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ABSTRACT

Previopus studies have suggested that stimulus cequivalence and stimulus
generalization can interact to contribute to the formation of open-ended categaries. The
present study sought to extend that work by determining whether emergent stimulus
classes involving cross-modal stimuli also can expand spontanecusly via stimulus
generalization. A pre test and post-test of simple auditory discrimination suggested that
participants (college students, N =7} could discriminate among a range of tones used in
the main study, andg that patterns of discrimination were not globally altered by
intervening phases of the study. Before beginning the main study, participants learned
to use a rating procedure for categorizing sets of stimuli as class-consistent or
inconsistent. After completing conditional discrimination training with new stimuli, the
participants demonstrated the formation of ¢ross madal equivalence classes involving
both shapes and tones. Subsequently, the class-inclusion rating procedure was
reinstituted, this time with cross-modal sets aof stimuli drawn from the eguivalence
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classes. On some trials, novel tones were paired with shapes from the previously-
demonstrated equivalence classes. The probability that these novel sets would be rated
as class-consistent was a direct function of the degree of difference between the novel
tone and the tone explicitly included in the equivalence class. The present results
appear to show the formation of cross-modal generalized equivalence classes. Pending
replication to resclve procedural ambiguities, these results add generality to prier work
cn generalization of stimulus equivalence classes, and thus support the role of operant
processes in human category formation.

Key words: stimulus eguivatence, stimulus generalization, categorization, rating
procedure, computer mouse click, college students

RESUMEN

En estudios previos se ha sugerido gue la equivalencia y la generalizacion de
estimules pueden interactuar para contribuir a la formacién de categorias ilimitadas. En
el presente estudio se buscd extender ese trabajo determinando si las clases de estimulo
emergantes que involucran estimulos de diferentes modalidades pueden extenderse
espontdneamente a traveés de la generalizacion de los estimulos. Una pre-prueba y una
pest-prugba de una discriminacidén auditiva simple sugirid que los participantes
{estudiantes de licenciatura, N =7} podrian discriminar entre un rango de tonos usados
en el estudio principal ¥ que los patrones de discriminacion no fuercn alterados
globalmente por las fases imntervinientes del estudic. Antes de empezar el estudic
principal, los participantes aprendieron a usar un procedimiento de calificacién para
categorzar conjuntos de estimulos como consistentes e inconsistentes con la clase.
Después de terminar el entrenamiente en discriminaciéon condicional con estimulos
nuevos, los partictpantes demostraron la formacién de equivalencias de clases entre
modalidades que inciuyeron formas y tonos. Posteriormente, el procedimiento de
calificacidn de inclusion en la clase, se reinstituyd, esta vez con conjuntos de estimulos
de diferentes modalidades derivados de las clases equivalentes. En algunos ensayos, los
estimulos nuevos se aparearon con formas de las clases equivalentes previamente
demostradas. La probabilidad de que estos conjuntos nuevos se clasificaran como
consistentes con fa clase fue una funcién directa del grado de diferencia entre el tono
nuevo vy el tono explicitamente incluido en la clase equivalente. Estos resultados parecen
mostrar la formacién de generalizacion entre modalidades de equivalencia entre clases.
Aparte de una replicacidn para resolver ambigliedades de procedimiento, estos
resultados afiaden generalidad al trabajo previo sobre generalizacidn de los estimulos en
equivalencia de clases y asl apoya el papel de los procesos operantes en la formacién
de categorias en humanos.

Palabras clave: equivalencia de! estimulo, generalizacion del estimulo,
categorizacién, procsdimiento de clasificacidn, presién del "raton” de computadora,
estudiantes de licenciatura
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Categorization, or classification, is the process of dividing stimuli into
meaningful groups {e.g., Barsalou, 1992), and is evident both in diferential
labeling and in differential patterns of action with respect to stimuli. The means
by which categorization is acquired remains a matter of substantial debate (e.qg.,
Carpenter, Grossberg, & Reynolds, 1991; Fields, Reeve, Adams, & Verhave,
1991; Herrnstein, 1984; Saunders & Green, 1992; Sidman, 1934; Smith, 1995;
Wasserman & Bhatt, 1992; Wright, 1992). Most theoretical accounts appear
to agree, however, that category tormation is both structurally and functionally
infiluenced. That is, category formation can be guided both by the physical
properties of stimuli, and the consequences for differentially associating them
{e.g., Barsalou, 1992; Harnad, 1987; Herrnstein, 1990; Tversky, 1977:
Vaughn, 1988].

The phencmencn known as stimulus equivalence {Sidman, 1994) may
provide one example of a functional ¢ontribution to category formation. In
laboratary equivalence procedures, the training of overlapping conditional
discriminations feads to emergence of untrained stimulus relations, notable
among which are transitive relations between stimuli with no explicit training
history of association. The resuit is a group of physically dissimilar stimuli that
become functionally interchangeable in that they have identica! effects on
behavicr in appropriate contexts, and may even be identically labeled {e.g.,
Sidman, 1994}.

Most important human categories are open-ended, that is, they
incorporate a potentially infinite number of exemplars which, once the class-
specific categorization repertoire has been acquired, can be identified without
explicit training. Therefore, according to Harnard {1996}, equivalence class
formation alone cannot account for human category formation because of its
reliance on a finite pool of stimul. Yet several recent studies nicely iflustrate
a conjunction of structural and functional inlluences in category formation, and
in the process suggest a possible response to Harnard’s {1996) criticism.

Fields and his colleagues have shown that stimulus classes created
through the functional processes of stimulus equivalence can expand, via
stimulus generalization, to include new stimufl that have never been involved
in explicit training (Adams, Fields, & Verhave, 1993, Fields et al., 1997, Fields,
Adams, Brown, & Verhave, 1993; Fields, Adams, Buffington, Yang, & Verhave,
1998; Fields, Reeve, Adams, Brown, & Verhave, 1997]. The general procedure
of these studies was as lollows. Differential reinforcement during conditional
discrimination training was used to teach overlapping stimulus relations. The
training stimuli then cohered into stimulus classes indicative of stimulus
equivalence {as defined by Sidman, 19941}, including the emergence of relations
among stimuli related, during training, only through a common associate.
Among these training stimuli was a horizontal line of intermediate length.
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Subsequent generalization testing, in match-to-sample format, showed that
novel stimuli {lines both longer and shorter than the training fine) sometimes
were matched to the other (non-line) training stimuli {e.g., see Fields et al.,
1821}, Thus, classes had formed thal refllected both functional and structural
influences, The authors labeled these potentially open-ended classes as
generalized equivalence classes (Fields et al., 1991).

