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MATCHING: ITS ACQUISITION AND GENERALIZATION

MiICHAEL A. CROWLEY AND JOHN W. DONAHOE

UNIVERSITY OF MASSACHUSETTS AT AMHERST

Choice typically is studied by exposing organisms to concurrent variable-interval schedules in which
not only responses controlled by stimuli on the key are acquired but also switching responses and
likely other operants as well. In the present research, discriminated key-pecking responses in pigeons
were first acquired using a multiple schedule that minimized the reinforcement of switching oper-
ants. Then, choice was assessed during concurrent-probe periods in which pairs of discriminative
stimuli were presented concurrently. Upon initial exposure to concurrently presented stimuli, choice
approximated exclusive preference for the alternative associated with the higher reinforcement fre-
quency. Concurrent schedules were then implemented that gave increasingly greater opportunities
for switching operants to be conditioned. As these operants were acquired, the relation of relative
response frequency to relative reinforcement frequency converged toward a matching relation. An
account of matching with concurrent schedules is proposed in which responding exclusively to the
discriminative stimulus associated with the higher reinforcement frequency declines as the concur-
rent stimuli become more similar and other operants—notably switching—are acquired and gener-
alize to stimuli from both alternatives. The concerted effect of these processes fosters an approximate
matching relation in commonly used concurrent procedures.

Key words: matching, concurrent schedule, changeover response, discrimination, generalization,

NUMBER 2 (SEPTEMBER)

multiple schedule, key peck, pigeon

This research sought to identify the con-
ditions that promote the development of a
matching relation between relative response
frequency and relative reinforcement fre-
quency. In initial efforts to measure the rel-
ative strengths of operants in Skinner’s labo-
ratory (Ferster & Skinner, 1957; Skinner,
1950), concurrent schedules were used in
which food was contingent on a pigeon re-
sponding to stimuli from either of two keys
(A or B) associated with their respective re-
inforcement schedules. Skinner cautioned
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that the relative number of responses on a
key should not be regarded as a measure of
the relative strength of only two discriminat-
ed operants but as a compound measure that
reflected the combined strengths of a mix-
ture of operants. These operants included, at
a minimum, pecking key A under the control
of stimuli from A (Sp-R;), pecking key B un-
der the control of stimuli from B (Sg-Ryo), and
two switching operants—pecking key A after
pecking key B (Sp-R;) and pecking key B af-
ter pecking key A (Sp-Ro). To regard the rel-
ative number of responses on a key as a mea-
sure of “choice” overlooked that “we are no
longer dealing with just two responses. In or-
der to analyze ‘choice’ we must consider a
single final response, striking [i.e., pecking],
without respect to the position or color of the
key, and in addition the responses of chang-
ing from one key or color to the other”
(Skinner, 1950, p. 211). He persisted in this
view over the years: “Choice is something to
be explained, not to be used in the analysis
of basic processes” (Skinner, 1986, p. 232).
Thus Skinner held that choice measures con-
flated responses that were members of differ-
ent operant classes. In his formulation, the
relative number of responses to one alterna-
tive, say A, reflected the strengths of at least
the following operants:
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R1/[R1 + R2]
= [(Sa-Ry) + (Sp-Ry)]
+ {[(SaRy) + (Sp-Ry)]

+ [(SpRg) + (SaRo)1}. (1)

Consistent with Skinner’s analysis, subse-
quent research demonstrated that respond-
ing on a key was a function not only of the
reinforcement contingent on responding on
that key but also the delay between respond-
ing on the other key and receiving a rein-
forcer for responding to the first key. The
time between responding on the other key
and the minimum time of delivery of a rein-
forcer for a response on the first key defined
a changeover delay (COD). The effect of the
duration of the COD on the relative frequen-
cy of responding was substantial and led a ma-
jor contemporary contributor to the litera-
ture to comment: “One may ask whether
changeover responding is a byproduct of re-
sponse distribution ... or whether the latter
are byproducts of changeover respond-
ing. ... The changeover model more easily
employs the language of response and con-
sequence common to behavior analysis, and
to that extent, it enjoys an advantage over the
response distribution ... models” (Pliskoff,
1971, p. 255). Moreover, other research con-
firmed that switching responses were, indeed,
operants in that their strengths were sensitive
to the specific schedule of reinforcement for
switching (Boelens & Kop, 1983; Boelens,
Kop, Nagel, & Slangen, 1986, 1987; Brown-
stein & Pliskoff, 1968; Dreyfus, DePorto, &
Pasillo, 1993; Dreyfus, Dorman, Fetterman, &
Stubbs, 1982; Machado, 1997; Pliskoff &
Green, 1972; Shull & Pliskoff, 1967; Silber-
berg & Ziriax, 1982; Stubbs & Pliskoff, 1969;
Stubbs, Pliskoff, & Reid, 1977).

Given the possible “contamination’ of the
measurement of the relative strength of an
operant; for example, Sy-R;, by the strength
of switching operants; for example, Sp-Rj,
concurrent-operant procedures were devel-
oped that attempted to minimize the rein-
forcement of switching operants so that
choice reflected only the relative strengths of
two operants; for example, Sy-R; and Sp-Ro.
Two primary procedures were devised to con-
trol the strength of switching operants—the
COD procedure in which a response to the

MICHAEL A. CROWLEY and JOHN W. DONAHOE

switched alternative could produce a rein-
forcer only after the passage of a specified
delay (Catania, 1962, 1966; but see Catania &
Cutts, 1963) and the changeover (CO)-key
procedure in which switching occurred after
pecking a separate CO key caused the stim-
ulus on a second key to change between Sy
and Sp. In both procedures, reinforcers were
earned only for pecking the second key once
the COD had elapsed (Findley, 1958). To the
extent that the contribution of switching op-
erants to responding was minimized by these
control procedures, the frequency of R; rel-
ative to total responding to R; and Ry would
reflect the strengths of only (Sy-R;) and (Sg-
Ro), as illustrated in Equation 2:

R1 _ [(Sa-R1)]
[RI + R2]  [(Sa-R;) + (SpRo)1

(2)

Using these control procedures, a reliable
and robust functional relation was found be-
tween the relative frequency of responses to
one key and the relative frequency of rein-
forcers for responding to that key. This rela-
tion is known as “matching” in that the rel-
ative frequency of responses to one
alternative in a concurrent schedule approx-
imates the relative frequency of reinforcers
for responding to that alternative. (For quan-
titative statements of the matching relation,
see Baum, 1974, 1979; Herrnstein, 1961,
1970; for reviews see Davison & McCarthy,
1988; de Villiers, 1977; Williams, 1988, 1994).
However, as Herrnstein (1970) noted: “If the
matching relation were an accident of the du-
ration of the COD, it would hardly be a prin-
ciple of either response strength or choice”
(p. 248; see also Herrnstein & Loveland,
1976, p. 143).

