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PREFACE

About six years ago, upon accepting an appointment to the Advisory Board of the
Cambridge Center for Behavioral Studies, I asked Robert Epstein to consider my
acceptance an offer to contribute in some practical way towards the Centet's goals. Not
long after that, Dr. Epstein telephoned me to "take me up on my offer." He asked if I
would serve as editor of a book comprised of chapters by authors whose work had been
featured at the Center's annual meetings. My role would be to telephone the authors,
round up the papers, solicit commentary, and do the substantive editing. Dr. Epstein
wanted everything at the Center within 6-8 months. Having just assumed the editorship
of The Behavior Analyst, 1 had some trepidation about taking on a concomitant editorial
task. Reassured by Robert that this was a small task compared to serving as journal
editor (and recalling that I had, after all, volunteered to help), I agreed to edit the
proposed book.

During the course of the succeeding six years, the book became a monograph series;
only one of the original chapters was ever delivered to me; and my own journal
editorship was completed as was that of my successor, Sam Deitz. Tony Nevin, like his
predecessor Robert Epstein, has completed countless initiatives undertaken as Executive
Director of the Center. Similarly, we at the University of North Texas began a master's
degree program in behavior analysis, developed a dozen courses, established a human
operant laboratory and initiated research programs in several areas. The book cum
monograph series appears to have provided the greatest challenge for us all.

The present monograph, the third in a series of three, began as a chapter on
performance learning, the topic of Francis Mechnet's presentation at a CCBS annual
meeting. Despite a number of prior commitments, Francis Mechner (whom I knew only
as a voice over the telephone) managed to work on the paper during the succeeding two
years. After about the third revision, I convinced Francis to attend the annual meeting of
the Association for Behavior Analysis; we agreed to meet there and discuss his chapter.
During that conversation, Francis described to me his interest in re-opening a line of
research he had begun neatly 30 years ago--research on what he later came to call "the
revealed operant.”

Although our faculty were involved in a number of other research projects, I
encouraged them to consider collaborating with Francis to investigate the revealed
operant. After a series of meetings, Dr. Cloyd Hyten and some of our graduate students
began work in earnest on that topic. Whether or not research in this area remains on Dr.
Hyten's agenda, I am pleased that he pursued the opportunity and gave our students the
opportunity to work with Francis Mechner in the lab.



So it happened that the chapter on performance learning became a monograph on the
revealed operant. The countless revisions which I read and commented on afforded me
a rare opportunity to observe at very close range the development of a work that could
well be seminal. As may be seen from Nevin's commentary, other researchers can use
the revealed operant methodology in the creative exploration of topics of importance to
them. The commentaries of Baer, Marr, and Verhave, as well as Nevin's, each bear on
the theoretical relevance of the revealed operant to topics both new and old in behavior
analysis.

Neither this monograph nor those featuring articles by Joe Brady and by Scott Geller
would ever have come to fruition without the active support of Tony Nevin, Executive
Director, and Adrienne Forstner-Barthell, Catherine 1. Kaczowka, and Thomas Legg,
Monograph Series Managers, of the Cambridge Center for Behavioral Studies. Their
efforts have been unstinting, and I thank them for making it possible for me to realize
my commitment to act in some way that supported the Center.

Sigrid S. Glenn
University of North Texas
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ABSTRACT

An operant is a "revealed operant” (rO) if it is specified as a sequence of more than two
recorded sub-operants. The first and last sub-operants must be made on different
manipulanda. An rO differs from traditional operants (those that are recorded as single
instantaneous events) in that more than one of its sub-operants is recorded. This feature
makes the rO a practical model for studying the structure of individual occurrences of
operants. For each occurrence, several types of behavioral measures, including duration,
sub-operant patterns, and the operant's internal structure, can be examined.

The monograph describes a practical method for implementing rOs, and discusses how
the rO model can be used to address various issues in the field of behavior research.
Among these are reinforcement, behavior shaping, variability, acquisition, extinction,
automatization, punishment, choice behavior, equivalence, transition behavior,
behavioral cyclicity, and drug effects.
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FRANCIS MECHNER

FOREWORD AND ACKNOWLEDGMENTS

This monograph is an important milestone for me because it is my first basic research
publication in about 30 years. It picks up where I left off in 1961 when I left the
laboratory for other endeavors, and builds in part on work I did prior to that time.

During the intervening years, I worked mostly in various areas of behavioral technology
and technological entrepreneurship. My work in instructional technology and my life-
long interest in pianism contributed to my growing preoccupation with performance
learning. For over a decade now, I have been trying to understand how skilled
performances are learned and how performance learning and practicing can be made
more efficient. Those efforts led me back to some issues that seem to require the
revealed operant as a research tool.

Aside from being associated with the Cambridge Center for Behavioral Studies, I am not
formally affiliated with any organization and have no laboratory research facilities of my
own. When I began work on the revealed operant in 1990, I felt this lack acutely, as
there are limits to how far one can carry the development of a research tool like the
revealed operant without also trying to use it. I was therefore most grateful when Sigrid
Glenn filled this need by offering me access to the resources of the Center for Behavior
Analysis at the University of North Texas. My resulting research collaboration with
Cloyd Hyten, Doug Field, and Greg Madden generated many of the ideas set forth in
the monograph, and produced the research paper we recently submitted to the Jourmal of
the Experimental Analysis of Behavior.

I also want to thank Thom Verhave, Tony Nevin, Don Baer, and Jackson Matr for their
fine comments, which are set forth at the end of this monograph. To Sigrid Glenn and
Vicki Mechner I owe special thanks for their unstinting editorial support and steady
encouragement. Without Sigrid Glenn, as well as Donald A. Cook, Tony Nevin, and
Robert Epstein, this monograph might not have come into being. Finally, I gratefully
acknowledge the continuing financial support of the Lipson Fund for Behavior
Research. This generous and totally unsolicited support for revealed operant research, at
a time when funding for basic behavior research is extremely scarce, bears testimony to
the vision of the Fund's trustee Allan Lubin.

F.M.



THE REVEALED OPERANT

SUMMARY

The "revealed operant" ("rO"), is a model of any operant. A single occurrence of an rO
is comprised of a sequence of switch closures. The value of the rO as a research tool lies
in the fact that it permits the internal structure and properties of individual occurrences
of operant responses to be recorded and studied. Traditional operant behavior
experiments, by contrast, record operant responses only as single instantaneous events
("iO"s), like a single closure of a switch. The justification for the tO model is that all
operants, including iOs, are composed of sub-operants. An rO differs from an iO in
that some of an rO's sub-operants can be recorded conveniently.

The rO makes it possible to address certain research questions that cannot easily be
addressed by means of iOs, especially questions where molar phenomena require
molecular data for their explanation. Examples of such questions are: What is the local
effect of a single reinforcer presentation? What are the mechanisms of behavior
shaping? Are there long-term drifts in the characteristics of operants, corresponding to
automatization? What kinds of resurgence patterns occur during extinction? Is a
change in response rate due to changed response durations or to changed IRTs? In
what ways and how quickly is an operant impacted when a new contingency is
introduced, as in acquisition?

Every occurrence of an rO consists of an initiating sub-operant, Ra, and a terminating

sub-operant, Rc. Between the R, and the Re there can be a sequence of Rbs, a required

wait, or any other specified behavior, according to how the experimenter chooses to
specify the rO.

A variety of behavioral measures can conveniently be recorded for each individual
occurrence of an rO. These fall into two categories, criterial and non-criterial measures,
which have different properties. Criterial measures are taken in the dimension within
which the operant is specified, like the number of Rps required, and non-criterial
measures are taken in unspecified dimensions. For rOs, examples of non-criterial
measures are rhythmic and sequential patterns of Rps within each O, and execution
speed (duration) of the rO. In a free operant situation, another measure is the time
between the end of one rO and the start of the next. Thus, the rO technique provides a
variety of measures that can be obtained for each rO occurrence. Some independent
variables impact some of these measures in similar ways, and can therefore be grouped
into families according to their impact profiles. The resulting groupings can then
function as empirically-based constructs in quantitative theoretical formulations.



FRANCIS MECHNER

A technique for implementing rOs is described, and applications to various problems
are discussed. Among these are: The experimental analysis of the shaping process by
studying the effects of single reinforcer presentations on individual occurrences of
operants; the independent variables on which these effects depend; the study of long-
term changes in the properties of operants; the possibility of correcting for response
duration in mathematical formulations like Herrnstein's matching law; and the speed
with which abruptly introduced variables produce behavioral changes.






FRANCIS MECHNER

1.0 INTRODUCTION

1.1 Specified and Unspecified Dimensions of Operants

A particular operant is a class of behavior that produces a particular effect on the
environment. In most traditional operant behavior experiments, the effect is one closure
of a switch, and the operant is registered at the instant of that closure, as an all-or-none
event (the effect).