Generalized equivalence classes provide evidence that stimulus classes
built around equivalence processes need not be limited to stimuli with which an
individual has prior experience. Because naturally occurring categories tend to
be large, diverse, and multi-taceted, however, much remains to he learned
betore stimulus equivalence can contribute te a general purpose account of
human category formation. An important feature of many human concepts, for
example, is that they are cross-modal. A boy’'s concept of dog may encompass
written and spcken versions of the ward "dog” {plus "chien" if he is bifingual),
pictures of dogs, the scunds of dogs barking, the feel of a dog’s fur, and so
forth. So far, it ts not known whether generalized equivalence classes can
extend across different stimulus modalities.

The present study sought evidence for generalized equivalence classes
incorporating both auditery and visual stimuli, Stimulus classes were ¢reated
through conditional discrimination training invelving overlapping stimulus
refations among two visual stimuli and a tone. Of interest was whether tones
other than the training tone subsequently would be treated as related to the
visual stimuli. In the studies by Fields and colleagues, these extended stimulus
relations were demonstrated through traditional match-to-sample tests, In the
present study, we probed for stimulus generalization effects using a new
procedure in which participants rated groups of stimuli as class-consistent or
class-inconsistent. These groups could include only class-caonsistent members,
members from different classes, ar members from a single class plus a novel
tone that was physically similar to the one used in training. To facilitate
interpretation of the ratings, we provided preliminary training to help establish,
in advance, the “operating characteristics" of the rating repertoire {e.g.,
Critchfield, Tucker, & Yuchinich, in press; Saunders, 1986},

METHOD

Participants and Apparatus

Seven college-student volunteers reporting no prior experience in
conditional diserimination experithents completed a study that was described
in the informed consent agreement as concerned with "reasoning in symbolic
logic.” One additional volunteer was excluded because preliminary testing
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revealed poor discrimination among the tones to be used in the main study. For
participating, participants received extra credit in undergraduate psychology
courses. The informed consent agreement indicated that the amount of time for
which course credit could be received was linked to performance in the study
{details of these instructions are described below). Participants participated for
& 10 10 hours total, distributed, in visits lasting about 2 hours, over a period of
4 to 14 days, as was convenient to their schedules,

Participants worked alone in a small room containing a table, a chair,
a video monitor, a mouse with the left button marked by a red sticker, a
speaker {taken from a Craig Model JS8633 portable compact disc player}, and
a fluorescent lamp. They performed the MTS task by using the mouse to move
a cursor to appropriate locations on the video screen. The speaker, positioned
on the table next to the video monitor, was used to present auditory stimuli.
An IBM-compatible microcomputer located in an adjacent room was used to
conlrol experirmental procedures, present stimuli, and collect data. Tones werg
created using a Soundblaster ® Sound Card installed on the PC. All operations
waere controlled by a custom program written in Microsoft QuickBasic ®.

Instructions

No spoken instructions were provided during the experiment, but
throughout the procedures, a variety of printed messages appeared on the
participant’s screen. These are described in conjunction with the relevant
procedures below, In general, these instructions were desighed to (a) describe
mechanical selected aspects of the procedure {(tor example, to initiate each trial
by mouse clicking in the sample box}; and {h) in conjunction with the informed
consent agreement, establish "seconds”™ as reinforcers.

"Seconds” as Reinforcers
The informed cansent agreement indicated that the time for which
participants would receive course credit was limited to the seconds earned as
conseguences in the experimental task. The intormed consent stated the
tollowing:
“You will work alene in an office-sized room, where you will view
information on a computer screen and solve problems by pressing
buttons on a mouse. You will be asked to solve a series of briet
problems during sach visit. You will not be given extensive instructions
but rather will be asked to learn from experience as you work._.Each
time you sclve a problem correctly, you will earn points worth seconds
of participation time. The participation time documented for your
instrucior is measured in terms of these points, not in terms of how
much time you spend in the lab, The more accurately you work, the
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guicker you will accrue participation points. If you make few mistakes,
you could earn 10 hours of participation points in as little as about 8
hours. If you make many mistakes, you could work in the study for 1
hour but earn fewer participation points. For example, if you worked
for 10 hours, but earned 8.5 hours in points, you would receive
documentation of working for B.5 hours. In the past, most participants
in our research have earned points roughly commensurate with their
actual involvement in the study. But your point earnings depend on
your perfarmance, so we can make no guarantees about what you wil
actually earn.”

The research protocol actually required that participants receive credit
for aft time spent in the study {10 hours maximum}, regardless of performance.
Participants were to be immediately debriefed should seconds accumuiated at
the end of the study fall short of the amount of time spent participating, but all
participants earned the maximum possible extra credit. Thus, all were debriefed
by mail at the end of the academic quarter.

Phase T: Auditory Discrimination Pretest

Table 1 summarizes some key features of this and all subsequent
phases. Phase 1 was designed ito determine whether participants could
distinguish 9 different tones from one another. During each trial in this phase,
two 2-s tones were presented separated by a 1-s pause. On the first five trials
only, the message, "Are the follewing twe tones same or different?” appeared
on screen just before the first tone began. Participants responded by clicking
a mouse inside one of two horizontally adjacent boxes labeled “same” or
“different.” A single sesston included 3 presentations of each of the 81 possible
binary combinations of 9 different tones. Thus, the fwo tones were identicat on
27 {12.5%) of the 243 trials. The 9 tones, shown in Table 2, were spaced
apart roughly equidistant along the musicatl scale, with middle C {264 Hz)} as the
third highest tone. Two of these tones were used as stimuli in the match to
sampie {MTS) training and equivalence testing in Phases 4 and 5. The other
seven stimuli, as well as the trained tones, were used in eqguivalence
generalization tests in Phase 6 (details described below).