Ideally, a measure of the relative strengths
of two discriminated operants would require
the two operants to be acquired without si-
multaneously acquiring other operants, such
as switching, which could affect the moni-
tored response. The present experiment
sought to meet this requirement by first ex-
posing pigeons to a multiple schedule in
which keys of different colors consistently
were associated with different variable-inter-
val (VI) reinforcement schedules but in
which the location of the illuminated key var-
ied randomly between two locations. By so
doing, responding could come under the
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control of different key colors and could also
be reinforced equally often at either of the
two locations. Such a procedure establishes
discriminated key-pecking operants of differ-
ent strengths but without a history of rein-
forcement for switching. Following this train-
ing, two keys were simultaneously illuminated
for the first time and the relative frequency
of responding was assessed. Thereafter, vari-
ous concurrent schedules were successively
introduced that more closely approximated
the conditions customarily used to investigate
the relation between relative response fre-
quency and relative reinforcement frequency.

METHOD
Subjects

The experiment used 3 experimentally na-
ive White Carneau pigeons—CbH1, C52, and
Ch3—derived from stock obtained from the
Palmetto Pigeon Plant, Sumter, SC, and bred
in a local colony.

Apparatus

Three experimental chambers (Lehigh Val-
ley Electronics) equipped with two-key intel-
ligence panels were used. The response keys
were 2.54 cm in diameter and placed 16.5 cm
apart at their centers and 24 cm above the
floor. The opening to a food tray was located
near the floor and midway between the two
response keys. The response keys required
between 0.1 and 0.2 N static force to operate
their microswitches. Each chamber was con-
stantly illuminated by a white houselight lo-
cated at the top of the intelligence panel mid-
way between the two response keys, and was
ventilated by a fan and shielded from ambi-
ent sounds by an 80-dB white noise. An IEE
display cell positioned behind each key trans-
illuminated the plastic pecking key with light
whose dominant wavelength could be varied.
The wavelengths were produced by simulta-
neously passing light from two bulbs through
individual Kodak® Wratten® filters. The dom-
inant wavelengths transmitted by the filters
were 538, 555, or 576 nm. Five different stim-
uli were used during the experiment, three
during training and all probe tests (S1, S3,
and S5) and two during some probe tests only
(S2 and S4). The three training stimuli were
produced by the combined effects of two fil-
ters transmitting the same dominant wave-
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length—S1 (538 nm), S3 (555 nm), or S5
(576 nm). The uniquely probe stimuli, or gen-
eralization stimuli, were produced by the com-
bined use of filters transmitting different
dominant wavelengths—S2 (538 and 555
nm) and S4 (555 and 576 nm). The domi-
nant combined transmissions were interme-
diate between the two filters; that is, S2 (549
nm) and S4 (559 nm) as determined by Ly-
ons and Klipec (1971). Stimulus presentation
was controlled and key pecking was moni-
tored at 50-ms intervals by a ModComp® II
minicomputer located in an adjacent room.

Procedure

In overview, the experiment consisted of
four phases: multiple-schedule training,
equal-concurrent training, full-concurrent
training, and a redetermination of multiple-
schedule training. During multiple-schedule
training, pecking was reinforced on a three-
component, multiple schedule consisting of
S1 correlated with a VI 30-s schedule, S3 cor-
related with a VI-90 s schedule, and Sb cor-
related with a VI 270-s schedule. During
equal-concurrent training, concurrent peri-
ods were presented in a multiple schedule
with three components—S1-S1, S3-S3, and
S5-S5. Thus the stimuli on the simultaneously
transilluminated keys were always identical.
During full-concurrent training, all six possi-
ble combinations of the three stimuli in the
two key locations were presented, each cor-
related with its respective VI schedule. Tech-
nically, the third phase of the experiment
may be described as a multiple schedule with
six concurrent-schedule components. During
the final phase of the experiment, multiple-
schedule training was reinstituted to deter-
mine if the effects we had obtained with this
procedure would recur following the history
of reinforcement for switching operants.
Throughout the latter portion of each of the
four phases of training, probe periods with-
out reinforcement were occasionally intro-
duced between training components. A more
complete description of each phase of the ex-
periment follows.

Multiple-schedule training. Using an auto-
shaping procedure, key pecking was rein-
forced whenever S3 appeared on either the
left or the right key. Initially, S3 was presented
on a key for 8 s with a variable intercompo-
nent interval averaging 45 s during which the
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key was darkened. Food was presented at the
end of 8 s or immediately following a peck to
the lighted key, whichever came first. Once
pecking had begun, the stimulus duration
was gradually increased to 60 s or until a key
peck produced a reinforcer. After a single ses-
sion of continuous reinforcement, a VI sched-
ule was introduced and gradually increased to
VI 90 s. During this period, an equal number
of reinforcers were obtained for pecking the
right and left keys. The VI 90-s schedule and
all other VI schedules were constructed using
18 intervals from an exponential distribution
according to the method of Fleshler and
Hoffman (1962). The orders of the intervals
were balanced such that interreinforcement
intervals of different lengths followed one an-
other with approximately equal frequency.
The orders were independently changed
from session to session and from subject to
subject. Reinforcers consisted of 3-s access to
grain during continuous reinforcement and
were reduced to 2.5 s for the remainder of
the experiment. Because all pigeons were
eventually exposed to concurrent training
with a 2-s COD, a COD of that value was used
throughout training including the multiple-
schedule phase. Thus the first peck during a
stimulus began the COD, and the first rein-
forced peck occurred after at least 2 s had
elapsed without an intervening peck to the
other key during the concurrentschedule
procedure. The duration of stimulus periods
remained 60 s throughout the experiment.
Once the VI schedule during S3 had
reached its final value of VI-90 s, S1 was in-
troduced correlated with a VI 30-s schedule.
After 12 sessions of exposure to a multiple
schedule consisting of S1 and S3, S5 was in-
troduced correlated with a VI 270-s schedule.
When S5 was introduced, the rate of respond-
ing systematically declined for Pigeons Cb51
and Cb3 over the first four sessions of expo-
sure to that stimulus. Consequently, only S5
was presented for three sessions, whereupon
the rate increased. Thereafter, all three com-
ponents of the multiple schedule were pre-
sented for a total of 110 sessions. Throughout
the multiple-schedule phase of the experi-
ment, each stimulus was presented equally of-
ten and there were 36 VI components per ses-
sion. Each stimulus appeared equally often
on the right and left keys and no stimulus
occurred more than two consecutive periods
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on the same key. Also, no more than two stim-
uli of the same wavelength occurred in suc-
cession. The intercomponent interval, during
which the response keys were darkened, was
30 s to minimize interactions between com-
ponents.