Every operant is preceded by sub-operants. For example, the rat must place a paw on the
response bar before it can press the bar and close the switch. Sub-operants are physically
necessary antecedents of the final effect. Furthermore, the sub-operants can always
consist of a wide range of unspecified movement patterns and response topographies
(e.g., the rat can use the right paw, left paw, or teeth to press the bar).

Normally, experimenters do not specify the sub-operants deliberately, but nonetheless
constrain them, usually inadvertently, by the physical construction of the response
device and the surrounding environment. For example, the position and shape of the
bar constrain the range of body and paw movements that can place a paw on top of the
bar. And the distance the bar must then be moved downward, and the force required to
move it, constrain the range of possible further movements that can result in switch
closure. Those are examples of the physical constraints that determine the sub-operants
in traditional operant behavior experiments.

In such experiments, the sub-operants are not easily recordable and are normally
distegarded.! In general, only the last member of the sequence of sub-operants is
recorded as the single instantaneous event that defines the operant.

1.2 Revealed Operants

The revealed operant permits the sub-operants to be recorded conveniently, thereby
making the internal structure of the operant accessible for quantitative scientific study.
The term "revealed operant" was chosen to stress the fact that the normally-unregistered
sub-operants are specified in a way that reveals them, i.e., permits the experimenter to
record them.

The notion that an operant can be specified and recorded either as a single
instantaneous event or as a sequence of sub-operants is not new (Mechner, 1959a;
Morse, 1966, p. 103). The purpose here is to describe some ways to use revealed

" In principle, it would be possible to take motion pictures of the movements comprising the sub-operants, and
analyze them frame by frame, but such a process is too cumbersome and expensive to be practical.

11



THE REVEALED OPERANT

operants as a practical research technique for addressing various problems that cannot
be addressed by means of conventional instantaneously recorded operants.

An operant is a revealed operant if it is specified as a sequence of at least two recorded
sub-operants. The one that initiates the operant must be made on a separate
manipulandum, different from the one on which the other sub-operants are made, so
that the start of the operant is marked by an unambiguous behavioral event. It is also
generally useful to design the revealed operant so that a further distinctive behavioral
event marks its termination. Examples of different types of revealed operants are
presented and discussed in Chapters 3-5.

Henceforth, we will use the abbreviation "tO" for revealed operant, and "iO" for
"instantaneously recorded operant.”

1.3 Relationship Between rOs and iOs

The rO reveals phenomena that are present in iOs too, but not easily observable by
ordinary methods. The sub-operants comprising an rO are analogous to the normally-
unrecorded sub-operants of a conventional iO like bar pressing or key pecking. That is
why rOs may be considered laboratory models of iOs or of any operants.

The fact that iOs are recorded as instantaneous events does not mean that they are
necessarily simpler or shorter than rOs. An 1O, like a typical 1O, may take less than one
second to execute. The difference between them lies only in whether the experimenter
(a) specifies the sub-operants deliberately, or (b) constrains them inadvertently by way of
the physical structure of the manipulandum and the experimental environment. Making
the specification deliberate rather than inadvertent does not make the operant more
complex, and should also not affect its generalizable properties in any way. (Donald
Baet's commentary at the end of this monograph, and my response to it, take up the
issue of whether an rO is a valid laboratory model of an 1O, given that its sub-operants
are deliberately installed.)

Some conventional reinforcement schedules in which iOs are used may appear to be
superficially similar to rOs. But the behavior produced by a schedule is equivalent to an
rO only if that behavior is initiated by a distinctive response, that being the minimal
defining feature of an rO.

12
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1.4 Behavioral Measures Provided by rOs

The rO makes available a variety of new behavioral measures that can be applied to
individual occurrences of any rO (Refer to Figure 1 below).?

(a) D - "Duration"

This is the time consumed by the execution of the operant. When iOs are used, that
time is unrecorded.

(b) L - "Latency"

This measure is like the IRT in the free operant situation for iOs, with duration
subtracted out.?

(c) 1/L - "Tempo"
Since this measure excludes D, it requites a new name like "tempo." The term

"rate" would imply a continuous time base. Tempo can replace iO response rate in
some theoretical formulations (see Section 6.1). Straight iO response rate would be

1/(D + L),
(d) D/(D + L) - "Engagement"

This is the duration as a fraction of the total cycle time. It is the percentage, on a
time basis, of all ongoing behavior comprised by the operant.*

(e) Ra-Rp Interval - "Initiation Time"

This time interval may prove to be selectively sensitive to such variables as
complexity or aversiveness of the rest of the rO.

*Since these behavioral measures are applicable to individual occurrences of rOs, they can be used in either a free
operant situation or a trial situation.

*The term IRT is generally applied to the end-to-end cycle time, the average IRT being the reciprocal of iO response
rate. In two recent papers (Johnston and Hodge, 1989; Marr, 1990), IRT was defined as excluding response duration,
like our present latency measure. However, we will continue to adhere to the conventional usage of the term IRT as
referring to cycle time.

*The "kinetic output" measure proposed by Powell and Dickie (1990) is somewhat similar to this measure.

13
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(f) Sub-Operant Patterns

A pattern is a specific recurring sub-operant sequence or rhythm within an rO. A
series of occurrences of an rO contains a variety of patterns. Patterns are useful in
studying variability and stereotypy, resurgence, and effects of individual
presentations of reinforcers.

PRECEDING
rO OCCURRENCE ONE OCCURRENCE OF A REVEALED OPERANT
Rpb Rb Rp Rp Rc Ra Rpb Rp Rpb Rp Rp Rp R
5 W o N— -
Time Line /T 1\
Completion Latency Duration Completion
Signal (Sg) Signal (Sg)

Figure 1. Generic diagram of a complete individual occurrence of an rO and the end of the
preceding occurrence. The diagram shows the time relationships between the initiating sub-

operant (called "Ra"), and the other possible sub-operants that can comprtise the rO.

There are also other possible measures that tOs make available, and there are many ways
to combine these measures into more elaborate ones.> For example, the measure 1/1.2
may prove intetesting. In physics, energy is mv?/2, and since v is analogous to 1/L, v2 is
analogous to 1/I.2. If this expression were multiplied by a credible behavior analog of
mass, we would have an energy analog. The usefulness of any such measure will depend
on its selective sensitivity to some defined group of variables.

1.5 Criterial and Non-Criterial Measures of tOs

Every individual occurrence of an rO can be described in terms of the rO's specified, or
criterial, measures, and in terms of its various wuspecified, or non-criterial, measures
(Herrnstein, 1966, p. 38). Most rOs have only one criterial dimension, the dimension in
which the operant is specified.

*Johnston & Hodge (1989) discuss the possibility of using various behavioral measures based on
the (unrecorded) 1O response duration. Their paper takes on new significance in the context of 1Os,
where response duration can actually be recorded.

14
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Examples of non-criterial measures are: Time the bar is held down when the operant is
bar release (Margulies, 1961), where the time is unspecified; the sequence in which four
keys are pressed, where the sequence is unspecified (Bruner & Revusky, 1961); position
along a long horizontal slot where the rat could poke its nose through (Antonitis, 1951);
and position along a long horizontal strip where a pigeon could peck (Herrnstein, 1961).
In the last two studies, all positions were equivalent for reinforcement.

Familiar examples of criterial measures are: Force exerted on the bar (Skinner, 1938, p.
312; Notterman, 1959); length of time the bar is held down, where a minimum time was
specified (Skinner, 1938, pp. 328-338); panel displacement, where a minimum
displacement was required (Winnick, 1949); and thumb muscle potentials, where a
minimum potential was required (Hefferline, Keenan, & Hatford, 1959).°

Every operant has innumerable non-criterial dimensions. The rO technique makes it
convenient to measure and record several of these for each individual occurrence of an
rO. Among these are speed with which the required sub-operant sequence is executed,
or the particular (optional) sequences and rhythms used by the subject for the Rys, i.e.,
the sub-operant patterns. The measures described in Section 1.4 above are non-criterial
except for L, which is not part of the rO itself. Note that a non-criterial measure does
not become criterial just by virtue of "superstitious" effects resulting from
unprogrammed impacts of reinforcer occurrences. Only the experimentally arranged
contingencies determine an operant's criterial dimensions.

Criterial and non-criterial measures are differentially sensitive to various types of
variables (for an example, see Section 3.4, last paragraph) and it is therefore important to
distinguish between them. Guthrie was clearly referring to non-criterial measures when
he wrote that for psychology to make real progress, psychologists will need to measure
"movement seties," "movement patterns," and "partial or subresponses," and not just

the all-or-none occurrence of "acts" (e.g., Guthtie, 1959, pp. 184-185).”