Phase 2: Preliminary Training of the Class-Inclusion Rating Procedure

This phase was designed to mimic MTS training and class-inclusion
rating procedure that would be used in Phases 4, 5, and 6. Two classes of
stimuht were used in training, consisting of the capital letters A, B, and C and
numerais 1, 2, and 3, all printed on screen in green. The A and 1 stimuli
atways served as samples, and the remaining stimuli were used as comparison
stimuli.,  Thus, for exampie, when A was the sampie, B and 2 were the
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comparison stimuii, and when 1 was the sample, C and 3 were the comparison
stimuli. Under the assumption that the two classes already existed in each
participant’s repertoire, these stimuli were chosen to facilitate the rapid mastery
and high levels of accuracy throughout training and testing. Appendix A shows
the stimulus arrangements for cach relation that was trained and tested. The
following instructions were shown on the participant's screen prior to each
session:
At the beginning of each trial four boxes will appear on the screen, one
on top and three below. The top box will have a figure in it, Moving
the cursor into the upper hox and pressing the mouse button will make
three ligures appear in the fower boxes. You may earn ssconds of
extra credit by selecting the correct figure from one of the lower boxes.
To make a selection, place the cursor in the lower box you wish to
selsct and press the red mouse button.

lable 1. Summary of exparimental phases. See text, Table 2, and Figure 2 for
descriptions of the stmuli

Phasc Description Stimuli Probabilit Class-  Trias  Sesswons
of Inclusion per
- Ferdhack Hatings? Session
T Auditory doscrimination Tones 1-8 a No 243 1
test
2a  Preliminary training: AR T b Mo 12 iat 100%
MTS training 1.2, 3 1.6 N 12 2 at 100%
AR Cand 1,2 3 1.0 Mu s 2 = 4b%W
2b Preliminary traming: A R Cand® 2,01 *.0 No 26 2 e 0h%
Eguivalence tnals
2c Preliminary traning: A, B C, b&,2, 3, 1.0 Yes B ?
Ctass inclusion
prenedure
3 BRaseline class-inclusio Tone 1 3%, 87,82, D fes 18 1
1E5t 1, c2
4 Canditicral Al B, CT 1.0 MNo 12 2o 1%
discrimination training: A3, B2, 02 t 0 Mo 1 2o 9%
AN B2,CT & T Mo 24 2 = 88%
A B2 CZ2 U.4 i) 24 2 = 95%
AT, BY, L0 R
A B2 C2
5 Equivalenss test AT, BT, 1 & &
mE B2 02 Mo b2 2
#  Class inclusion test Tones 1-3% K1, 52, O ¥es T uE 3
O I 9er
7 Eyurvalence test ALBT, 01 A n MNu hne 1
A2, B2, C2
8  Auditory discrimination Tanes 1-9 o Ma 243 1
test

"Tone 3 - Al, Tane 7 -AZ
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Table 2. Summary of the auditory stimul,

Tone Hertz
1 132
2 198
3{AT) 264
4 352
5 528
6 792
A" 1056
B 1408
3 2112

Mote: Distance betwean each of the tones is either a fourth or a fifth imerval based on
a diatonic scale {white piano keys onby).
* "Widdle C
FACCT two octaves above Middle C.

The left column of panels in Figure 1 shows some key elements of the
screen during MTS trials. Participants clicked the empty sample box to start
gach trial. A sample stimulus appeared, accompanied by three comparison
stimuli, located in three horizontally aligned comparisan boxes below the sample
box, with location counterbalanced across trials. A click in any ol the
comparison boxes registered aresponse, Each correct MTS selection was worth
20 s of extra-credit time, and feedback, indicating the number of seconds
earned (Q or 20}, normally followed every trial. A “one-to-many” training
procedure {Saunders, Saunders, Williams, & Spradlin, 1983) was used to teach
conditional discriminations prerequisite to the formation of the lwo stimulus
classes. Participanis progressed through training by scoring 100% correct on
two consecutive sessions of (a) 12 trials involving the A-B and 1-2 relations;
{b} 12 trials involving the A-C and 1-3 relations; and {¢) mixed training review
involving 12 trials each of A-B/1-2 and A-C/1-3 relations, intermingled within
sessions. Feedback followed every trial until the mixed tone review was
completed, whereupon the probability of feedback was reduced 1o 0.40 and the
mixed training review was repeated. Following a session, the number of
seconds earnad for that session was shown on the monitor for b .

Next, sessions mimicking equivalence tests were conducted using all of
the possible trained and emergent relations derivable from the two stimulus
sets. Trial format was identical te that used during training, using the stimulus
configurations shown in Appendix A, Unlike in traditional equivalence tests,
responses during 1hese test sessions were foliowed by feedback, to facilitate
accuracy.
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The class-inclusion rating procedure was introduced next. In addition to
the six stimuli used in the training and eguivalence testing, the stimuli included
two new shapes: the lower case tetter b, and a vertical arrangement of two
small circles {:). These stimuli were selected 1o be readily classified with one
member of each "trained” stimulus class {e.g., b to B, and two circles to the
numeral 21, Assuming that participants classified sccordingly, these novel
stimuli would provide participants with an experimental history of classifying
stimulus groups including members that were not part of training sets.

Sessions consisted of 84 trials long, and presented most of the possible
combinations of the eight stimuli described above. Each participant completed
two sessions. On each trial, a set of two or three stimuli was displayed with
members of the set horizontally arranged in the middte of the screen. There
were four types of sets: {a} class-consistent, trained {e.g., B A C}; (b} class-
inconsistent, trained (e.g., C 3 2}; {¢) class-consistent, novel {e.g., A C b or
3:1}; and {d) class-inconsistent, novel {e.g., A C : or 3 b 1}. Thus, this phase
provided no experience with using physical similarity as a basis for including
novel stimuli among equivalence-based stimulus sets. It allowed, hut did not
require, the more general experience of evaluating stimulus sets that included
& potentially class-consistent member that had not been part of conditional
discrimination training.