In the final nine sessions of the multiple
schedule, 1-min concurrent-probe tests were
inserted after training components 7, 13, 18,
and 26. All nine possible combinations of
stimuli could not be presented within a single
session but, over the course of the nine ses-
sions, each of the nine possible combinations
of components for the concurrent-probe tests
appeared four times for a total observation
time of 4 min per probe. (The nine types of
probe periods consisted of three in which the
components were the same wavelength—for
example, SI-SI—and six in which the com-
ponents were of different wavelengths with
the key locations of the components counter-
balanced—for example, S1-S3 and S3-S1.) Be-
cause responding during the probe periods
was not reinforced, pseudo-probe periods con-
sisting of components of the multiple sched-
ule without reinforcement were introduced at
the same four points throughout the last 50
sessions of multiple-schedule training. This
procedure slightly increased the nominal val-
ues of the VI schedules, but enhanced resis-
tance to extinction by increasing the number
of components without reinforcement and
was intended to retard the discrimination of
probe periods from training periods with re-
inforcement. The practice of introducing
pseudo-probe periods at times within the ses-
sion when true probe periods would ulti-
mately be inserted was implemented for all
four phases of the experiment.

Equal-concurrent training. In the second
phase of the study, a session consisted of eigh-
teen 60-s periods of concurrent training dur-
ing which the concurrent stimuli were cor-
related with the equal VI schedules—SI1-S1,
S3-S3, or S5-S5. Each of the 57 training ses-
sions contained six instances of the three
types of equal-concurrent schedules. Eigh-
teen additional sessions were then run in
which concurrent-probe tests were inserted
after Training Periods 7 and 13. The number
of sessions of probe testing permitted a total
observation time of 4 min for each of the
nine possible pairs of concurrent-probe stim-
uli.
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Full-concurrent training. In the third phase
of training, each session consisted of 24 com-
ponents during which each of the nine pos-
sible pairs of concurrent schedules was pre-
sented equally often over a span of three
sessions. Following 57 sessions of full-concur-
rent training, concurrent-probe periods were
inserted after Training Periods 7 and 13. The
concurrent-probe tests included all combi-
nations of the three training stimuli—S1, S3,
and S5—as well as all combinations involving
the two generalization stimuli—S2 and S4.
Thus there were a total of 25 types of con-
current-probe tests with the locations of the
stimuli counterbalanced. Given that there
were only two probe periods per session, 25
sessions were required to obtain a total of 2
min of observations for each type of concur-
rent-probe test. A total of 75 sessions of probe
testing (3 cycles of 25 sessions) were given
during the final portion of full-concurrent
training, yielding a total of 6 min of obser-
vations for each pair.

Redetermination of multiple-schedule training.
The final phase consisted of 30 sessions of
multiple-schedule training identical to the
conditions present in the first phase of the
experiment followed by nine additional ses-
sions in which concurrent-schedule probe pe-
riods were introduced as before. The purpose
of repeating multiple-schedule training was
to determine if the same distribution of re-
sponding would recur during probe periods
after the pigeons had a history of reinforce-
ment for CO responses during equal-concur-
rent and full-concurrent training.

RESULTS AND DISCUSSION

Performance during each of the four phas-
es of the experiment was assessed by the re-
sponse frequencies during the various com-
binations of concurrent-probe stimuli and by
finer grained analyses that provided a more
detailed account of the behavior that contrib-
uted to the overall measures.

Effects of Multiple-Schedule Training

Figure 1 shows the effects of changes in rel-
ative reinforcement frequency on relative re-
sponse frequency during the four phases of
the experiment. The leftmost column of pan-
els in Figure 1 depicts the frequency of re-
sponding on the left key relative to total re-
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sponding on both keys following training
with the multiple schedule. Responding is
shown for each of the 3 subjects during con-
current-probe periods. The findings are re-
ported in terms of relative left-key responses
to enable comparisons of performance when
a stimulus (e.g., S1) appeared on the left key
in a given concurrent-schedule component
(e.g., S1-S5) with performance when that
same stimulus appeared on the right key
(e.g., S5-S1). (See Table 1 for the number of
responses on the left and right keys for each
stimulus combination during probe periods
after multiple-schedule training.) Plotting re-
sponses separately to the left and right keys
revealed the reliability of preferences during
probe periods across the full range of relative
reinforcement frequencies. The diagonal
lines in Figure 1 illustrate performance if rel-
ative response frequency exactly matched rel-
ative reinforcement frequency.

The relative frequency of reinforcement
for a given probe period was based on the
number of programmed reinforcers. Pro-
grammed reinforcers were used instead of
obtained reinforcers because reinforcers nev-
er occurred during any concurrent-probe pe-
riod and never occurred in either training or
testing when the component included gen-
eralization stimuli. An estimate of the relation
between obtained and programmed reinforc-
ers during training was provided by observa-
tions from the full-concurrent procedure
when reinforcers were available during both
stimuli in all concurrent components. With
this procedure, the number of programmed
reinforcers was highly correlated with the
number of obtained reinforcers as shown by
regression lines whose slopes approximated
1.0 and whose percentages of variation in the
number of obtained reinforcers predicted
from the number of programmed reinforcers
exceeded 98% for all pigeons (See Crowley,
1981). The only systematic departure from
the regression line occurred with Pigeons
CH2 and C53 when the concurrent compo-
nent involved S1 in combination with S5; that
is, the components associated with the most
disparate reinforcement schedules (VI 30 and
VI 270). In that case, approximately two re-
inforcers were programmed during the time
S5 was presented, but none was obtained by
either pigeon. Table 1 shows that no respons-
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Fig. 1.