%The dichotomy between criterial and non-criterial measures can be conceptualized as the two
extremes of a continuum defined in terms of the range of allowable effects that define the operant.
Thus, intermediate cases between criterial and non-criterial measures can be created by assigning
different probabilities of meeting the criterion to different values of a dimension. For example,
instead of every position of the slot or strip being 100% effective, some positions could made be less
effective, thereby converting the position dimension into more of a criterial dimension.

"Catania (1973) used the term "descriptive operant” for the effect that defines the operant, i.e., the

criterion, and the term "functional operant" for the actual occurrences, whose criterial measures may
or may not meet the criterion.
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Among the important non-criterial measures that rOs provide are sequential and
rhythmic patterns of sub-operants. One can look for recurring patterns in successive
individual occurrence of an rO. Such a recurrent pattern could consist of pressing the
same 3 or 4 Ry keys in the same sequence, separated by time intervals that define a
recognizable recurrent rhythm. Such patterns can be detected and analyzed by computer
(Field, Mechner, Hyten, & Madden, 1991; Mechner, Hyten, Field, & Madden, 1992).

An important parameter of non-criterial measures is how far before the end of the
operant they occur. It appears that the greater that distance, the greater the measure's
sensitivity to certain variables (Mechner et al., 1992).

1.6 Comparison of rO Measures and iO Measures

Formulations that use rO measures are likely to have more theoretical generality than 1O
response rate or IRTs (the reciprocal of response rate). IRTs are the sum of the Ls and
the Ds, which are not recorded separately for iOs. IRTs therefore confound L and D.
So, if one records only IRTSs, one cannot observe differences in the L's and D's
differential sensitivity to different groups of independent variables. Also, one can expect

the Ls of an rO to be more reliable and less variable from instance to instance than an
i0's individual IRT's because:

(@) Variability of iO response topography can produce extremely long or extremely
short IRTs. For example, key flicking by pigeons and bar gnawing by rats can result in
bursts of rapid-fire switch closures. At the other extreme, various cumbersome types of
10 topographies can result in very long IRTs.

(b) Any iO response topography can result in multiple consecutive abortive or
incomplete responses that register only as very long IRTs. With rOs, abortive or
incomplete occurrences are recorded as such. A succession of operants often shows a
cyclic or wavy pattern, with the upper parts of the waves exceeding the criterion value,
and the rest falling below it, (e.g., Mechner, 1958b; Mechner et al., 1992). With iOs, the
response rate measure registers only the above-criterion instances. With rOs, on the
other hand, both above- and below-criterion instances are registered.

Some variables that increase response rate (for example, certain drugs), also increase the
frequency of abortive occurrences (e.g., Mechner, Snapper, & Ray, 1961; Mechner &
Latranyi, 1963). An abortive occurrence is one where the criterial measure falls short of
the criterion. With iOs, only those occurrences that meet or exceed the criterion are
recorded. The recorded response rate will therefore decrease as the frequency of
abortive instances increases. So, the iO response rate cannot be expected to reflect the
effects of such variables in a simple way. With rOs, on the other hand, abortive or
incomplete instances (as when the number of Rps falls short of the criterion) are
recorded, and can then be treated in any way desired (e.g., by being eliminated or
included).
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1.7 The Value of Molecular Information

The main value of the 1O methodology is that it provides a practical way to obtain
information about individual occurrences of operants. This type of information could be
termed "molecular,”" in contradistinction to the molar type of information provided by
response rate measures or other measures that depend on the pooling of multiple
operant occurrences. Much of the present body of data comprising behavior analysis is
of the molar type.

Molecular information often provides the key to understanding and explaining molar
phenomena. Numerous examples are discussed in the chapters that follow. Examples
can also be seen in other sciences: Our understanding of the properties of substances,
such as hardness, viscosity, adhesion, lubricity, color, etc., is based on information about
molecular and atomic structure. Similarly, our understanding of genetics is based heavily
on information about genes and the structure of the DNA molecule. It is likely that
molecular information about operants will similarly shed light on the molar behavioral
phenomena that interest us.

2.0 FUNCTIONS OF THE INITIATING SUB-OPERANT R,

2.1 Functions of R, and its Essential Attributes

One of the keys to the rO's usefulness is its defining feature, that each instance must be
initiated by a distinctive Ra. The purposes of the Ry are (1) to mark the end of the L. and

the initiation of the rO as cleanly as possible, (2) to make different types of rOs
comparable, and (3) to make the "state of the organism" at the start of each rO as

uniform as possible. In order to perform these functions, the Ra should have two
attributes:

Attribute 1: Simplicity: Itis simple and effortless compared to the rest of the rO.

Attribute 2: Standardization: It is made on a separate manipulandum, dedicated to
Ra.
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2.2 Functions of the Simplicity Attribute: Clean Separation of L. and D

Keeping R, simple and effortless minimizes the various contaminating effects that Ra
will have on L and D. The recorded L should be minimally contaminated by behavior
comprising the rO. This is important in order to protect the L's profile of sensitivity to
independent variables.

The problem is that no matter how fast and effortless it is, the Ry still has its own sub-
operants (which could thus be viewed as sub-sub-operants of the overall rO). The Rj's
sub-operants are an unrecorded and unspecified part of the rO. Since they occur just
prior to the recorded Ra, but are unrecorded and unspecified, their unknown duration is
unavoidably included in the recorded L (see Figure 1).

That is why we want the duration of Ry's sub-operants to be as brief as possible in
relation to the total L. We can assume that the simpler and less effortful the Ra, the
shorter will be the duration of its sub-operants (for reasons discussed in Sections 7.2 —
7.4). And the less the recorded L is contaminated by Ra's sub-operants, the more
selective will be its sensitivity to independent variables. The reason why Rj's sub-
operants are considered a contaminant is that since they are part of the rO, their

sensitivity profile would almost certainly not be identical to the sensitivity profile of the
L.

In effect, the time taken up by the Ra's sub-operants adds an unknown constant to the
recorded L. If we could measure that constant, we would be able to correct for it by
subtracting it from the recorded L, and adding it to the D where it belongs. But since we
can't measure it, we do the next best thing, which is to make it negligibly small by

keeping the Raas simple as possible.

2.3 Function of Standardization: Comparability of Ls for Different rOs

We want to partition the time interval between the termination of the preceding rO and
the Ry, that initiates the "work" portion of the next rO, into two sub-intervals: (1) the L,
and (2) the time interval between the R, and the very next recorded sub-operant, namely
the first R, (see Figure 1).

Certain types of research involve comparisons of different types of rOs in terms of the
Ls that precede them, and in terms of their R,—Rp intervals. Such comparisons are of

interest because there is evidence that Ls and Ra—Rpb intervals are differentially and
selectively sensitive to certain family groupings of independent variables.
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As explained above, the time taken up by Ry's sub-operants is unavoidably included in
the recorded L. The Ls will be truly comparable only if that time is #be same for different
types of 1Os, like a constant error. Using a standard R, makes the error constant. If we
tried to compare different rOs that used different Ras for different rOs, we would be
adding the unknown durations of the different Ra sub-operants to the Ls of the rOs being
compared, thereby making those Ls non-comparable to an unknown degree. When
comparing different rOs, we want to be able to vary the specifications of the rest of the
rO without affecting Ra and thereby contaminating the Ls. We can accomplish that by
making sure the Ry is distinct from the rest of the rO, and by keeping it the same for
different types of tOs.

Once we can meaningfully compare Ls and Ra—Ry, intervals for different types of rOs,
we have a way to answer quantitatively such questions as, "What are the possible
equivalences and tradeoffs between such variables as probability, delay, density, and
amount of reinforcement, various types of stressor variables, waiting time, difficulty of a
discrimination, or amount of work requited for the operant?” The methodology
described in Sections 5.1 and 5.2 then becomes feasible.

We want the subject always to be in the same behavioral "state" at the start of the rest of
the rO, as far as possible. In that sense, the Ry performs a function similar to the
subject's turning on the equipment, or saying "I'm ready to do another one."

The Ra—Rp interval is of interest for many types of studies. It is likely to be sensitive to
parameters that specify the rO's contingency structute. The Ls, on the other hand, are
likely to be more sensitive to motivational variables like deprivation (Mechner, 1962),
rate of reinforcement (Nevin, Mandell & Atak, 1983), amount of reinforcement, other
types of establishing operations, or the schedule of reinforcement on which the rO is
maintained (Hyten et al., 1991; Mechner et al., 1992).

2.4 How Are rOs Different From Reinforcement Schedules?

The initiating R, is the basis for the distinction between rOs and certain reinforcement
schedules. When a reinforcement schedule is in effect, the behavior that occurs between
two consecutive reinforcements (sometimes called the "schedule unit") may or may not
meet the definition of an rO. Such behavior qualifies as an rO only if it is initiated by an

Ra.