The right column of panels in Figure 1 shows some key eiements of the
display during the class-inclusion rating procedure. Each participant read the
following instructions on the computer screen before beginning this phase;

During this session you will be presented with groups of figures. After
you view the figures, you will have a chance to EARN or LOSE seconds
by moving the cursor onto one of the blue arrows and pressing the red
mouse button. Each press will be counted in the seconds-earned box
above the arrow. The number of presses you make may or may not be
related to the number of seconds you earn or lose, You may or may
not get feedback about your performance this session.

On the first five trials per session only, the message, “Do these go
together?” was printed directly below the stimuli. A message at the bottom
of the screen stated, “Click the red mouse butten to continue.” Clicking the red
mouse button cleared the stimuli and replaced them with a rectangle, the
confidence bar, about 1 cm high and 12 cm long, and bisected by thin vertical
line. Below the confidence bar were two smaller boxes, one labeled “Yes,”
aligned under the left end of the confidence bar, and one laheled “No,” aligned
under the right end of the confidence bar. Each click on the “Yes” box filled
one-eighteenth of the confidence har {18 responses maximum). The first click
on the “No” box filled the confidence bar, and each subsequent response
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cleared one eighteenth of the bar {18 responses maximum). The initial click of
either box cleared the alternalive from the screen.

MTS Training & Testing Class-Inciusion Ratings
-

{ ™
"Tone
" e "Tone"
Do mese go togather?
. J N A
s 7 ™~

L""J Ae

Vigure 1. The participant’s display during MTS training {left column of panels) and during
the class inclusion rating procedore {right coluran of panels). See text for details,

Feedback and point conseguences, described below, were established
to teach participants to move the cursor into the "Yes” box and respoend at a
high rate when the stimulus set was class-consistent, and 10 move the cursor
into the "No” box and respond at a low rate, or not at all, when the stimulus
sot was class-inconsistent. For example, to indicate maximal certainty that the
stimuli in the set were class-consistent, a participant could respond 18 limes
inthe “Yes” box. To indicate a lower degree of certainty that the stimufi were
class-consistent, a participant could respond only a few times in the "Yes"” box,
To indicate maximal certainty that the stimufi were class-inconsislent, a
participant could respond just once in the “No” hox. To indicate a lower degree
af certainty that the stimuli were class inconsistent, a participant would
raspond several times in the “No” hox.

After 4 s had elapsed or 18 responses had been made, whichever came
first, the self-report screen was replaced immediately by a feedback screen
indicating how many seconds had been gained or lost through the rating
procedure. The word "CORRECT" or "INCORRECT," as appropriate te the
outcome of the trial, was printed at the top of the screen. On the first five
trials ot cach session only, the message, “Pressing repeatedly may or may not
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affect how many seconds you earn or lose” appeared at the bottom of the
feedback screen. In the center of the screen was the message "TIME
EARNED = X seconds” (for YES ratings about class consistent stimulus sets,
X =18 minus number of responses} or "TIME LOST =-X seconds." {for NQ
ratings about class-consistent stimulus sets, X = number of responses; for YES
ratings about class-inconsistent stimulus sets, X=189 minus number of
responses).

Phase 3: Baseline Class-fnciusion Test

Phase 3 began with one baseline session of an equivalence
generatization test using the class-inclusion rating procedure, The procedures
were identical to those of Phase 2 except that no feedback follpwed any trial,
and the stimuli included all of the tones listed in Table 2 and the shapes shown
Figure 2, configured as specified in Appendix B, This phase was used to
ascertain whether any participants had any systematic patterns of responding
to cross modal stimulus combinations prior to class training. Because
participants had not yet been exposed to any of these stimuli, no systematic
rating patterns were expected.

Stimulus
A B C
o
[15]
)
Q
G B .

Figure 2. Stimuli used in the experiment.

Fhase 4: Conditional Discrimination Training

A "one-to-many” training procedure {(Saunders, Saunders, Williams, &
Spradlin, 1993} was used to teach conditional discriminations prereguisite to
the formation of two three-member, cross -modal equivalence classes using the
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stimuli shown in Figure 2 (A1-B1-C1T and A2-B2-C2). The A stimuli {tones)
always scorved as the samples, and the B or C stimuli {shapes printed in red)
served as correct or incorrect comparisons depending on the sample that was
present on a given trial {see Appendix A}, The audilory stimulus used as the
A1 sample was a middle C, and the AZ sample was a C two octaves lower than
the middle C (see Table 2}.

The left column of panels in Figure 1 shows some key elements of the
display during MTS trials. Instructions were those provided at the start of
conditional discrimination training in Phasa 2. Participants clicked the empty
sample box to start each trial. A sample tone then sounded for 2 5, fullowed
by the presentation of thres visual comparison stimuli, located in three
horizomtally aligned comparison boxes below the sample box, with location
counterbalanced across trials, Each correct MTS selection was worlh 20 s of
extra-credit time, and feedback initially followed cvery trial. After a participant
scored 100% correct on two consecutive 12 trial sessions involving the A-B
relations, and 100% on two consecutive scssions involving A-C relations, the
A-B and A-Crelations were mixed into single 24 trial sessions. The probability
of feedback for mixed sessions began at 1.0 and, after two conseculive
sessions at 100% accuracy, was decreascd to 0.40 until the same criterion
wias mel. Fullowing each sessian, the total number of seconds earned for that
seasion was displayed on the monitor for five seconds.

Phase 5: Equivalence Tests

This phase tested all the possible trained and derived relations from the
two three-member stimulus sets [see participant instructions under Phase 2).
Stimulus arrangements for Phase 5 test trials are shown in Appendix A, Each
session was 52 trials long, and presented 12 training trials (6 each of A-B and
A C), 18 refiexivity trials (6 each of A-A, B-B, and C-C}, 12 symmetry trials (6
each ot B A and C A}, and 12 equivalence, or combined symmetry-transitivity,
trinls (6 cach of BC and C-B). No fleedback was given. Following each
session, a message reading “Session information withheld” was displayed on
the monitor for 5 s.