The relative frequency of responding during concurrent-probe periods without reinforcement as a function

of the relative frequency of reinforcement programmed for the alternatives during training. The diagonal lines
represent the relation between these variables if exact matching had occurred. Findings are shown for subjects C51,
C52, and Cb53 following multiple-schedule training in which the components were presented separately (first column),
following equal-concurrent training in which only stimuli associated with the same reinforcement frequencies were
concurrently presented (second column), following full-concurrent training in which all pairs of stimuli were con-
currently presented (third column), and following a return to multiple-schedule training in which the components
were again presented separately (last column). Open circles designate concurrent probes that were not presented
during the immediately preceding training regimen; filled circles designate concurrent pairs that were presented

during the immediately preceding training regimen.

es occurred to S5 during concurrent-probe
periods for either Pigeon C52 or C53.

As shown in the leftmost column of Figure
1, a matching relation did not emerge after
the pigeons had received only multiple-sched-
ule training. Instead, the relation of relative
response rate to relative reinforcement rate
approximated a step function in which the
stimulus associated with the richer VI sched-
ule was always chosen. It is important to note
that, in order for near-exclusive preference to
occur, both of the stimuli had to be accurately
discriminated. Thus the establishment of two
discriminated operants was not a sufficient
condition for relative response frequency to

match relative reinforcement frequency when
the stimuli that control those operants were
presented in a choice situation prior to the
establishment of switching operants.

The absence of matching was not due to
the complete absence of switching responses,
however. Switching was measured by the
number of CO responses, where a CO re-
sponse was defined as a response on a key
that immediately followed a response on the
other key without an intervening change in
the stimuli on the keys. As shown in Table 1,
all pigeons exhibited some CO responding
during probe periods. Most CO responses oc-
curred when the concurrently presented
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Table 1
The number of key-pecking responses and the number of changeover (CO) responses during
concurrent-probe tests for the four phases of the experiment—multiple-schedule training,
equal-concurrent training, full-concurrent training, and a redetermination of multiple-sched-
ule training. The numbers of key-pecking responses are shown separately for the left (L) and
right (R) keys in all combinations of variable-interval (VI) schedules (in seconds) presented
during concurrent-probe periods. Responding is shown for each of the 3 subjects—C51, C52,
and CH3—for a total of four 1-min probe periods. (Although there were six probe periods
during full-concurrent training, only the first four periods are shown to facilitate direct com-
parisons among the various phases of the experiment.)
Relative reinforcement frequency
Subject  Schedule .50 25 .75 .10 .90
VI (L) 270 90 30 270 90 90 30 270 30
VI (R) 270 90 30 90 30 270 90 30 270
Multiple-schedule training
C51 L 26 121 285 1 29 181 293 15 158
R 85 25 24 184 264 1 0 124 9
CcO 3 22 6 2 5 2 0 10 9
Ch2 L 29 212 139 9 0 348 379 0 415
R 290 192 282 508 477 83 7 518 0
coO 13 87 7 4 0 36 4 0 0
Ch3 L 46 19 1 0 0 216 308 0 321
R 59 220 277 224 332 8 8 278 0
co 15 6 2 0 0 5 11 0 0
Equal-concurrent training
C51 L 78 102 168 84 133 96 137 41 143
R 62 183 177 284 208 103 190 163 74
co 11 25 20 25 33 15 25 17 12
C52 L 221 250 250 144 173 375 507 59 524
R 126 260 451 353 515 123 69 572 63
co 18 27 41 22 28 24 15 14 16
Ch3 L 57 175 222 22 86 255 240 7 297
R 29 117 225 87 201 8 35 145 3
co 11 24 34 9 15 11 23 5 3
Full-concurrent training
C51 L 73 122 173 51 109 213 261 31 282
R 67 143 254 272 266 64 96 370 19
CcO 21 23 26 21 24 18 18 12 5
C52 L 127 238 281 82 154 388 418 0 411
R 315 352 444 434 469 129 52 532 30
co 20 27 39 13 20 22 8 0 8
Ch3 L 64 167 186 5 100 267 232 0 339
R 7 142 158 132 229 46 88 245 0
co 5 27 29 4 20 18 29 0 0
Redetermination of multiple-schedule training
C51 L 39 103 173 24 91 154 246 22 237
R 48 136 215 194 278 24 18 262 31
co 10 38 13 8 12 16 3 6 5
C52 L 167 249 255 79 39 3138 444 17 443
R 211 386 302 345 545 89 30 575 0
co 16 39 36 11 9 15 3 4 0
Ch3 L 18 177 134 55 69 230 260 3 263
R 34 143 158 149 239 28 7 216 3
CcO 6 33 11 12 13 10 5 2 2
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stimuli were associated with equally rich
schedules of reinforcement. When a CO re-
sponse occurred during a probe period, the
time between responding on a key and
switching to the other key was typically very
brief. Examination of the relative frequency
distributions of CO times indicated that the
mode was less than 2 s (the duration of the
COD). For Pigeons C51, C52, and Cb3, the
percentages of total CO responses that oc-
curred within 2 s was 24%, 37%, and 36%,
respectively. (For a comprehensive presenta-
tion of other aspects of responding including
local frequencies of responding, CO-time dis-
tributions, and interresponse-time distribu-
tions, see Crowley, 1981; cf. Menlove, 1975.)
Taken together, these findings indicate that
switching occurred at some baseline level in
the absence of an explicit history of rein-
forcement for CO responses and that both
stimuli were discriminated on concurrent-
probe periods because the frequency of CO
responses varied with the stimulus on the oth-
er key. Nevertheless, matching did not occur.