In general, any reinforcement schedule can be converted into an rO by introducing
distinctive sub-operants that initiate and terminate the schedule unit. There is a big
difference between a schedule unit initiated by the experimenter (e.g., as when the
experimenter presents a stimulus or manipulandum, or starts a timer) and one initiated

by the subject's Ra. There is also a big difference between a schedule unit zerminated by
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the experimenter (e.g., by the presentation of a reinforcer or some other stimulus, as in a
fixed ratio schedule), and one terminated by the subject.

When the schedule unit is initiated by the subject's behavior (an Ra), the unit qualifies as
an rO. If the specification of such an rO also includes a terminating sub-operant (like
our Re) then each individual occurrence of the rO can be recognized and registered
without regard to whether or not the occurrence was followed by a reinforcer
presentation. When the unit is terminated by a distinctive behavioral event (the Rc),
more interesting behavioral measures are made available for the rO. For example,
abortive (incomplete) instances of the rO can be identified as such, and the duration
measure becomes behaviorally meaningful.

2.5 Potential Value of Viewing Schedule Units as rOs
Viewing schedule units as tOs can be of interest because:

(a) Converting a reinforcement schedule to an rO procedure permits the obtained
findings to be extended to all operants, thereby broadening their generality. The
behavior generated by the schedule can then be compared with properties of other
operants (see Mechner et al., 1992)

(b) It suggests experiments that would otherwise not be particularly interesting. For
example, reinforcing the schedule unit intermittently rather than on the usual continuous
reinforcement schedule, and then examining it under conditions of extinction, takes on
new significance.

(c) It puts the spotlight on the easily overlooked implicit assumption that the behavior
generated by "chained" schedules always remains a chain. To say that it is a chain implies
that the first component of the schedule (or operant) functions as an SP for the second
component, and that the components remain chained in this manner, on a steady-state
basis. But there is ample evidence that chaining, while it does operate initially, diminishes
as a function of number of repetitions of the behavior, and eventually ceases. As the
operant is repeated increasing numbers of times, as in long-term maintenance, there is
progressively less cuing of successive components (from either exteroceptive or
kinesthetic sources), and the behavior becomes fused into larger unchained units,
although it often remains gpen to feedback from exteroceptive sources (Shiffrin, 1988,
740-767; Schmidt, 1988, p. 74; Restle & Burnside, 1972; Keele, Cohen, & Ivry, 1990, p.
96-98).

20



FRANCIS MECHNER

2.6 Operant Contingencies and Reinforcement Contingencies

Operant behavior experiments involve the use of two types of behavioral contingencies-
-the "gperant contingency" and the "reinforcement contingency."

To date, the type of contingency on which virtually all of the attention in the field of
operant behavior research has focussed is the renforcement contingency (Skinner, 1938;
1969). Reinforcement contingencies specify the conditions that must be met for one or
more operants to produce reinforcement or other specified environmental
consequences (Weingarten & Mechner, 1960). The most familiar examples of
reinforcement contingencies used in operant behavior research are reinforcement
schedules.

The contingency that defines the operant, on the other hand, is an operant contingency, and
not a reinforcement contingency. The operant contingency specifies the nature of the
operant itself, i.e., the effect that must be produced for an instance of the operant to be
considered as having occurred (Skinner, 1969, p. 13; Glenn, Ellis, & Greenspoon, 1992).

Thus, the contingency that defines a reinforcement schedule is a reinforcement
contingency. But if the behavior generated by the schedule is viewed as an rO, then the
same contingency is viewed as an operant contingency. That rO can then in turn be
reinforced on any desired schedule, and that schedule is then the reinforcement
contingency.

Different rOs permit different types of issues to be addressed and problems to be
investigated. One can categorize rOs either according to their operant contingency
structure, ie., how the rO is defined, or according to the empirically observed
sensitivities of their various measures to various independent wvariables. Such
categorizations may, in some cases, have theoretical implications.

The variety of possible rOs that can be specified is clearly unlimited. The rOs described
in this monograph have been implemented in human subjects using standard computer
equipment, and can also readily be implemented in non-human species with appropriate
adaptations of such equipment.
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3.0 BASIC TECHNIQUES FOR IMPLEMENTING rOs

3.1 General Method for Implementing rO Experiments

Here is one practical way to implement rOs in human subjects (Field et al, 1991;
Mechner et al., 1992): The subject sits in front of a personal computer. The screen
displays stimulus So. Pressing the space bar on the keyboard (Ra) starts the rO and
changes the screen display from So to S1. The Rps consist of pressing any key other than
the space bar and the ENTER key, these being reserved for R, and Re respectively. If

consecutive Rps are made on same key, only the first press registers.

A single occurrence of the O can be as short as a split second, depending on how the
rO is specified. When the objective is to compare different tOs or to investigate the role
of some rO parameter, the different rOs can be used in a multiple schedule. Alternation
of the rOs can be signalled by easily discriminated auditory and/or visual cues (Nevin,
1992).

The Ras, Rbs, and Res shown in the diagrams are sub-operants of the overall rO. Some
kind of feedback is always presented upon completion of each rO, but reinforcement
may or may not be presented, according to the reinforcement schedule used. This point
is stressed because the concept of specifying the operant contingencies (which define the
operant itself, as opposed to its reinforcement contingencies) is an unaccustomed one.

The operant contingencies defining the various possible types of rOs can be described
and conceptualized by means of a notation system for behavioral contingencies
(Mechner, 1959b; Weingarten & Mechner, 1960).8 Note that each diagram specifies the
operant contingency for one type of rO. The Rs refer to the rO's sub-operants.

3.2 The Fixed-Ratio rO: rOFR

This rudimentary rO is defined as a specified number N of Rps made on any
combination of the available keys. The particular keys chosen for the Rps are one of the

non-criterial measures of the rO. It has no Re.

*The symbol R— means "if R occurs, then. . .," and implies nothing about whether or not the response will actually
occur. The vertical bracket indicates that all of the vertically aligned conditions inside the bracket go into effect at the
same time.
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SE is the "effect" produced by a complete execution of the 1O, signalled by a distinctive
sound or visual stimulus presented on the screen (see diagram, p. 23). The only function
of the Sg is to provide feedback for completion of the rO. Sg signals that the O has

been fully executed, but that no reinforcement is forthcoming this time. If a
reinforcement 7 forthcoming, a different stimulus is presented, such as the words "25

cents" on the screen. When a single occurrence the rOFpR is compared to a single bar

press, the Sg is analogous to the click of the microswitch when the bar

So |51
R,—|NR,—Sg

is pressed and no reinforcer is delivered. Not providing SE would be like eliminating the

click of the microswitch, thereby depriving the rat of distinctive differential feedback for
9

incomplete versus complete bar presses.
In the rOFR, the ratio run is comprised of the tO's sub-operants, while in conventional
FR, the ratio run is comprised of iOs. The essential difference between the two is that in
rOFR, each ratio run must be preceded by an Ra. According to the definition of an rO in
Sections 1.2 and 2.1, and Section 2.4 on schedules, a conventional FR can be converted

into a type of rO by requiring an initiating Ra.

Since conventional FR schedules do not include an Ra, they provide no behavioral
indication of when a ratio run begins or ends. Suppose, for example, that an iO fixed-
ratio is set at 30, and the subject makes 20 Rps, pauses, and then makes another 10, at
which point Sg is presented. Without an Rj to initiate the run, there is no way of
knowing whether the subject (a) made a run of 30 responses with a pause after 20, or (b)
made a short run of 20, engaged in some other behavior, and then started a new run that
was interrupted after the first 10.

The usefulness of the rOFR is limited by the fact that it does not have an R¢ to mark its

termination. Its termination is marked only by the presentation of Sg, rather than by
some active behavior. The rOs described in the next two sections are more useful

because they are terminated by Res.

An example of a simple rOpRr (where N = 1) is the operant contingency where Ry is

pressing the bar down and Ry is releasing it (Skinner, 1938, p. 328-338; Margulies, 1961;

’By our definition of a stimulus, only one can be present at one time. Thus, click plus reinforcement would be
shown in the diagram as a different stimulus than click alone or reinforcement alone. The same applies to Sg plus
reinforcement versus Sg alone.
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Kutch, 1974). This Ry does perform the function of marking the end of the rO.
However, since the Ras of those tOs involve more effort and probably also take longer

to execute than the rest of the rO (i.e., releasing the bar), the Ra does not have the
simplicity attribute. That tO's usefulness is therefore limited in the ways discussed in
Section 2.2.