Trial format was similar to that used during conditional discrimination
training, with modifications as appropriate to the stimuli. When reflexivity trials
involved auditory stimuli {A71 or A2}, participams mouse-clicked in an empty
sample box to produce & 2-s sample tone, Immediately afterward, two 2-s
comparison tones followed, separated by a 1-s pause. As each tone played,
a yellow asterisk appeared in one of the three comparison boxes, with location
counterbalanced across trials. The asterisks remained present unti! participants
made a selaction by ¢licking the mouse in one of the corresponding comparison
boxes., On symmetry test trials, sample stimuli were visual shapes, and the
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same procedure of presenting auditory comparison stimuli was used.
Equivalence {(combined) test trials presented only visual stimuli, and typical MTS
procedures were used {as in Phase 2).

Phase 6: Post-Equivalence Class-Inclusion Ratings

This phase employed the class-inclusion rating procedure introduced in
Phase 2 {(Figure 1, right column of panels} and provided the primary data of the
experiment. Instructions were the same as those given prior to the preliminary
class-inclusion ratings of Phase 2. On each trial, a stimulus set was presented
for 2 s, accompanied, on the first five trials only, by the printed message “Do
these go together?” Participants labeled each set as class consistent {"Yes")
or class inconsistent ("No"}, and recorded a confidence rating as described
previously. No feedback about earnings or performance followed any trial in
this phase.

Appendix T lists the stimulus sets, which could include both tones and
shapes. The tonas included those used in conditional discrimination training
and equivalence testing of Phases 4 and 5, plus probe tones (Tahle 21 from
among those presented during the auditory discrimination pre-test in Phase 1.
The shapes were those used in Phases 4 and b (Figure 2). Sessions were 136
trials long, and presented most possible combinations of 2 and 3 stimuli from
the 13 stimuli {6 stimuli from training and 7 novel probhe tones) used during this
phase. On the 80 trials including only training stimuli, 40 sets were class:
consistent, and 40 were class-inconsistent, Some sets included only visual
stimuli. The remaining 56 trials presented visual stimuli used in training along
with one of the 7 novel probe tones. On trials presenting two visual stimuli
with a probe tone, the visual stimuli were always from the same class {e.g., B1
C1 rather than B2 C1) to insure that the auditory tone had to be considered in
order to make a decision regarding class inclusion.

Phases 7 & 8: Equivalence and Auditory Discrimination Post-Tests

During Phase 7, the 52 -trial equivalence test session from Phase 5 was
repeated to ensure that exposure to the variety of stimulus sets during Phase
6 had not disrupted the equivalence classes evaluated during Phase 5. During
Phase 8, the auditory discrimination test from Phase 1 was repeated 1o
determine whether Phase 6 had altered the participants’ discrimination among
the tones.

Dependent Measures

On all MTS training and equivalence test trials, performances were
measured by calculating the percent of experimentaily designated class-
consistent comparison selections li.e., percent accurate). Class-inclusion
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ratings were summarized in two dependent variables. The first was the percent
of slimulus sets chosen as class consistent (e.g., percent selections of the
“YES” report box). The second was the magnitude of the confidence rating.
Consistent with the contingencies established in Phase 2, response rates on
YES ang NQO ratings represcnted measures ot participants’ “confidence” in the
discrimination of a sct as class-consistent or -inconsistent.

RESULTS

Auditory Discrimination Pre test and Post-Test

Both prior ta, and following, the main experiment, participants nearly
always identified successively presented identical tones as "same" and
nonidentical tanes as "different.”  Owverall accuracy was 98% or above on the
auditory discrimination tests for all participants except $S137, who scored 92%
and 93% on the pre test and post-test, respectively. Discrimination patterns
thus appeared not to have been globally altered by the experience of
participating in the main study.

Preliminary Training of the Class-Inclusion Rating Procedure

Participants made few errors during MTS training and equivalence
testing involving the A-B-C and 1-2-3 stimulus ciasses {Phase 2}, as might be
expected if the stimuli were part of a pre-existing class. The mecan percent
accurate was 97.34 {85 £ =1.05) on MTS training trials, and 97.73 (S.£.=1.61)
on equivalence test trigls, No participant required more than 3 sessions to
demonstrate mastery (2 conseculive sessions at 100% accuracy) at any point
in the training or testing.

Participants also made few arrors on the class-inclusion ratings of
preliminary training (mean accuracy = 96.29%, S.E. =1.19). Table 3 summarizes
these ratings. Class-inconsistent stimulus sets were routinely labeled as class-
inconsistent, regardless of whether the sets included probe stimuli. The
percentage of “Yes"” selections ranged from O to 239, and mean respoense
outputs ranged from 1.0 (the minimum) to 4.2 out of a maximum of 18. Class-
consistent stimulus sets containing enly training stimuli were routinely labeled
as class congistenl. The percentage of “Yes” selections was 80% or higher for
all participants, and associated response rates were around 10 or higher, out
of a maximum of 18, for & of the 7 participants. The exception was 5138,
who always made a single response whether selecting "Yes” or "No.” When
class-caonsistent training stimuli were accompaniced by probe stimuli to which
they were, presumabiy, thematically related, rating patterns changed little for
6 of the 7 participants. The exception was $1386, whose percentage of “Yes”
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selections dropped from 94 to 58, and whose mean response outpul dropped
from 14.9 to 5.6 out of a maximum of 18. Overall, by the end of preliminary
training, all participants had demonstrated use of the class-inclusion rating
system in a manner that was consisient with its intended purpose and with
common-sense interpretations of stimulus groupings,

Table 3. Class-inclusion ratings during prefiminary training {phase 2), as a function of
wheather the stimufus set was class-consistent or class-inconsistent, and whether it mcludad
training stimuli only {Na Prabe) or training stimuli plug a novel stimulus (probe). Percent "Yes™ refers
to stimuius set labelled as class-consistent. Responsas refers to arate based "contidence rating.™
Sea text for details.

