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wide 3 34 cm high. The keys were 21 cm
above the floor and arranged in a row 10 cm
apart. In each chamber there was a houselight
located above the center key and a grain
magazine with a 5-cm 3 5.5-cm aperture that
was centered 6 cm above the floor. The
houselight provided general illumination at
all times except during reinforcer delivery.
The magazine contained wheat and was
illuminated during reinforcement. A force of
approximately 0.15 N was necessary to operate
each key. Each chamber was enclosed in
a sound-attenuating box, and ventilation and
white noise were provided by an attached fan.
Experimental events were controlled through
a microcomputer and MED-PCH interface
located in an adjacent room.

Procedure

Because subjects were experienced, training
began immediately in the first condition. With
few exceptions, sessions were conducted daily
at approximately the same time (11 a.m.).

Sessions ended after 72 initial- and terminal-
link cycles (trials) had been completed or
70 minutes, whichever came first. At the start
of each trial, the side keys were lighted white to
signal the initial links. A terminal-link entry
was assigned pseudorandomly to the left or
right key, with the constraint that in every
block of 12 trials, six entries were assigned to
each key. An initial-link response produced
a terminal-link entry if: (a) it was made to the
preselected key; (b) an interval selected from
a VI 10-s schedule had timed out; and (c) a 1-s
changeover delay was satisfied, i.e., at least 1 s
had elapsed after a changeover to the side to
which terminal-link entry was arranged.

The VI 10-s initial-link schedule did not
begin until the pigeon first pecked either key.
In this way, pausing after completion of the
terminal links was excluded from initial-link
time. The VI 10-s schedule contained 12
intervals constructed from an exponential
progression (Fleshler & Hoffman, 1962).
Separate lists were sampled without replace-
ment so that all 12 intervals would be used
three times each for the left and right terminal
links every session.

Terminal-link entry was signaled by chang-
ing the color of the side key that produced the
terminal link (left key to red, right key to
green for 2 subjects and vice versa for the
other two) and darkening the other side key.

Terminal-link responding was reinforced with
access to grain according to FI schedules. The
FI schedule values were always 8 and 16 s. The
reinforcer magnitudes were always 2 s and 4 s.
Across sessions, the locations of the Fl sched-
ules and reinforcer magnitudes were changed
according to independent random binary
sequences. These sequences were determined
by downloading two series of random digits
generated® by a radioactive decay process (re-
trieved on July 14, 2003 from www.fourmilab.
ch/hotbits/).

There were four possible configurations of
sessions: both shorter delay (FI 8 s) and larger
magnitude (4 s) assigned to the left; both
shorter delay and larger magnitude assigned
to the right; shorter delay assigned to the left
and larger magnitude to the right; and shorter
delay assigned to the right, larger magnitude
to the left. Thus, a random half of the sessions
were dominated, in that both the immediacy
and magnitude favored the same side, whereas
the other half were tradeoff sessions in which
the shorter delay was associated with one
alternative and the larger magnitude with the
other. In tradeoff sessions, the expected in-
come, or reinforcer access, for each terminal
link, calculated as seconds of access to food
per terminal-link delay, was the same for both
alternatives; that is, 2-s reinforcer magnitude
after an 8-s delay and 4-s after a 16-s delay both
provided 0.25 s reinforcer access per 1s of
terminal-link delay.

Experiment 1 lasted 93 sessions. Based on
visual inspection of plots of sensitivity to
immediacy and magnitude across sessions
(10- and 20-session equally-weighted moving
averages) for each subject, the data included
in these analyses are from the last 45 sessions.
Owing to an equipment problem, Pigeon 191
failed to complete 28 nonconsecutive sessions,
but none of these were during the last 45
sessions. Pigeon 194 did not respond in 3 of
the final 45 sessions, and consequently those
sessions were replaced with the 46™-, 47™"- and
48"™M-to-last sessions.