Effects of Equal-Concurrent Training

During equal-concurrent training, subjects
were provided with a history of reinforce-
ment for switching but only when stimuli on
the concurrently presented keys were the
same. Thus, to the extent that CO responses
were jointly controlled by the stimuli on both
keys, switching during concurrent-probe tri-
als in which the stimuli differed was due to
generalized CO responses. As shown in the
second column of panels in Figure 1, the
near-exclusive preference found after multi-
ple-stimulus training gave way to a more grad-
ual transition in preference that approximat-
ed a matching relation. The change resulted
primarily from an increase in relative re-
sponding to the alternatives associated with a
.25 relative reinforcement frequency and a
decrease in relative responding to the alter-
natives associated with a .75 relative reinforce-
ment frequency. Relative responding during
probe periods was less affected at the more
extreme values (.10 or .90) of relative rein-
forcement frequency, except for Pigeon C51
whose relative responding changed less
across all relative reinforcement frequencies.

The absolute levels of responding that gave
rise to the changes in relative response fre-
quency as a function of relative reinforce-

MICHAEL A. CROWLEY and JOHN W. DONAHOE

ment frequency are shown in Table 1. Total
responding during concurrent-probe periods
in equal-concurrent training did not change
systematically—increasing for Pigeons C51
and C52 but falling for Pigeon C53 (cf. Kil-
leen, 1972). However, responding during
probe periods in which the stimuli were the
same on both keys did increase substantially
for all pigeons. Thus stimulus combinations
that had been present when responses were
reinforced showed consistent increases in re-
sponding as the result of equal-concurrent
training.

Equal-concurrent training substantially in-
creased CO responding for all pigeons, es-
pecially when the stimuli on the two keys dif-
fered (see Table 1). Thus CO responses
generalized from the conditions under which
they occurred during equal-concurrent train-
ing to the conditions present during probe
periods when the stimuli on the keys were
different. The increase in CO responses was
accompanied by a general decrease in short
stay times before switching to the other key.
The times between responding on a key and
switching to the other key were now seldom
as brief as they had been during multiple-
schedule training. During probe periods, the
relative frequency of CO responses that fol-
lowed stay times of less than 2 s fell to 3%,
7%, and 12% for Pigeons C51, C52, and C53,
respectively. These brief CO times on probe
trials occurred most often when switching
from pecking S5 (the stimulus associated with
the lowest reinforcement frequency) to peck-
ing either SI1 or S3.

The relative frequency distributions of CO
times during concurrent training trials are
shown in Figure 2. These relative frequency
distributions were obtained from the same
sessions of equal-concurrent training as those
in which probe periods were presented. (The
corresponding relative frequency distribu-
tions of CO times based on probe periods
alone were similar, although less stable be-
cause they were based on fewer observations;
Crowley, 1981.) As shown in the upper row
of CO distributions for each pigeon in Figure
2, the modal time before a CO response was
typically 6 to 7 s during equal-concurrent
training. The modes of the relative-frequency
distributions of CO times became less pro-
nounced as reinforcement frequency de-
creased from S3 to S5, especially for Pigeon
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Fig. 2. Relative frequency distributions of the times of changeover (CO) responses during equal-concurrent train-
ing (EQUAL) and full-concurrent training (FULL) for subjects C51, C52, and C53. The distributions are shown
separately for responding to stimuli (S1, S3, or S5) on the left and the right keys. During equal-concurrent training,
CO distributions were obtained only when the stimulus on the other key was the same. During full-concurrent
training, CO distributions are separately shown for each of the three stimuli that appeared on the other key—SI, S3,
and S5. The number above the right tail of each distribution indicates the percentage of total CO responses whose
times were greater than 20 s. The numbers above the equal-concurrent distributions indicate the number (N) of CO
responses on which the distribution was based. The numbers (Ns) above the first set of full-concurrent distributions
indicate the number of responses for each distribution as the stimulus varied on the other key.
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C51 whose total responding was least sensitive
to changes in relative reinforcement frequen-
cy. For C51, the time before a CO response
was more evenly distributed throughout the
concurrent period and was less influenced by
the stimulus on the other key.

Effects of Full-Concurrent Training

With full-concurrent training, which is the
usual procedure under which a matching re-
lation is observed, switching and other oper-
ants can occur and be reinforced in the pres-
ence of all combinations of stimuli. Unlike
equal-concurrent concurrent training, switch-
ing between S1, S3, and S5 did not require
generalization of CO operants from training
to testing. As shown in the third column of
panels in Figure 1, relative response frequen-
cy even more closely approximated relative
reinforcement frequency, especially for Pi-
geon Cb1. The absolute frequencies of re-
sponding that gave rise to the matching re-
lation are shown in Table 1. The shift from
equal-concurrent to full-concurrent training
had no systematic effect on the total number
of either key-pecking or CO responses (com-
pare within Table 1). The control of switch-
ing behavior during full-concurrent training
was complex, as shown in Figure 2. CO re-
sponses were now clearly affected by both the
stimulus on the key that was being pecked
and by the stimulus on the other key to which
responding was switched. The effects of the
stimulus being pecked can be seen by com-
paring the relative frequency distributions of
CO times along the rows of the full-concur-
rent procedure. In general, the time before
the occurrence of a CO response decreased
as the reinforcement frequency during the
stimulus decreased. That is, when the rein-
forcement frequency on the key being
pecked was lower than for its companion
stimulus, switching to the other key occurred
sooner. The increase in the times of CO re-
sponses was particularly pronounced during
S5, the stimulus associated with the VI-270
schedule. The effects of the stimulus on the
other key are shown by comparing distribu-
tions along the columns of Figure 2. As the
reinforcement frequency associated with the
other key decreased, the time before a CO
response increased and was again most pro-
nounced when S5 was on the other key. That
is, when the reinforcement frequency on the
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other key was lower, switching to the other
key occurred later. In short, CO operants
came under the joint control of both stimuli
during full-concurrent training.