Participant

129 130 133 134 136 137 138

Percent "Yes”
Class-consistent
No Probe 100 98 98 96 84 30 96
Probe 100 96 92 92 58 B3 982
Class inconsistente
No Probe 4 13 0 o] 22 4 o}
Probe o] 1 o] o 23 4 ]
Responses
Class-consistent
Mo Probe  11.2 14.0 163 107 143 27 1.0
Probe 10.7 14.0 157 10.6 546 12.3 1.0
Class-inconsisten
Mo Probe 1.7 3.1 1.1 1.2 26 42 1.4

Probe 1.7 31 11 10 14 32 1.0

Conditional Discrimination Training and Equivalence Tests
Individual conditicnal discrimination training and equivalence test scores
from the main part of the study are shown in the middie columns of Table 4.
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Participants typically required few sessions to meet mastery criteria at each
step of the training (Phase 4). Mean accuracy for all participants across all
training sessions was 96.77% (5.£ =0.86). The results from Phase 5 (right-
hand celumns of Table 4) suggested that three-member equivalence classes had
formed for alt 7 participants. Mean accuracy for all participants across all
equivalence tests was 86.78% (S.£.=1.21),

Table 4. Percemt correct an class-inclusion pretest and posttests; and an condition
discrimination training and equivalence testing af the main study. Values within a column for
ingividual subjets show performance in successive sessions. Iy conditional Discrimination Training,
AB =sessions with A-B relations, AC =sessions with A.C refations, and Mix =Mixed Training
Roviewy, sessions with both A-B and A-C relations.

Cond. Discrimination
Class-inciusion Tests  Training Equivalence Tests
Subjec Pre-test Past-test AB AC  Mix  Main Post-test
129 57 g1 100 83 96 94 g2
&6 100 t00 100 82
55 92
130 a 100 100 92 100 98 92
' 89 100 100 100 100
28
133 a0 g5 5 100 79 98 140
95 100 100 96 96
a8 100 100
134 53 91 100 100 100 100 98
93 100 100 86 100
a8
136 48 g9 92 100 856 100 100
98 160 100 160 100
93
137 49 85 92 100 100 100 a7
91 100 100 100 BS
96
138 49 o5 83 o2 96 52 92
M 106 92 100 140
83 100
? Data were lost due 10 equipment failure.

Class-Inciusion Ratings of the Main Study
The teftmost columns in Table 4 show that the baseline accuracy of
class-inclusion ratings about sets of stimuli from the main study, made ptior to
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conditional discrimination training and equivalence testing, tended to be around
50% (chance). Following demonstration of eguivalence, aceuracy improved
Lo over 90% for all participants except S129, whose post-aduivalaence accuracy
initially was 92%, but dropped to 55% across two subsequent sessions.

Recall that the class inclusion rating trials differed in terms of which
lones were paircd with visual stimuli from within a single eguivalence class.
Ralings indicating class consistency were expected 1o he most commaon, and
of highest magnitude, for stimulus sets including a training tone and class-
consistent visual stimuli. Ratings indicating class censistency were expected
to beceme less common, and of lower magnitude, as probe tones became
increasingly different from the training tone. The generalization gradients based
on the fraining tones were expeeted to peak at different tones depending on the
visual stimuli with which tones were paired.

Baseline class inclusion ratings {far economy of presentation, not
shown) appeared to be unrelated to either the type of tone or the visual stimulbi
included in the stimulus set. The percentage of "YES,” or class-consistent,
ratings was low and variable, ranging unsystematically across the 8 tanes from
11% to 36% (S.£.=9.7 10 14.1). Importantly, there was no obvious evidence
ol differential ratings as a function of the visual stimuli with which 1ones were
pairad. For example, when the tone later used ds stimulus A1 was paired with
Class 1 stimuli, ratings were not significantly different than when the same tone
was paired with Class 2 visual stimuli, ¢6)—.65, p=.b4. Similarly
undifferentiated ratings occurred when the tone later used as stimulus A2 was
paired with visual stimuli from Class 1 versus Class 2, #6)-1.04, p--.34.
Such outcomes were anticipated given that participants had no training history
of associating the tones and the visual stimuli.

Figures 3 and 4 show class-inclusion ratings made after equivalence
classes had tormed {Phase 6}. The data in these figures combine ratings made
when stimulus sets incorporated two stimuli (twao visual stimuli, or one visual
stimulus and one tone} with ratings made when stimulus sets incorporated three
stimuli {two visual stimuli and one tone). Preliminary analyses showed no
systematic rating dilferences as a function of whether the stimulus sets had
two or three members,

Figure 3 shows the percentage of “Yes” selections for the nine tones
as a tunction of whether they were paired with visual stimuli from Class 1 or
Class 2. Along the abscissa of each panel, the training tones are designated
with the data symbols associgted with the two stimulus classes. “Yes”
sclections nearly always occurred when Class 1 visual stimuli were presentad
with Tone 3, and when Class 2 stimuli were presented with Tone 7. "Yes”
selections almost never occurred when Class 1 stimuli were presented with
Tone 7, and when Class 2 stimuli were presented with Tone 3. Thus, "Yes”
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selections reliably designated class-membership as expected based on the
resuits of equivalence tests.

When probe tones accompanied the visual stimuli, the probability of
“Yas” selections was positively retated to the degree of similarity between the
probe tone and the training tone associated with the visual stimuli, For example,
only tones similar to Tone 3 tended to evoke “Yes” selections when presented
in combination with Class 1 visual stimuti. Only tones similar to Tone 7 tended
to evoke “Yes” selections when prasented in combination with Class 2 visual
stimuti, Across participants, the extent of this generalization ranged from
pronounced {e.g., 5138} te minimal (e.q., 5134}, but all participants produced
at least 65% "Yes" responseas to at least one probe tone for each class of visual
stimuli.