RESULTS

Figure 1 shows the log initial-link response
and log terminal-link reinforcer access ratios

1 The actual 128-step sequences used can be obtained by
contacting the authors.
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Table 1

Results of regressing log response allocation (averaged over the final three blocks of each
session) on Lag O log immediacy and magnitude ratios from Experiment 1. Sensitivity
coefficients for immediacy and magnitude are the unstandardized weights obtained prior to the
addition of the interaction term. R, refers to the increment in R? when the interaction value

was applied.
Pigeon Immediacy Magnitude Intercept R? Interaction R2inc
191 0.92%** 0.46** 0.00 0.62 0.66 0.02
192 1.52%=** 1.03%** 0.08 0.79 1.36* 0.03
193 2.78*** 0.34 0.22 0.79 0.48 0.00
194 1.93%** 1.27%** 0.14 0.81 0.66 0.00
*p 005 **p 0.01,***p 0.001

a consistent interaction between immediacy
and magnitude.

Overall, the results in Figures 2 and 3 and
Table 1 suggest that effects of relative imme-
diacy and magnitude on response allocation
were additive and independent, and that
control by both variables increased over the
course of the session. However, those results
were based on data aggregated across sessions,
and so the conclusions may not be represen-
tative of individual sessions. If a single re-
inforcer dimension selected at the beginning
of each session determined response alloca-
tion, there would be no systematic difference
between the final level of preference reached
in tradeoff and dominated sessions because
the relative values should be equal. By con-
trast, concatenated generalized matching re-

Fig. 3. Mean log response ratio as a function of log
immediacy ratio when log magnitude ratio was positive
(filled data points) and negative (unfilled). Error bars
represent the standard deviation.

quires that both reinforcer dimensions de-
termine response allocation in individual
sessions, and therefore response allocation
should be less extreme in tradeoff compared
to dominated sessions.

To investigate response allocation within
sessions, a reliable measure of pigeons’ final,
stable response allocation in individual ses-
sions was necessary. To achieve this, we first
examined the nature of within-session changes
in preference by plotting, for all subjects and
sessions, the cumulative number of responses
to the right initial link as a function of the
cumulative number of responses to the left
initial link for each of the 72 trials (cf.
Gallistel, Mark, King, & Latham, 2001). The
resulting cumulative-response  scatterplots
could be described in terms of a few general
categories. Figure 4 shows representative plots
for one subject (Pigeon 194). At the start of
the session, response allocation was usually
indifferent (see panel A) or favored one
alternative (see panels B, C and D). Changes
in strength of preference could occur at any
point in the session and tended to be abrupt
rather than gradual (see panel C, for exam-
ple). Sometimes response allocation changed
multiple times within the session (see panel
D).

To produce a more systematic analysis of
changes in response allocation within individ-
ual sessions, we fit linear and bilinear (i.e.,
‘broken stick’) models to the cumulative
scatterplots like those in Figure 4 for all
subjects and sessions. The linear model was
defined in terms of two parameters (i.e.,y ax

b); the bi-linear model had four parameters,
as it consisted of two linear components.
Estimates of parameters were obtained for all
sessions and subjects using a nonlinear opti-
mization procedure (Microsoft Excel Solver).
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Fig. 4. Each panel plots the cumulative number of
responses made to the right initial link (y) against the
cumulative number of responses made to the left initial
link (x) during one session. There are 72 points in each
panel. Each point represents the cumulative response
totals up to and including the current trial. The slope of
the function at any point in the scatterplot indicates
response allocation. The diagonal line represents indiffer-
ence, that is, equal responding to the two initial links. The
data are from a representative subject (Pigeon 194).

F ratios were then calculated to test whether
the increased variance accounted for by the
bilinear over the linear model was significant
(p .05). If the incremental variance was
significant, and visual inspection confirmed
there were no additional changes in prefer-
ence during the session, the session was
determined to have a single change point. If
the incremental variance was not significant,
the session had no change point. According to
these criteria, 79.4% of sessions had exactly
one change point (see Figure 4, panels A and
C), 16.7% had no change points (panel B),
and the remaining 3.9% either had more than
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one visually identifiable change point (panel
D) or changed too gradually for a single
change point to be identified. Linear and
bilinear models accounted for a large percent-
age of variance, M .99 [SE 0.00] and M
.99 [SE  0.00] for sessions classified as having
zero and exactly one change point, respective-
ly.

Next, for sessions with a single change point,
we estimated the location of the change
through linear interpolation. To illustrate,
assume that the x coordinate (i.e., cumulative
number of left initial-link responses) of the
intersection point of the bilinear function was
113.69, and that the pigeon had made 86 left
initial-link responses by the end of the 9th trial
and 118 by the end of the 10th trial. The
113.69"™ response was then estimated to have
occurred at 100*(113.69 86)/(118 86)
86.5% of the way through the 10th trial; thus
the change point was estimated as occurring
after 9.87 trials.