In addition to assessing the effects of rela-
tive reinforcement frequency on responding
to stimuli in which reinforcers had occurred,
other sessions included concurrent-probe pe-
riods in which generalization stimuli (S2 and
S4) appeared. The various stimulus combi-
nations were each presented for a total of six
probe periods, but stimulus pairs that includ-
ed generalization stimuli came to be discrim-
inated from pairs in which reinforcers oc-
curred. As a result, responding began to
extinguish during probe periods that con-
tained a generalization stimulus, especially
when both stimuli of the pair were general-
ization stimuli. Accordingly, findings are pre-
sented for only the first two of the six probe
periods (see Crowley, 1981, for further infor-
mation). The reinforcement frequencies as-
sociated with the generalization stimuli were
estimated by linear interpolation between the
programmed reinforcement frequencies of
the two neighboring stimuli.

The concurrent-probe periods may be de-
scribed by two terms, the first term indicating
the stimulus on the left and right keys, re-
spectively, and the second term (shown by a
proportion in parentheses) indicating the rel-
ative reinforcement frequency. In order of in-
creasing relative reinforcement frequency,
the 25 probe periods were: S5-S1 (.10), S5-52
(.16), S4-S1 (.23), S5-S3 (.25), S3-S1 (.25), S5-
S4 (.28), §4-S2 (.34), S2-S1 (.36), S3-S2 (.37),
S4-S3 (.47), $2-82 (.50), S3-S3 (.50), S§4-$4
(.50), S1-S1 (.50), S5-S5 (.50), S3-S4 (.53), S2-
S3 (.63), S1-S2 (.64), $2-84 (.66), S4-S5 (.72),
S3-S5 (.75), S1-S3 (.75), S1-S4 (.78), S2-S5
(.84), and S1-S5 (.90).

Responding during two types of concur-
rent-probe periods was of particular interest:
(a) probes in which the estimated reinforce-
ment frequency of the generalization stimu-
lus was greater than the programmed rein-
forcement frequency of the stimulus with
which it was paired (i.e., S2-S3, S2-S5, and S4-
S5), and (b) probes in which both stimuli
were generalization stimuli (i.e., S2-S4, S4-S2,
52-S2, and S4-S4). Concurrent-probe periods
of the first type are shown in boldface in the
prior list: If responding to the generalization
stimulus exceeded responding to the rein-
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forced stimulus, then generalized key peck-
ing and CO responses likely affected mea-
sures of preference not only during these
probe periods but also during the others as
well. The interpretation of relative respond-
ing during concurrent-probe periods in
which the estimated reinforcement frequency
of the generalized stimulus was less than that
of the programmed reinforcement frequency
of the reinforced stimulus is ambiguous be-
cause greater responding to the reinforced
stimulus could simply indicate that rein-
forced responding was stronger than gener-
alized responding. Probe periods of the sec-
ond type are shown in bold italics in the list:
If relative responding during these probe pe-
riods approximately matched their estimated
relative reinforcement frequencies, then gen-
eralized responding could have promoted
matching during other probe periods as well.

Figure 3 depicts findings averaged across
the first two concurrent-probe periods for all
25 possible pairs of stimuli. Probe periods in
which both members of the pair were previ-
ously reinforced stimuli are indicated by
filled circles. Probe periods in which a gen-
eralization stimulus was paired with a directly
reinforced stimulus are indicated by trian-
gles—by filled triangles when the estimated
reinforcement frequency of the generaliza-
tion stimulus was greater than the pro-
grammed reinforcement frequency of the re-
inforced stimulus, and by unfilled triangles
when the reverse was true. Probe periods in
which both stimuli were generalization stim-
uli (e.g., S2 and S4) are indicated by unfilled
circles.

As shown in Figure 3, all pigeons respond-
ed more frequently to a generalization stim-
ulus associated with a higher estimated rein-
forcement frequency than to a directly
reinforced stimulus of lesser reinforcement
frequency for the S4-S5 and S2-S5 pairs, and
Pigeon CbH1 did so for the S2-S3 pair—the
pair with the smallest difference between es-
timated and programmed reinforcement fre-
quencies. In short, preference for the gen-
eralized stimulus over the reinforced stimulus
was typically greater than 0.5. When concur-
rent-probe periods consisted exclusively of
generalization stimuli, all pigeons responded
more frequently to the stimulus associated
with the higher estimated reinforcement fre-
quency, and preference typically approximat-
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Fig. 3. The relative frequency of responding during
concurrent-probe periods as a function of the relative
frequency of reinforcement of the components. The di-
agonal lines represent the relation between these vari-
ables if perfect matching had occurred. The findings are
shown for subjects C51, C52, and C53 following full-con-
current training in which all combinations of S1, S3, and
S5 were presented. Concurrent-probe periods during
which both components involved stimuli present during
training are shown by filled circles. Concurrent-probe pe-
riods during which one of the components was a gener-
alization stimulus (S2 or S4) are shown by triangles—
filled triangles when the relative reinforcement
frequencies were greater that 0.5 and unfilled when the
relative reinforcement frequencies were less than 0.5.
Concurrent-probe periods in which both of the compo-
nents were generalization stimuli are shown by unfilled
circles. Each data point is the average of observations
from the first two concurrent-probe periods.

ed matching (Figure 3, unfilled circles). Tak-
en together, these findings indicate that both
key-pecking and switching operants general-
ized and that they contributed to conver-
gence toward a matching relation during
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equal-concurrent and full-concurrent train-
ing.

Effects of Reinstitution of Multiple-Schedule
Training

Upon first exposure to multiple-schedule
training, choice measures approximated ex-
clusive preference for the alternative associ-
ated with the higher reinforcement frequen-
cy (see the leftmost column of Figure 1). As
shown in the rightmost column of Figure 1,
reexposure to multiple-schedule training did
not reinstate this performance. Instead, re-
sponding during concurrent-probe periods
continued to approximate the matching of
relative response frequency to relative rein-
forcement frequency. The response frequen-
cies upon which the relative measures were
based are shown in Table 1. The failure to
recover near-exclusive preference is consis-
tent with behavioral principles: The conjunc-
tions of stimuli that controlled switching were
not present during multiple-schedule train-
ing and, hence, switching operants did not
have an opportunity to extinguish in their
presence. When these stimuli were again
available during concurrent-probe periods,
switching operants recurred under their per-
sisting control. As also shown in Table 1, the
numbers of CO responses following the rein-
stitution of multiple-schedule training also
differed from those found after the initial ex-
posure to multiple-schedule training. CO re-
sponses generally remained elevated as they
had after equal- and full-concurrent training,
especially with relative reinforcement fre-
quencies of .25 and .75. The finding that ex-
clusive preference was not recovered has im-
plications for the use of nonnaive subjects in
studies of choice: Once switching operants
have been established, they can intrude into
subsequent performance to the extent that
subsequent conditions contain the stimuli
that control them (cf. Todorov, Oliveira Cas-
tro, Hanna, Bittencourt de Sa, & Barreto,
1983).