129 130 133
100 100 100
5044 50 50
0 T T T T 0 T T T T 0 T Y T T T T T
123456789 123456789 123456789
a e o o *
v toe 134
@ fTune Pairad with ]
_>- 50 o Class 1 Visual Stimuli
e Class 2 Visual Stimulti
3R oesrsaoes
123456789
o *
100 136 180 137 100 138
B0 50 50]
0 o9 w8000 O_ W % Ojﬁ—_ﬁ.”.,
123456789 123456788 123458789
o . o » o .
Tones

Figure 3. The percentage af "Yes” selections for the nine tanes as a function of whether
they waore paired with visual sumuli from Cluss 1 ar Class 2. Along the abscissa of cach panei, the
training tones are designated with the data symbols associated with the two stimulus classes.
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Figure 4 shows the mean class-inclusion rating magniludes for the nine
tones as a function of whether they were paired with visual stimuli from Class
1 or Class 2. Results were similar to those shown in Figure 3, with two
exceptions. First, 5137 showed less class-related differentiation in rating
magnitudes than in percentages ol “Yes” responses, Second, consistent with
his performance during the training of the class-inclusion rating procedure
{Phase 2}, S138 made a single response regardless of whether selecting “Yes”
or “No.”

129 1 1

18 18 30 18 33

12 12 12

8 6 6

0 T rrrror O ||||||||| O T LN B B B S
123456788 123456789 123456788

a ] Q a o] .
134

fTone Paired with j
o Cilass 1 Visual StimuliJ

e Class 2 Visual Stimuli

1234567859
2] .

Number of Responses

e, 136 . 137 138
12 121 1J
6 ej ﬁ
o O . —\ D19%%eeeeee
123456789 123456789 1234567879
o] [ ] [o] a s ] L ]
Tones

Figure 4. The mean class-inclusian rating magnitudes for the nme tenes as a tunction of

whether they were paired with visual stimuli from Class 1 of Class 2. Along the abscissa of each
panei, the training tones are designated with the data symbols associated with the two stimulus
classes.

Foflow-up Equivalence Test
Phase 7 reprated the equivalencc tests of Phase 4 1o determine whether

equivalence classes remained intact following the class-inclusion rating



330 SCOTT D. LANE et al.

procedure. The data in Table 4 support the conciusion that equivalence classes
remained intact. Mean overafl accuracy was 97% {5.£.=1.36).

DISCUSSION

The key results of the present study can be summarized as follows:
Before starting the main study, it was demonstrated that the tones used for
subseguent testing were all discriminable from one another. Participants also
learned to use a rating procedure for categorizing sets of stimuli as class-
consistent or inconsistent. After completing conditional discrimination training
with new stimuli, the participants demonstrated the formation of two, three-
member cross-modal equivalence classes involving both shapes and tones.
Subseqguently, the class-inclusion rating procedure was re-instituted, this time
with sets of stimuli drawn from the equivalence ciasses. Occasionally, the
tones of the equivalence classes were repiaced by novel tones. The probability
that these novel sets would be rated as class-consistent was a function of the
auditory distance between the novel tone and the tone explicitly included in the
equivalence class. For some participants, the test tones cccasioned the same
performances occasicned by test trials that contained tones that were class
members. Therefore, the data for those participants support the view that the
extension of equivalence classes by generalization reflects the merger of
perceptual classes and eguivalence classes, as noted by Fields et al. {1937).

The present results also suggest that the merger of perceptual and
equivalence classes is not hindered by the crass-modal relationships inherent
in some equivalence classes. That is, generalized equivalence classes apparentiy
can be created in cross-modal sets of stimuli. Cross-modal eguivalence classes
have been demonstrated before {Bush, 1993; Sidman & Tailby, 1982}, and it
seems reasonable to expect that these classes can expand based on primary
generalization. Many natural human categories are both cross-modal {as
evidenced by the relations between written words, spoken words, and non-
language referents), and cpen-ended {incorporating numercus exemplarst. A
convincing account of categorization based on conditioning processes must be
compatible with these observations.

The conclusions prompted by this study must be viewed as preliminary
pending the resclution of three issues. First, a demonstration of generalized
eqitivalence depends on an unequivocal demonstration of equivalence.
Although the equivalence test performances of the present study were
consistent with expected emergent relations, the study’s design does not rule
out the possibility that “correct” selections sometimes occurred on another
basis. Specifically, stimulus configuration can guide performance on equivalence
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tests, independent of the relations specified by experimental contingencies
{e.g., Harrison & Green, 1990; Carrigan & Sidman, 1282}, Most MTS trials of
the present study included three comparison stimuli drawn from two stimulus
classes: a class-consistent stimulus and two class-inconsistent stimuli. On
some trials, it would have been possible for participants to select the correct
comparison stimulus without attending to the sample stimulus, thus producing
partially spuricus equivalence outcomes. For example, when B1 and C1
appeared together as comparisons, the remaining stimutus always was correct.
Due to the way that stimulus-representation frequency was counterbalanced
acress trials {Appendix Al, neither B1 nor C1 ever was correct when the other
was present. itis worth noting that participants may prefer response strategies
that apply consistently {Sidman, 1994}, and such configural cues were not
available on all trials, Nevertheless, a procedure employing only one
comparison stimutus from each stimutus class woutd be required to resacive
ambiguity about the validity of the equivalence classes.

A second saurce of ambiguity derives from the means by which
generalization was assessed in the present study, Previous studies of
generalized equivalence classes have employed MTS procedures during
generalization tests. The present study used a class-inclusion rating procedure,
and it remains unknown whether cross-madal, generalized eguivalence classes
would emerge in MTS-based procedures. Figure 5 suggests that the present
results are at least superficially similar to those of previous studies using MTS
procedures. The top panel shows data from Fields et al, {19291}. The Y-axis
shows the proportion of MTS choices as a function of the similarity between
trained stimuli and probe stimuli. Trained stimuli are shown inside the hashed
boxes; novel stimuli are data poinis not inside those lines. The bottom panel
shows mean data derived from the upper panel of Figure b, with left and right
panels collapsed, The Y-axis shows proportion of "Yes" ratings as a function
of the similarity between trained tones and probe tones, Trained stimull are
also shown inside the hashed boxes. Despite differences in stimuli, procedures,
and dependent measures, the two gradients are guite similar. The concordance
would be strengthened, however, if MTS-based generalization tests were
conducted with the same participants as the class inclusion tests.