Table 2 shows mean change points for
bilinear sessions for all subjects in both
dominated and tradeoff sessions. For all
subjects, change points for tradeoff sessions
(M 30.76, SE  1.85) occurred on average
later than those for dominated sessions (M
23.37, SE  0.81), t(3) 3.24,p .05. This
suggests that the acquisition of preference
occurred more rapidly in dominated than
tradeoff sessions.

Analyses of cumulative response scatterplots
showed that, for all but two sessions of
Experiment 1, response allocation within in-
dividual sessions could be characterized by
zero, one, or multiple change points and that
response allocation between change points was
stable. This implies that, if all change points in
the session occurred prior to the 61% trial,
then responding in the last block of 12 trials
(i.e., 61 through 72) should provide a good
measure of response allocation in an individ-

Table 2

Mean location (in number of trials) of the change point for each subject in the dominated and
tradeoff sessions that were characterized by a single change point in Experiment 1.

Dominated Sessions

Tradeoff Sessions

Pigeon Mean SD Mean SD

191 24.08 10.08 33.29 17.34
192 24.90 13.25 25.46 15.43
193 21.11 12.30 30.91 17.69
194 23.38 9.28 33.37 20.27
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Table 3

Results of regressing log response allocation (averaged over the final three blocks of each
session) on Lag O log immediacy, magnitude and probability ratios from Experiment 2.
Sensitivity coefficients for immediacy, magnitude and probability are the unstandardized weights
obtained prior to the addition of any interaction term. IxM, IxP, MxSP, and IXMxP refer to the
interactions and R? . to the increment in R? when the interaction value was applied.

Interaction
Pigeon Immediacy Magnitude Probability Intercept R? IXM RZinc IXP
191 0.75*** 1.22%** 1.31%** 0.22*** 0.75 0.39 0.00 0.08
192 1.21%** 0.99*** 1.66*** 0.13** 0.73 0.09 0.00 0.49
193 1.87*** 1.32%** 1.86*** 0.06 0.72 0.73 0.00 0.14
194 1.59%** 1.76%** 1.86*** 0.07 0.81 0.25 0.00 0.39
*p 005 *p 001 **p 0.001

Cumulative response scatterplots were simi-
lar to those observed in Experiment 1, that is,
changes in preference tended to be abrupt.
86.5% of sessions had exactly one change
point, 7.5% had none, 5.25% had more than
one visually identifiable change point, and
0.75% (three sessions) changed too gradually
for a single change point to be identified.
Linear and bilinear models accounted for
a high average proportion of variance, M
99 [SE 0.00] and M .99 [SE  0.00] for
sessions classified as having zero and exactly
one change point, respectively. Table 4 shows
mean change points for bilinear sessions each
pigeon. Change points in tradeoff sessions (M

24.80, SE  1.07) occurred later on average
than change points in dominated sessions (M

21.38, SE  1.80), but the result was not
statistically significant, t(3) 1.70,p  .05.

We excluded nine sessions that had change
points after the 60" trial from all subsequent
analyses. To verify that performance in the final
block of the remaining sessions was stable, we
compared response allocation in the first and
second half of that block. For all subjects,
dependent-means t tests confirmed that re-
sponse allocation did not change over the last
12 trials. Thus, response allocation was not
changing systematically during the final block.

Figure 10 shows mean log response ratios
from the final block of trials for sessions
grouped according to whether more responses
were made to the left or right alternative and
the number of reinforcer dimensions that
favored that alternative. Left-dominated ses-
sions in which response allocation favored the
left alternative are labeled 3L. Tradeoff ses-
sions are labeled 2L or 1L, and 2R or 1R when
response allocation favored the left and right

alternatives (and, respectively, two or one
reinforcer dimensions favored the pigeon’s
preferred alternative), respectively. Right-dom-
inated sessions in which response allocation
favored the right alternative are labeled 3R.
Mean response allocation in tradeoff sessions
was less extreme than mean response alloca-
tion in dominated sessions in all 15 cases,
consistent with the possibility that multiple
reinforcer dimensions control choice within
individual sessions.