GENERAL DISCUSSION

This section offers an interpretation of con-
current responding that draws upon the
known effects of three-term contingencies on
behavior. Summarizing the present findings,
the study demonstrated that—in the absence
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of the establishment of switching and perhaps
other operants—the relative strength of two
concurrently discriminated operants approx-
imated exclusive preference for the more fre-
quently reinforced operant. Once switching
operants had been established, the relative
frequency of the measured responses
changed and thereby obscured exclusive pref-
erence. These other operants contributed to
the measured response on both alternatives
and caused relative responding to become
less sensitive to variations in the reinforce-
ment frequencies associated with the alter-
natives (see Equation 1). The “dilution” of
exclusive preference was most apparent for
concurrent operants of moderate strength
because differences in the strengths of these
operants were smaller in comparison to the
strengths of switching operants. The confla-
tion of responding controlled by the stimulus
on a key and CO responses controlled by
stimuli on both keys increased relative re-
sponding to the less-preferred stimulus and
decreased relative responding to the more-
preferred stimulus (cf. Silberberg & Fantino,
1970). The comingling of responses of these
two origins had the net effect of producing
an approximate matching relation between
relative response frequency and relative re-
inforcement frequency.

The foregoing account is congenial to an
interpretation of concurrent-operant perfor-
mance in terms of well-understood discrimi-
nation processes. That is, concurrent proce-
dures implement a discrimination between
two stimuli that control operants of different
strengths. When other operants are absent,
choice depends only on the difference in the
strengths of the responses controlled by the
discriminated stimuli on the keys. Under
such conditions, exclusive preference is ap-
proximated to the extent that the stimuli are
physically distinguishable. However, as vari-
ous combinations of stimuli acquire control
over other operants—most notably switch-
ing—these operants affect measured re-
sponding and lessen exclusive preference
(Myerson & Miezen, 1980; Shahan & Lattal,
1998; Williams, 1996; Williams & Bell, 1996;
cf. McDevitt & Williams, 2003; Williams &
Bell, 1999). Consistent with this interpreta-
tion, even procedures that permit the for-
mation of switching operants yield relative re-
sponse frequencies that more closely
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on relative response frequency, where the reinforcement

frequencies were logarithmically transformed. Least-squares fits of logistic functions are plotted in each panel. Each
panel contains estimates of the parameters of the logistic function—the mean (M) and standard deviation (s'). Filled
circles designate concurrent-probe periods that were present during the immediately preceding training regimen;
open circles designate concurrent-probes that were not present during the immediately preceding training regimen.
Findings are shown for each subject—C51, C52, and C53—during each of the training procedures—multiple sched-
ule, equal-concurrent schedule, full-concurrent schedule, and a return to the multiple schedule.

approximate exclusive preference when the
measured responses are confined to the time
period before the occurrence of the first
switching response (Logue, 1983). Switching
and other operants constitute “noise” with
respect to the “signal” provided by the con-
currently presented stimuli associated with
the two reinforcement schedules.

Figure 4 displays the findings from all four
phases of the experiment together with psy-
chometric functions arising from a discrimi-
native interpretation of concurrent perfor-
mance. Because of the well-documented
diminishing effect of increases in reinforce-
ment frequency on response frequency, the
programmed reinforcement frequencies un-
derwent a logarithmic transformation prior
to determining the relative reinforcement

frequencies (cf. Davison & Hunter, 1976;
Herrnstein, 1970; Killeen, 1968; Wearden,
1980). These transformed relative reinforce-
ment frequencies were then used in fitting
logistic functions to the relative response fre-
quencies. If R = R1/(R1 + R2) and r = log
rl/(log rl + log r2), where r is the reinforce-
ment frequency, then the logistic function is
given by

R=1/[1+ est-M)7], (3)

The parameters of the logistic function—
M, the mean preference, and s, a term that
is inversely proportional to the standard de-
viation of the noise distribution—were esti-
mated by an iterative procedure that mini-
mized mean-square error. Note particularly
that logarithmic transformations of the two
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combinations of concurrent stimuli that pro-
duced relative untransformed frequencies of
.25 and .75 were now distinguished from one
another and that their associated relative re-
sponse frequencies covaried appropriately.

Overall, the logistic function accurately de-
scribed the functional relation of relative re-
sponse frequency to relative reinforcement
frequency as shown by absolute mean devia-
tions of predicted from obtained relative re-
inforcement frequencies across all four con-
ditions of less than .06, .06, and .04 for
Pigeons C51, C52, and CbH3 respectively. (It is
perhaps worth remarking that the quantita-
tive method used here is essentially that of
William Crozier, 1940, Skinner’s graduate-
school mentor; see Vargas, 2000. For other
psychophysical approaches to matching, see
Davison & Tustin, 1978; Nevin, Jenkins, Whit-
taker, & Yarensky, 1982.) The values of M for
the various logistic functions are shown in
each panel of Figure 4 and were close to 0.5
in all cases. Thus there was relatively little bias
toward responding to one key location rather
than to the other (i.e., there was little posi-
tion preference). The values of s’, where s’
= 1/s, in each panel of Figure 4 reflect the
noise level in each procedure, that is the ex-
tent to which CO and perhaps other operants
contributed to the measured response. As can
be seen, responding due to other operants
minimally affected the measured response
during multiple-schedule training and then
increased as switching was conditioned dur-
ing equal- and full-concurrent training. When
training reverted to the multiple-schedule
procedure after switching operants had been
conditioned, the effects of these other oper-
ants continued largely unchanged.