A third point for consideration is the possibility that our results are
idiosyncratically linked to the preliminary training procedures. Presumably,
everyday categories expand spontanecusty through stimulus generalization. In
the present study, prefiminary training to instate the class-inclusion rating
procedure involved reinforcement for grouping novel stimult {the lower case
letter b and the vertical arrangement of two circles) into an established class.
It is possible that this pretraining may be one of the parameters that are
required to obtain the present results, though this is not likely given the resutts
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of pravious studies that did not utilize & pretraining protocol {Fields et al., 1991,
1993, 1896, 1997}, Nevertheless, a replication of this study using different
pretiminary training procedures would be necessary to rule out this possibility.

Fields et al.,
1991

Percent MTS Choice

4 8 12 16 20 24
Line Length

Lane et al., 1996

Percent "Yes"
3

=]

Tone

Figure b, Comparisen of data from Fields et al., 1991 {top panell and data from the
present study {bottom panell. Data for both studies are presented as group means. Solid circles
and open circles represent Class1 and Class 2 stimuli, respectively, as a function of the physical
dimensians of the stimul {short 1o feng line fength and high to low tane pitch}. Date points inside
the dotted fines represent trained stimult, points nat inside the dotted line represent novel stimdi.

In summary, several recent studies have supported the concept of the
generalized eguivalence class as a means by which structuratl and functional
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processes may combine in the formation of stimutus classes that approximate
simple categories (Adams et al., 1993; Fields et al., 1991, 1893, 1996, 1897).
The present study extends that work by suggesting, for the first time, that
generalized equivalence classes can extend across stimulus modalities, which
is an important prerequisite for any phenomenon held 1o contribute to naturat
categorization. if confirmed by additional studies that resolve the design-related
ambiguities identified here, the present study will help to buttress the
plausibility of a conditioning-based account of categorization in all of its
everyday complexity.
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Appendix A, Stimulus arrangements far Phase 2 {excluding class-inciusion ratings), Phasa
4, wnd Phase &5, The location of comparison stimull was counterbalanced within sessions.
CO + = Correct comparison stimulus. CO- =incorrect comparison stimutus, Actual stimuti are listed
frr Phacp 2. Phase 1 and b stimuli are keyed to Fiqure 2.

Comparisons  Times Prosented

Phase Description Samplc L0 CQO- CO-  Per Session
? Prefiminary training
A-B A B 2 2 €
1 2 B c &
A-C A € 2 2 8
1 3 B C )
Bixed Heview Same as above B each {24}

Eguivalence tests

Trained Same as above t each
Refrexive A A 1 2 1
1 T A H T
8 B 1 2 1
2 2 A B A
C C 2 3 1
3 3 I} C 1
Symmetrical B A 1 2 2
P t A B 2
C A Z 3 2
3 2 B C 2
Combined B c 2 3 2
2 2 B C 2
C B 2 3 2
3 2 =1 c z

4 MTS Training
A-B At B1 B2 cz -]
AZ B2 &1 €1 g
A-C At 1 B2 cz [+]
A2 cz2 81 1 &
Mixed Reviaw Same as above & cach (24)
g Eguivalence Tests
Traimod Same a8 gbove deach 112}
Reflaxive At Al AZ 2
A2 AZ At 2
B1 1 B2 cz 2
B2 B2 21 c1 ]
€1 1 B3 C3 2
cz2 cz B1 ct 2
Symmetrical 2R At A2 4
B2 v At

g Al Y 4
c2 A2 At 4
Combined  B1 A B2 c2 3
B2 cz 81 1 3
<1 81 B2 c2 3
Cc2 g1 81 o3 3
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Appendix B. Stimulus configurations for class inclusion test trials of Phase 2 (preliminary
training). Actual stimull are shown, Stimuli appeared in the left to-right sequences shown below,
Each stimulus configuration occurred once per sessian,

Sets Including Training Stimuli Sets Including Novel Shapes

Class Consistent Class Ingpnsistent Class Consistent” CIasgﬁmggpﬁi“s,tenta

a A C
i
¢

,.)
w0
.

- p NI OmE5O
PoBWO R EBOES =R == W
IR e T

T T -
WS =T ot s
OB T e T T e

W= T e

WW M N=="0RERRPWUWNMBa =0 DIEER
SN W=WUNDPODOPOEN - W=NERBENDDOE

WWWMMNN == =000 REPRPULENYMNN - = =000 0R
G R O T RO TOR WM =W e W = OO DR O WL N RN = W m D

Y Class consistentecy defined in terms of expected clessification of novel stimul
based on typical pre experimental history, See text for details.
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Appeadix C. Stimulus configurations, and frequency of presentation in each session (N},
tar class-inclusion Test trials of the main experiment {Phase 3 and 8}, Stimuli are those shown in
Figure 2. Visual strmuli (B and C stimuli} appeared in the left-to-right sequences shown below; a
tane, 1t part of the array, was played stimultaneously. Tonus are thase shown in Table 2:
Al - Tane 3; AZ=Tone 7 (A1 and AZ were training tonesh,

_ Er,-"l;s Inglidinn Truin:_[‘g &_St_i_r_nuli Only Sets including Probe [onos

Class (Tarmistent Sets Class lncansistong Sny

Auditory- Wisual Avaiinory - isual

s N only I diveal I St o2 3 4 K 6 7 8 19
4 BT 12 Bl €1 A2 4 R1 C- H 1 ' 1 1 1 * 1 1
4 1 Bl Z C1 Ry A2 4 Crom [
4 Jz cd 2 Bz C2 A1 4 g1 .2 | |
4 Ccr B2 2 CZ B2 A1 4 2 B2 | 1 * i 1 1 * 1 i
4 B1 A2 L H1 1 i * 1 H 1 | 1
£ 1 A2 4 [ 1 H 0 1 1 o 1
4 B2 A1 4 27 1 1 A 1 1 * 1 B
4 C: oAl 4 [S9] 1 - ' 1 1 1 - 1

|
|