Figure 11 shows relative frequency distribu-
tions of choice proportions (rather than log
response allocation to avoid division by zero)
for individual trials, binned in five intervals of
width .20, for each subject and session type.
Distributions appear unimodal with the in-
termediate levels of preference in tradeoff
compared to dominated sessions attributable
to greater variability. To confirm quantitatively
that the observed distributions of choice
proportions in tradeoff sessions could not be
described by extreme preference on individual
cycles, we conducted Kolmogorov-Smirnov
tests comparing observed distributions to
those predicted if the choices on individual
trials were constrained to be extreme (i.e., in
bins 0.0 to 0.2, and 0.8 to 1.0), but yielding the
same overall obtained choice proportion. In
all cases, the Kolmogorov-Smirnov test showed
that the obtained distributions were signifi-
cantly different from the predicted distribu-
tions (all ps  .01). This provides evidence that
the intermediate preferences in tradeoff ses-
sions were not produced by shifts in the
controlling dimension across the last block of
trials. Thus, the intermediate preferences
suggest control by multiple reinforcer dimen-
sions within single sessions, as predicted by the
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Fig. 12. Mean log response ratios for the second half of
trails in the eight types of sessions from Experiment 2.
Values predicted by the concatenated generalized match-
ing law (Equation 4a) are plotted on the x axis and
obtained values on the y axis. The unfilled data points
represent dominated sessions, the filled tradeoff sessions.

of terminal links. Dependent scheduling
makes each trial within a session essentially
a forced choice and could produce a ceiling
effect because it places constraints on how
extreme response allocation can be if the
subject is to complete all cycles in a fixed
period of time. Previous research with rapid
acquisition concurrent chains has also used
dependent scheduling and similarly found
evidence of a sigmoidal relationship between
response allocation and relative immediacy
(Grace et al., 2003; Grace & McLean, 2006;
Kyonka & Grace, 2007).

If the sigmoidal relationship is due to
a ceiling effect, then data for those pigeons
that showed relatively greater range in ob-
tained preference (i.e., the difference between
the maximum and minimum log response
ratios in Figure 12) should show the greater
nonlinearity as well. The reason is this: Results
for pigeons with preferences that were rela-
tively more extreme in both directions (thus
the greater range) should be more affected by
the flattening imposed by the ceiling effect.
Results for pigeons with less extreme prefer-
ences would be less affected. If so, there
should be a positive correlation between
degree of nonlinearity and the range of
preference. To assess the degree of nonlinear-
ity in Figure 12, we fit a three-parameter
logistic function to the data for individual

subjects:
L

where log B, /Bg is predicted log response
ratio, x is the log response ratio predicted by
Equation 4a (the x axis in Figure 12), and c,
d and t are parameters. The degree of
nonlinearity was assessed as the improvement
in variance explained by Equation 5 over that
associated with a two-parameter linear regres-
sion. Table 5 shows the resulting parameter
estimates, percentages of variance accounted
for, and the range of preferences. The
improvement in fit by the logistic was negligi-
ble for Pigeon 191, small to moderate for
Pigeons 192 and 193, and reasonably large for
Pigeon 194. The range of preference shift was
also greatest for Pigeons 193 and 194. Overall,
there was a significant positive correlation
between the improvement in variance ac-
counted for by the logistic and range of
preference shift, r  0.99, p  0.01. This result
is consistent with the hypothesis that the
sigmoidal relationship in Figure 12 is due to
a ceiling effect. If that is the case, the observed
nonlinearity is a potential methodological issue
rather than a theoretical problem for the
concatenated matching law. However, it is
important to note that even if a ceiling effect
was present and contributed to the nonlinearity,
it would not necessarily imply that the ceiling
effect was solely responsible for the three-way
interaction obtained in Experiment 2. Other
sources of nonlinearity might have been present.

If the sigmoidal relationship that appears in
Figure 12 is not due to a methodological
artifact, it disconfirms the concatenated match-
ing law (Equation 4a) as an adequate account
of choice between alternatives that differ on
multiple reinforcer dimensions. The basic
assumptions of the matching law are that effects
of different reinforcer dimensions on response
allocation are additive and independent, and
that the relationship between response alloca-
tion and relative reinforcer value is linear (in
logarithmic terms) for each dimension. The
linearity implies that the relationship between
response allocation and relative value is de-
scribed as a power function for each reinforcer
dimension. The results in Figure 12 suggest
that these assumptions may not be valid over
the full range of reinforcer value.
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