As a possible experimental test of the con-
tribution of switching and other operants to
concurrent performance, consider the fol-
lowing: Suppose that a multiple schedule
were instituted in which three dissimilar stim-
uli, A, B, and C, were correlated with VI 90-
s, VI 90-s, and VI 270-s schedules, respectively,
and in which a darkened key X was correlat-
ed with extinction. Following such training,
suppose further that pairs of these stimuli
were presented during concurrent-schedule
periods having components A-A, X-B, B-X,
and C-C. With such a procedure, switching
operants would have been reinforced during
stimulus A and C (as in the equal-concurrent
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procedure of the present experiment) but
not in the presence of stimulus B (as in the
multiple-schedule procedure). If presented
for the first time with an A-C probe trial,
choice should approximate matching be-
cause switching had been reinforced during
training with both stimuli. However, if the
same subjects were presented for the first
time with either A-B or B-C concurrent-probe
trials, choice should approximate exclusive
preference because switching had never been
reinforced in the presence of these combi-
nations of stimuli. Thus choice would ap-
proximate matching in the first case but ex-
clusive preference in the second, each case
reflecting the particular history of reinforce-
ment with respect to switching (Crowley,
1981, pp. 146-147).

Conceptualizing performance on concur-
rent schedules as an instance of discrimina-
tion formation with multiple sources of stim-
ulus control is fruitful experimentally on
other grounds as well. For example, the con-
tribution of switching and other operants to
the measured response would be expected to
increase as the similarity increased between
the stimuli associated with the different re-
inforcement schedules. Accordingly, one
would anticipate that the contribution of
switching operants would be substantial in
concurrent-operant procedures in which the
stimuli on the two keys were the same for all
reinforcement schedules and only the loca-
tions of the keys differentiated between the
two schedules. This is the case in commonly
used concurrent-schedule procedures in
which matching has been observed. Experi-
mental evidence indicates that stimuli located
in proximity to the point on the key contact-
ed by the beak are especially salient for the
control of responding (e.g., Jenkins & Sains-
bury, 1969; Sainsbury, 1971). Under such cir-
cumstances, responses emitted and rein-
forced in the presence of the stimulus on one
key readily generalize to similar stimuli on
the other key. These generalized operants
promote matching because they affect the
measured response on the two keys similarly.

Note that there are two avenues by which
generalization promotes matching: First, re-
sponses directly conditioned to one stimulus
(e.g., Sp-R}) can generalize to a similar stim-
ulus on the other key (e.g., Sp-Ro). Second,
switching and other operants conditioned to
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the conjunction of the two stimuli can affect
the measured response to both stimuli. Thus
concurrent-schedule procedures that employ
similar stimuli promote the generalization of
responses originally conditioned to the other
stimulus to the stimulus on which the re-
sponse is being measured. In the case of the
present experiment, the visual stimuli trans-
illuminating the keys were all from the por-
tion of the visual spectrum that appears in
the green region to a human observer. It is
likely that relative responding during multi-
ple-schedule training would have more close-
ly approximated exclusive preference if less
similar stimuli had been used (Davison, 1996;
Hanna, Blackman, & Todorov, 1992; Miller,
Saunders, & Bourland, 1980).

Other work is consistent with the proposi-
tion that the similarity of stimuli associated
with the various reinforcement schedules af-
fects the matching relation. For example,
Herrnstein and Loveland (1976) used four
dissimilar key colors that were associated with
different concurrently presented reinforce-
ment schedules. After training with a subset
of the six possible pairs of these stimuli, re-
sponding to two previously untrained pairs
was assessed. Responding on these untrained
concurrent probe tests “deviated systemati-
cally from matching in most cases by exag-
gerating the preference for the alternative
that had the higher frequency of reinforce-
ment” (p. 143). These findings were com-
mented upon as follows: “Given the present
results, we conclude only that matching re-
quires an ongoing interaction with the con-
ditions of reinforcement and that what is
learned about individual alternatives bears an
as-yet-unspecified relationship to frequency
or probability of reinforcement” (p. 153).
The present experiment indicates that switch-
ing operants are an important part of what is
learned in concurrent procedures and that
these operants contribute to matching.

The multiple-schedule procedure used in
this experiment minimized the formation of
switching operants but probably permitted
some generalization of directly conditioned
responses between the alternatives. The use
of dissimilar stimuli in concurrent schedules
does not prevent the conditioning of switch-
ing and other operants, but it does limit their
generalization and thereby their contribution
to the measured response to the other stim-
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ulus. When generalization occurs, the mea-
sured response to a stimulus is a mixture of
responses directly conditioned to that stimu-
lus and responses generalized from other
stimuli. Experimental methods exist, such as
the differential reinforcement of different re-
sponse topographies to the two alternatives,
that can be used to identify the origins of
these responses during concurrent perfor-
mance (cf. Crowley, 1979).

The acquisition of switching and other op-
erants that affect the measured response can
be reduced through means other than de-
creasing the similarity between stimuli. For
example, when transitions between the two
stimuli require additional behavior that in-
creases the time between responding to the
alternatives (e.g., behavior such as circum-
venting a physical barrier between the stim-
uli), relative responding has been found to
approximate exclusive preference (e.g., Boe-
lens & Kop, 1983). This additional time is of-
ten designated “travel time” in keeping with
the terminology of foraging theory. Com-
menting on the findings of one such study,
Baum (1982) noted, “When the travel re-
quirement was small, the relations between
choice and relative reinforcement revealed
the usual tendencies toward matching and
undermatching. When the travel require-
ment was large, strong overmatching oc-
curred” (p. 35). This finding is consistent
with the present interpretation of concurrent
performance.

In conclusion, the present experiment ar-
gues for the use of a variety of experimental
procedures to study the heterogeneous set of
behavioral processes that fall under the head-
ing of “choice.” Choice—as with other terms
of extrascientific origin—encompasses a di-
verse set of behavioral processes whose un-
derstanding requires a variety of experimen-
tal methods. Beyond the variables considered
in this discussion, many local variables that
arise from the successions of responses that
occur in free-operant procedures undoubt-
edly also affect the overall frequency of re-
sponding. Methods appropriate to the analy-
sis of such variables are under investigation
(e.g., Baum & Davison, 2004; Davison &
Baum, 2003; Keen & Machado, 1999; Mac-
Donall, 1999, 2003; Machado & Keen, 1999;
Silberberg & Williams, 1974; Williams, 1993).
When only a few methods are used, reliability
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of findings may be mistaken for validity of
principles.
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