3.3 The Fixed Number tO: rOfFN

This rO requires completion of at least NRps followed by R¢ to produce Sg. Premature
Res have no effect. The Re should use a specially designated key, like the ENTER key.
No signal is provided when the Rc—SE contingency goes into effect on completion of
the N Rps. Not signalling it is analogous to delivering food silently in fixed-ratio. If that
were done in a rat experiment, the rat would learn to keep checking the food chute. In
rOpN, Res typically occur with increasing frequency as N is approached. This
contingency is also analogous to the non-signalling of the end of the time interval in
fixed-interval schedules, with the well-known result that responding often accelerates as
the end of the interval approaches.

So [S4

Ra—NR,—R. —S¢
This contingency is similar to the FN (Fixed Number) schedule (Mechner, Snapper, &
Ray, 1961; Mechner & Latranyi, 1963). It differs from it only in that the tOpN includes a

standard R, to initiate the rest of the rO (Ra Attribute 2). Premature Res, i.e., Res made
prior to completion of the N Rps, have no effect.

3.4 The Fixed Consecutive Number rO: rOrcN

In this rO, as in rOFN, the subject must make Rc to obtain Sg. But here, a premature Re,
that is, an Rc made prior to the completion of N Rus, resets the run and restores So. In
other words, the N Rps must be consecutive. It should be noted that whenever this type
of reset contingency is used, an experimental option is to impose a further aversive

consequence for premature Res, such as a "time out."!’

“In the diagram, a vertical arrow cutting a horizontal arrow indicates that the effect of the horizontal arrow is
prevented, i.e., a premature R, terminates the NRp-R¢-Sg contingency, and the completion of NRps prevents the next R
from resetting the run and restoring S,. Note, again, that only one stimulus can be present at one time.
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So Sy
R, —{NRp—+1=>R;—Sg
This rOrcN is similar to the FCN ("Fixed Consecutive Number") schedule (Mechner,

1958a). It is different only in that in tOFCN, a standard and neutral R, initiates the rO.
The group of schedules called FN, FCN, FI, and FMI (Mechner, 1962; Mechner &
Latranyi, 1963; Mechner, Guevrekian, & Mechner, 1963) are of particular interest in the
present context because they are similar to rOs (Mechner, 1959a). They differ from tOs
only in that their initiating Rss were not standard (Attribute 2). Their usefulness is
therefore limited, for the reasons discussed in Section 2.3. Nonetheless, because their
Ras do have the simplicity attribute (Attribute 1), these schedules are quasi-rOs, and their
post-reinforcement pauses ate analogous to rOs' Ls.

In tOrpcN, the SE provides immediate feedback to distinguish between a premature Re
and an Rc made affer N Rps (let's call that a "correct” Re). Since a premature Re restores
So, we want a correct Re to produce some stimulus other than So. Otherwise, there

would be no differential feedback for premature Res and correct ones.

In the rOpcN, examples of non-criterial measures that can conveniently be recorded are
(a) the Ra-Ry, interval, (b) the elapsed time between the first Rp and the Re, and (c) the
sequential patterns of the actual Rps chosen, and the rhythmic patterns of those Rps.

The number of Rys made before Re, on the other hand, is a criterial measure.

Criterial and non-criterial measures often have different sensitivity profiles. Evidence for
that is shown in Figure 2 of Mechner (1962): FCN run length (the criterial measure) is
not sensitive to deprivation level, while the FCN's run duration D, (a non-criterial
measure), s sensitive to it. The data also show that the run duration D is only about one
fourth as sensitive to deprivation level as the post-reinforcement pause (PRP). The PRP
is neither a criterial nor a non-criterial measure. A similar result was reported by Gilbert
(1958).

3.5 Designing tOs for Special Uses
The various permutations and combinations of the parameters available in different
types of rOs can be used to investigate many kinds of questions, some of which were

alluded to in the above examples, and some that are discussed in the chapters that
follow.
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Obviously, the complexity of an rO can be increased indefinitely by the process of
nesting rOs within rOs. The rOs discussed above provide rudimentary examples of that.
A related concept is discussed in the context of reinforcement schedules in Morse, 1966
(pp. 103-105). But, as was explained in Section 2.4, one of the crucial differences
between rOs and most of the conventionally used reinforcement schedules, including

those described by Morse, is that most schedules do not have an initiating R, and

therefore cannot be used in the ways rOs can be used (as was explained in Sections 2.2
and 2.3).

When using rOs as research tools, new rOs should be designed creatively to fit each new
research problem. The next chapter provides examples of rOs designed for special
purposes. The features of the rO used should always depend on the problem being
addressed.

4.0 USING rOs TO STUDY VACILLATION AND MEDIATING
BEHAVIOR

4.1 Recording Vacillation in Discrimination Tasks

Experiments in the areas of stimulus equivalence, psychophysics, or matching-to-sample
have one thing in common: They all involve the presentation of a stimulus and the
recording of a discriminative response. That response often involves classification or
identification of the stimulus. The classification process begins at the moment of
stimulus presentation and ends with the final overt classification response. The time
interval between those two events is sometimes called the response latency.

In such experiments, it is often of interest to study the covert behavior that comprises
the classification process, and the time course of that process. With traditional
techniques, hesitancy or vacillation during the latency period occurs covertly and is
recorded only in terms of the length of the latency. But the rO makes it possible to track
vacillation and possibly mediating behavior as overt recorded behavior.

The time course of mediating behavior and vacillation should be far more sensitive and
interesting as a measure of the classification response than just the latency. The latency
measure reflects only the timing of the final recorded all-or-none classification response.
But a continuous measure of the classification behavior may reveal that the subject
begins to "lean" toward the choice corresponding to the all-or-none classification
response before making the final choice, and perhaps continues to "have doubts," i.ec.,
continues to vacillate, even affer having made the choice.
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A methodological problem in most psychophysics and stimulus discrimination
experiments is the need to use statistical measures when the readings from a number of
trials are pooled. The problem with such pooled measures is that the "state of the
organism" may change over the course of the pooled trials due to the action of other
variables (including the unavoidable one of number of prior stimulus presentations).
This problem is particularly serious in equivalence relation studies, where the
equivalence relations may actually forz during, and as a result of, testing (Sidman, 1988;
1989). It is therefore important to obtain a reliable and complete reading for each
individual stimulus presentation. This can be accomplished with rOs.

4.2 Using Rhythmic rOs to Record Vacillation in Discrimination Tasks
Vacillation can be tracked continuously only if these conditions are met:

(a) The subject maintains a continuous stream of recorded overt behavior (consisting of at
least two operants per second) throughout that time interval.

(b) The subject is always able to make any one of two or more equally effortful
classification responses, each response being the "name" of a stimulus category.

(c) All combinations of pairs of these "naming" responses lie at opposite ends of a
continuum along which they are defined. Such a continuum allows intermediate
response variants to occur and be recorded.

These three requirements can be met with a set of tOs whose specification are based on
rhythms. Those rhythms are specified as part of the zuternal structure of the rO. They can
be tapped out on an ordinary computer keyboard or on a three-button mouse, and are
specified in terms of the ratios of the time intervals between consecutive taps. The
purpose of using rhythms as the criterial dimension that define such rOs is that the
execution of rhythms can take on intermediate values along a continuum. The resulting
"hybrid" rhythms are the desired intermediate response vatiants referred to as condition

(c) in the above paragraph.

For example, a rhythm within an rO could be specified as two consecutive time intervals
defined by three consecutive taps on three different keys_Ra, Rb, and Rc. The ratio of
the Ra-Rp interval to the Rp—Rc interval is required to be 2:1 (with a certain allowed
margin of error). The subject learns to perform that rhythm through special training
until the performance is well established. The result is a rhythmic operant (tOs, for
short) defined by the 2:1 ratio. That rOsh can then be established by further training as
the "name" of one of the stimulus classes. A second stimulus class can be named with
an rOyh that uses the same three keys but is defined by a 1:2 ratio for the two time
intervals. Again, the subject would learn to perform that rOsh through special training.
These two rOshs could be represented like this:
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Ra Rp Re Ra Rp Re
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Time Tolerance Tolerance
Range Range
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If the time between Ra and Rc is specified as being the same for both rOxhs, the only
difference between the two rOshs is the temporal position of the middle tap Rp. The
subject can distort a rhythm by positioning Ry, closer to the mid-point between R, and
Rc without changing the total time between Ra and Re. Thus, shifts in the position of Ry
represent the intermediate response variants that can provide the desired measure of
vacillation. To ensure that the two rOrhs are comparable in terms of the amount of time
and effort they consume for their execution, it may be necessary to include in their
specifications the total time between Ra and Re, which should be the same for the two
tOshs.

4.3 Options in Implementing rO¢hs

In the tOsh whose rhythm is specified as the 2:1 ratio, the R, must occur two thirds of
the way into the Ra—Rc interval. In the rOy, whose rhythm is specified as the 1:2 ratio,

the Rp must occur oze third of the way into the Ra-R¢ interval. One design issue is how
large an error band to tolerate around the one third and two thirds points. Obviously, if
the two tolerance bands are made wide enough, they will meet in the middle, and the
specification of the two rhythms would be abolished. The result would be another type
of rO--the one discussed in Section 6.5.

