the nature of the method
employed.
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