One dependent variable that can be recorded is where within the tolerance bands the
Rpbs are occurring. The intermediate rhythms we are calling vacillation may express
themselves as Rps occurring closer to the center edges of the bands. In extreme cases of
vacillation, the Ry, may also fall outside of those bands, somewhere in the no-man's land
between the two tolerance bands, in which case the unit would not be a qualified
occurrence of the rOsh, but would still provide data of interest.
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For some types of experiments, such as experiments on equivalence classes, more than
two different rOrhs are needed because more than two stimulus classes are being tested.
To make the mediating behavior overt, at least one additional rOxh, corresponding to
the possible mediating behavior, would be needed. To meet such a need, the rOhs can
be designed by specifying a larger number of taps and time intervals. For example, a set
of rOyhs could be defined in terms of four taps. Both the second and third taps would
then be "moveable." Such an tOy, could be used to define 5 distinct thythms, any two
of which have identifiable unique hybrid cases. The design challenge when more taps are
used is to ensure that the rOyh, is still short enough to permit an emission rate of at least

two rOrhs per second to be maintained, for reasons explained in the next section.

4.4 Maintaining an Even and Continuous Stream of Rhythmic rOs

There are two reasons why it is important to maintain an even and continuous rapid
stream of rOs.

We want hesitancy or vacillation to show up as intermediate rhythms rather than as
longer latencies (Ls) between consecutive rOxhs. If we put an upper limit on the Ls, any
hesitancy will express itself through the intermediate rhythms. To permit continuous and
uninterrupted tracking of the time course of the intermediate rhythms, the stream of
rOrhs must be rapid, continuous, and uninterrupted. The execution time of each tOh
should be so short as to produce a rate of at least two rOshs per second. The maximum

permissible I should be set at about 200 milliseconds. An avoidance contingency (e.g.,
avoidance of time out) could be used to maintain that pace.

When attempting to record mediating behavior in equivalence studies, we need a rapid
and continuous stream of rOs for a different reason. The mediating behavior can be
very fleeting, and occur at any moment during the response latency period. If the stream
of rOs is too slow, the mediating behavior can occur between rO occurrences and not
be recorded.

4.5 Establishing rOhs as Stimulus Names

All rOrhs used in an experiment should require the same amount of time and effort so
that there will be no basis for preference among them. As was mentioned eatlier, the
total time comprising the time intervals within a given rOrh (Le., the total time D
between the first and last taps) should be independent of the tOum's specified internal

rhythm. Also, the Ds of different rOsss should remain the same even as the internal
rhythms shift and drift beyond their specified limits.
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Subjects should be given extensive pre-experimental training in the execution of each of
the rOrhs used, to make sure that the performance of the rOxhs is highly stable and well
established before the experiment is initiated. Once the rOs are well established as
motor routines, the next phase of the training is to establish them as the "names" of
stimulus classes. After such training, the rOshs constitute, in effect, a well-established
vocabulary of stimulus names consisting of "words" that have intermediate values and
that can be learned by non-human species as well as humans. The third phase of training
is to establish a continuous and rapid stream of rOshs that always "name" whatever
stimulus is being displayed.

4.6 Using rOss To Study Mediation in Equivalence Research

In equivalence research, a focus of interest is the classification response that occurs the
very first time a new stimulus is presented. Some of the most provocative research
questions raised by equivalence phenomena concern the covert processes that mediate
equivalence behavior and that occur during the response latency interval. The tOxhs that
appear during that interval may reveal covert mediation processes that are otherwise
unobserved. Vacillation among the rOrhs would reveal which of some previously-seen
stimuli are serving as mediating links or are generalizing with the new stimulus being
presented.

The stimuli named by the tOshs could be presented in a multiple schedule format where
one of several possible stimuli is always shown in the stimulus display. The subject is
asked to name the displayed stimulus. In such a format, some stimulus is always being
displayed. The stimulus is changed from time to time, either by a timer or by the subject.
The continuous stream of rOrhs is continuously naming whatever stimulus is being

displayed.

When a matching-to-sample procedure is used (e.g., a sample stimulus and two
matching stimuli presented simultaneously in an array) the multiple schedule format
could be used in the following way: First the sample stimulus is presented alone. The

stimulus change consists of adding the two matching stimuli. The stream of rOshs never
stops and remains continuous across the stimulus change. Before the change, it is the
sample stimulus that is named by the rOshs. After the stimulus change, it is the matching
stimulus that is named.

Starting at the moment when the display changes from one stimulus to another, the

tOrh will begin to mutate from one rhythmic pattern to another with a certain time

course ot lag. The more familiar the stimuli and the easier the classification response, the

shorter that lag will be. If the rOxhs are occurring at a rate of, say, two per second, and

the classification time for the new stimulus is half a second, then the lag would be

absorbed within a single rOyh, occurrence. On the other hand, if the subject takes as long
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as three seconds to classify the new stimulus, the lag would encompass about six rOsh

occurrences, and these would presumably contain rOrhs that name mediating stimuli, or
hybrid rhythms that reflect response vacillation. Recording the classification process by
using tOrhs does not interfere with the concurrent use of a traditional all-or-none
classification response, such as the utterance of a word corresponding to the choice or
the pressing of a special choice key. It should be interesting to examine the phasing of
the rOsh-based vacillation and/or mediating behavior, and the all-or-none choice
response.

For example, the internal rhythm of an rO:h may already begin to shift before the subject
identifies the stimulus verbally or reports perception of it at the level of verbal
awareness. It may even become fully transmuted into the other rhythm corresponding
to the name of the presented stimulus prior to any verbal report. Also, tOxh vacillation,
reflecting uncertainty, can continue affer the occurrence of a definitive verbal choice or
classification response. Patterns in the mediating behavior prior to the choice response
may predict whether the choice will be correct or incorrect.

4.7 Using rOxhs in Psychophysics Research

In most psychophysics experiments, the objective is to test absolute or differential
thresholds. In commonly used presentation formats, a test stimulus is presented from
time to time, usually as a brief stimulus presentation. The rest of the time there is no
stimulus present. In such experiments, the subject is usually required to identify either
the presence of absence of a stimulus (or a stimulus difference), or to classify the
stimulus with a "name" response.

For the subject to maintain a continuous and uninterrupted stream of rOghs in such
experiments, there is a need for one rhythm that means "no stimulus is present” and one
or more additional rhythms that correspond to the stimulus classes being investigated.
The rOsh technique makes it possible to track the perceptual process in terms of a
gradual shift, or a vacillating shift, from the O that means "I don't see it" to the one
that means "I see it," and vice versa. On the other hand, the English words "I don't see
it" and "I see it" do not have intermediate cases along a continuum. When difference
thresholds are investigated, one of the rhythms would mean "the stimuli are the same"
and the other thythm would mean "the stimuli are different."

As in other stimulus discrimination experiments, there is the possibility that the internal
thythms of the rOxrhs will begin to shift before there is perception at the level of verbal
awareness.

Equivalence research and psychophysics are merely the most obvious areas where tOxhs
can be used. rOshs can also be used in other areas of research where vacillation can
occur, such as approach-avoidance conflict and certain types of choice situations where
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each of the rOrhs can be associated with a different reinforcement condition.

5.0 USING rOs FOR GROUPING INDEPENDENT VARIABLES

5.1 Grouping Behavioral Measures and Independent Variables

The rO provides a methodology for grouping independent variables into "families"
empirically, according to the behavioral measures they impact and the ways in which
they impact them. Such family groupings would be defined by their impact profile.

Examples of independent variables that are candidates for such groupings are
"establishing operations" which subsume motivational variables (Michael, 1982);
probability, frequency, amount, or delay of reinforcement, sometimes called
"reinforcement value" (Williams, 1988, p. 184; Rachlin & Krasnoff, 1983); the group
that may include the operant's work requirement, complexity, or aversiveness; the group
that may include such acquisition variables as number of times the operant has
previously been executed, number of times it has been reinforced, and the behavioral
contingencies used during acquisition. The rO methodology is particularly useful in this
type of research because some of the behavioral measures described in Section 1.3 may
prove to be selectively sensitive to these groups of independent variables, as well as to
certain yet-to-be-discovered ones (see Nevin's commentaty on the present monograph).

As this type of research proceeds, one must expect the groupings of independent
variables to be continuously revised. The spiral of interplay between the formulations
used for the independent and dependent variables should result, over time, in an
iterative convergence and gradual stabilization of the groupings. The "chicken-and-egg"
bootstrapping character of this methodology is usual in the development of theoretical
formulations.

5.2 Relationship of These Groupings to Constructs

Empirically-based groupings of independent variables can lead to the discovery of
simple relationships (that are invariant across different classes of rOs) between
behavioral measures and such groupings. Such relationships would provide more
promising constructs for use as variables in quantitative theoretical formulations. The
usefulness of a construct depends in large part on its degree of correspondence with
measurable variables, or its promise of such correspondence.

For example, there are measures that predict behavioral "disruptability" or "resistance to
change" when the behavior is impacted by various types of independent variables. Such
measutes could be viewed as being related to Nevin's behavioral momentum construct
(Nevin, 1979; Nevin, Mandell, & Atak, 1983; Nevin, 1988). Also, new empirically-based
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constructs may help improve the generality of existing mathematical formulations of
behavioral principles. An example is the possible reformulation of Herrnstein's matching
law by including the D variable (Section 6.1, 6.2).

The research strategy described above, which basically involves the search for
invariances by accounting for observed variances, has been amply discussed in the
methodology literature (e.g., Stevens, 1951; Sidman, 1960; Nevin, 1984). The measures
provided by the O, because they can be applied to individual occurrences of 1Os, lend
themselves particularly well to this type of strategy.

5.3 The rOpcN with a Time Limit

For rOFR, rOFN, and rOFcN, it is possible to require all N of the Rps to be made within
a certain limited time T once the "run" has been initiated. If they are not completed in
that time, the count resets. Here is what the diagram would look like if there is a limited

time to make the Rps in the rOrFcN procedure:

So |81 [T—
Ha Hb__’f_._ Nﬂh—l—'HE—PSEH

Hc_

The time limit contingency is of interest because it may belong to the family of variables
that increase an operant's stressfulness or aversiveness. With the rO technique, we can
determine whether the imposition of a time limit has different effects on the L and the
Ra—Ry interval. The question is whether that difference is similar to the effects produced

by other variables that have differential impacts on the L and the Ro—Ry, interval.

It would also be interesting to determine whether such a family of variables, which could
be called "stressors," impacts behavior differently than the "response cost" or "work
requirement” family. A related question is whether there are trade-off relationships
between these families and between such "teinforcement value" variables as amount,
frequency, probability, or delay of reinforcement, as well as between the vatious
variables in the establishing operations family.

In performing such studies, consideration must be given to the possibility that if R, is
permitted to start a limited-hold timer (thereby putting the subject under immediate time
pressure), the subject may well dally a bit longer before making the initiating Ra, because
an R, that starts such a timer is probably more aversive than one that doesn't, especially
if there are aversive consequences for premature responses. We would want such
dallying to fall into the Ro—Ry, interval, not into the L. As suggested above, a time limit
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contingency may be similar in its behavioral effects to such variables as an increase in the
operant's wotk requirement. Thus, if a time limit contingency is used in the specification

of the 1O, the timer should be started not by the Ra, but by an additional sub-operant
response, which could be called Ra2 or Rp1.

5.4 tOs with a "Window of Opportunity': rOw

Another "limit" parameter that can be used is one that sets an #pper limit of N1+ N2 (in
addition to the minimum requirement of N1) on the pemwuissible number of Rps. Thus, if
(N1 + N2) Rps are made, the next Rc has the same effect as a premature Rc would have
had, 1.e., it does not produce Sg and resets the rO. In effect, this contingency creates a
"window of opportunity" between N1 and No. Here is the diagram for this type of rO,

which we can name Oy

A

Sp Sq ‘ \
Ra N4Rp—>Rc —1—=>Se
HC__I NoRp——= R, :|

The time limit contingency discussed earlier can also be used in conjunction with the
"window of opportunity" contingency. When those contingencies are used together, the

expiration of the time limit T can reset the rOy in either of two ways: (a) only if it
expires prior to the completion of N1Rps, or (b) if it expires at any time prior to Rc—>SE.
In case (a), reaching the "window" results in "safe harbor," i.e. the time pressure is off,
and R¢ will produce SE whenever it is made after that point. In case (b), the time

pressure remains until R¢ has been made.

In both cases, the subject has no exteroceptive cue that safe harbor has or has not been
reached. Rc then becomes a probe that fetches either good or bad news according to
whether it results in Sg or in reset/time out. Because of that uncertainty, making the Re
should entail some approach-avoidance conflict. In case (a), there might be some
hesitancy in making the Rc. In case (b) there is less time for hesitancy, as the clock
continues to run. These two cases, when used together, therefore make it possible to

isolate the amount of hesitancy due to that uncertainty, and also to study the many
obvious potential parameters of the hesitancy.
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In addition to producing the different degrees of hesitancy in making Rc, the cases (a)

and (b) above may also have differential effects on the Ls and on the Ra-Rp interval,
effects that would suggest into which group of variables each of these operant
contingencies should be placed.

5.5 Using rOs to Study the Functions of Stimuli

In the above example, the "risk" in making the R¢ can be eliminated completely by the
presentation of an exteroceptive stimulus that signals the completion of N1Rps. Such a
stimulus (S1 changing to Sp) eliminates the uncertainty inherent in relying exclusively on

response-produced cues, and constitutes a kind of "safe harbor" signal (Nevin, 1992). In
the Mechner, 1958a study on FCN, such a stimulus (actually, the reinforcer) was

presented after exactly NRps in some fraction of the instances, that fraction ranging
from zero to .75. Experiments that use such an Sz could be used to assess the effect of
the risk-related stress in the time-limited tOy by comparing the Ls and the Ra-Rp

intervals with and without the S».

The presentation of Sz need not coincide with the completion of exactly NiRps. An
alternative would be to present S after fewer or more than NiRps (Mechner &
Guevrekian, 1960). The "informational value" of such an S2 depends on where in the

run it is presented, on the costliness or aversive consequence of an Rc made too eatly or
too late, and on other variables.

These and others of the various parameters available for the rOs provide ways to
determine whether the window contingency puts an rO into the "stressor" family or the
"work cost" family of variables.

In general, tOs provide some new ways to classify the functions of stimuli, in terms of
their effects on the tO's various measures. The initiating R, in effect "turns on the
equipment," and an additional response is required to initiate the operant contingency
that defines the rest of the rO. There is no limit to the variety of stimulus functions that
can be incorporated into the design of the rest of the rO, while still keeping the Ra-Ry,
intervals of different rOs commensurable.

For example, the rest of the rO could consist of the contingency in which pigeons are

required to sequence the Rps based on color rather than spatial position (Terrace, 1987).
Or, it could consist of the inside/outside discrimination task like that described in
Herrnstein, Vaughan, Mumford, & Kosslyn (1989); of constancy tests for pattern
perception and discrimination of perspective (Cerella, 1990a; 1990b); or of the tasks
used in the numerous types of stimulus equivalence studies that have been done in
recent years (see reviews in Sidman, 1989; and Fields, Verhave, & Fath, 1984).
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The types of studies mentioned above involve a rather diverse set of tasks. But diverse
as these tasks are, when used as part of rOs, they can all be compared in terms of their

effects on the Ls and Ra-Ry, intervals.

5.6 rOs with Time Contingencies: The Fixed-Interval Analog, tOF1

Another possible rO parameter is the time that must elapse after the first Rp before the
Rc—SE contingency goes into effect (See diagram on p. 36). These rOs are interesting in

part because the Ra separates the L from the D so that behavior involving time
discrimination can be studied.

The T parameter can be used either in conjunction with an NRy, requirement, or without
any N (which is like setting N equal to zero). The time contingency would then
completely replace the number contingency. In the following diagrams, T is used
without N.

So  [S4
Ra—{Rp— T— R, — Sg

This rOpr is an FI schedule in which R, sets up a condition where an Ry, will initiate the
fixed interval T (Mechner, Guevrekian, & Mechner, 1963). As explained previously,
there are two reasons for having Ry, rather than Ry initiate the interval: (a) to keep Ra
"clean" and its sub-operants unaffected by the temporal contingency it sets up, and (b)
to provide an Ry-Ry, interval that can meaningfully be compared with the Ro-Rp intervals
of other types of rOs.

5.7 Fixed Minimum Interval: rOpmI
When a time interval T replaces the NRy, requirement in the rOpcN, we have an rO

counterpart of the fixed minimum interval (FMI) schedule (Mechner, Snapper, & Ray,
1961; Mechner, 1962). That +O could be called rOpmi.
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So Sy
Ra—Rp—(T Rc—Sg

Both rOpr and rOpm1 may prove to be useful tools for studying the question of whether

time discrimination uses an internal clock or is based on the execution of a particular
behavior routine, a question that has already received attention (e.g., Laties & Weiss,
1969; Laties, 1972). A potentially fruitful new way to approach this question is to

compare the criterial and non-criterial measures in tOpcN and rOpmI.

Tantalizing in this regard is finding that the duration D (a non-criterial measure) in FCN
is affected by deprivation level, while the criterial measures in both FCN and FMI are
not (Mechner, 1962). This study could be repeated with rOs with attention to the non-
criterial measures. One technique would be to alternate rOpmr and rOrcN in a multiple
schedule format and compare the effects of motivational or drug variables on the

measures relevant to the time discrimination issue. Some of these variables are defined
in Mechner & Latranyi (1963).

Note that the "Window of Opportunity" contingency described above for response
number can also be used for minimum time intervals.
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6.0 CORRECTING FOR D IN MATHEMATICAL FORMULATIONS

6.1 The Undermatching Phenomenon in Matching Law Experiments

Any mathematical formulation that includes iO response rate as a variable can be
corrected for response duration by subtracting D from the 1O IRT, leaving I.. One can
then replace 1/IRT (which is the iO response rate) with 1/L. Correcting for D in this
way may increase the generality of certain mathematical formulations.

A possible example is Herrnstein's matching law for choice situations (Herrnstein, 1961;
1970), which states that response rates tend to be proportional to the reinforcement
values that prevail in each of the conditions being tested. Reinforcement value can refer
to probability of reinforcement, amount of reinforcement, or other variables related to
reinforcement.

But most experiments that have attempted to fit the matching equation to the data have
discovered a deviation from theory that has come to be called "undermatching”" (Baum,
1974; Williams, 1988). J.J. McDowell states that the phenomenon

.. .has no obvious explanation. It is produced by the tendency of responding to deviate from perfect
matching in the direction of indifference. This tendency seems to occur to at least some degree in
most choice situations (Baum, 1979; Myers & Myers, 1977; Wearden & Burgess, 1982)...the causes of
undermatching are unclear. (McDowell, 1989, p. 161)

Several explanations for undermatching have been advanced and some reformulations
of Herrnstein's law proposed (see Williams, 1988 and McDowell, 1989 for reviews), but
none has proven quite satisfactory.

6.2 Adjusting Herrnstein's Matching Law for D

One explanation that does not yet seem to have been put forward is the following: It
may be possible to eliminate undermatching by correcting the two 1O response rates by
subtracting the Ds from the IRTs. Changes in response rate may be due more to
changes in the Ls than to changes in the Ds. There is reason to believe that the Ds
depend primarily on the specification of the operant (i.e., the operant contingency),
while the Ls depend primarily on the reinforcement values (Mechner, 1962), or the
prevailing schedules of reinforcement (Nevin, 1992; Hyten et al., 1991; Mechner et al,,
1992).

The 1O technique provides a way to test that explanation directly if we accept the
premise that an rO's D is an experimental model of an iO's response duration, with the
tO's L + D being the analog of the iO's IRT.
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The adjusted matching law for rOs is derived by substituting I.2/L.1 for Herrnstein's
response rate ratio B1/Bo:

L2 1
—— = —— Adjusted Matching Law
L1 2 applied to tOs

where L1 and L are the measured Ls in the two reinforcement conditions ot values, rq

and r2, that are used.

6.3 Testing the Adjusted Matching Law Using iOs

The L of an 1O is its IRT minus its D. Therefore, if the quantity (IRT-D) is substituted
in the above equation for each I, and the two IRTs are then replaced with the

reciprocals of the response rates, 1/B1 and 1/Bp, the resulting restatement of
Herrnstein's matching law (solved for D) is:

2 11 Adjusted
p-— - Matching
Bo(r2-11) Bi(r1-r2) Law for iOs

where D is the (unrecorded) duration of any iO.

This formula provides an indirect way to test the theory by means of a test that uses 1Os.
A number of matching experiments could be conducted using different ratios of r1 to

12, but the same iO for both rs. The formula would then be used to calculate D for each
of these ratios.!! If D turned out to be invariant, as it would if the same iO retained its
characteristic D regardless of r, then this theory would be supported. In addition to
supporting the theory, such a result would also mean that the adjusted matching law
provides a way to calculate, from experimental measurements, the unrecorded
behaviorally operative duration of any iO.

A weakness of this type of indirect test is that if the calculated Ds turn out 7oz to be the
same for the different conditions, the theory is not refuted. There could be various
possible reasons for their not being the same: (a) The different reinforcement
conditions changed the Ds in the same way they changed the Ls, at least to some degtree;
(b) Different iO response rates produce different response topographies and hence

"' A mathematical analysis of the equation for D reveals that to obtain statistically reliable measurements of D, the

values of r; and rp used in the experiments should not be too close to each other, and the response rates B and Bj
should not be too low.
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different Ds; (c) The required adjustment requires the subtraction of a quantity other
than D (see Chapter 7 for an analysis of the possibilities) and (d) The theory is wrong.

Reason (b) is a particularly serious possibility, as there is substantial evidence that
different reinforcement schedules do indeed produce different response topographies
(Herrnstein & Heyman, 1979; Platt, 1979). In ratio schedules, for example, the iOs tend
to become fused into larger functional response units of indeterminable size (Skinner,
1938; Keller & Schoenfeld, 1950; Boren, 1961). As a result, higher fixed ratios and
higher (recorded) rates of iOs would tend to produce the appearance of overmatching, as
has in fact been observed (e.g., Pliskoff & Fetterman, 1981; Dunn, 1982). On the other
hand, if a higher 1O response rate produced more efficient topographies and hence
shorter Ds, the observed result would be more #ndermatching. Thus, variables that affect
10 response topography in unknown ways would also distort the indirect test in
unknown ways.

Therefore, the adjusted matching law could be tested more directly by matching
experiments that use rOs rather than iOs, so that Ds and Ls can be recorded directly.
One would then see how well equation (1) fits the data for various values of r1 and r2,
and for various different types of rOs. However, this test too entails some of the
problems of measurement discussed in the next chapter.

6.4 Correcting for Bias in the Adjusted Matching Law

In the same McDowell (1989) paper referenced earlier, the asymmetry case is described
as "a distortion of matching" or "bias" resulting from a possible inequality of the
qualitative character (operant contingencies) of the two operants (such as their relative
effortfulness) or an inequality of the reinforcement contingencies prevailing in the two
conditions.

It is likely that these variables fall into groupings that have different kinds of effects on L.
and D, based on the nature of the various functional relationships describing those
effects. Therefore, the mathematical adjustments that could correct for bias in a
generalized matching law cannot be fewer in number, or simpler, than the separate
effects of each of the possible biasing variables on L and D.

A systematic approach to the identification of predictively useful bias adjustments would
require the performance of parametric studies (in non-matching situations) in which D
and L for various kinds of tOs are used as the dependent variables. The independent
variables (the presumptive biasing variables) in such studies would be, for example,
effortfulness, aversiveness, or complexity of the operant, difficulty of required
discriminations, all kinds of stress factors, and various reinforcement contingencies. As
was mentioned above, such variables may fall into groupings according to the similarities
and differences of their effects on various behavioral measures. The corresponding
functional relationships, when inserted into the adjusted matching law, should then
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predict the amount of bias that various combinations of those biasing variables will
produce, thereby making the matching law correspondingly more general.

6.5 Testing the Matching Law with an rO that Has No D

Several formats have been used for matching law experiments. A common one involves
two responses on two separate manipulanda that are simultaneously available. Another
format makes available only one response on one manipulandum, and uses stimuli to
signal the prevailing reinforcement value. Switching from one reinforcement value to the
other can then be under the subject's control (as in a concurrent schedule), or it can be
programmed (as in a multiple schedule).

When there are two manipulanda, switching to the other manipulandum involves some
reorientation of a body part, and hence some time and effort. With concurrent VI
schedules, switching requires a special response. The time and effort required by that
response generates a certain amount of inertia that may inhibit switching and produce
perseveration. On the other hand, switching is normally reinforced, as a reinforcement is
usually waiting to be picked up. Switching may therefore be controlled more by the
balance between the inertia and the lure of the waiting reinforcement, than by the
matching contingency. Such procedures therefore provide tests of the matching law that
are imprecise at best.

The matching law can be tested cleanly with a set of two equivalent rOs that

have no duration and no rate. They have the additional feature that when the subject
switches from one rO to the other, no reorientation of any body part and no special
switching response is involved.

Such a pair of rOs would be comprised of the same three sub-operants Ra, Rp, and Re
described in Sections 4.2-4.5 for the rOsh, but here there is no specified thythm. The Rq-
R interval is simply partitioned into two patts, and the two rOs are defined in terms of
whether the Ry, occurs before or affer the midpoint of the Ra-Re interval. One of the two
reinforcement values applies to rOs whose Rbs occur before the midpoint, and the other
reinforcement value applies to rOs whose Rbs occur after the midpoint. We will call this

1O a "partitioned rO," or tOp.
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As in the case of rOxhs, the response rate is constant because of the enforced ra