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PIGEONS’ CHOICES BETWEEN FIXED-RATIO AND
GEOMETRICALLY ESCALATING SCHEDULES
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When pigeons choose between situations that provide access to food reinforcers after a delay,
choice is better predicted by computations based upon sums-of-reciprocals distances from the point
of choice to each of the next three or four reinforcers in series than by computations of optimality
based upon mean rates of reinforcement. The present experiments were designed to examine the
generality of this finding. Pigeons were exposed to concurrent-chains schedules in which one brief
initial link led to a fixed-ratio schedule (either 15, 30, or 60, depending on the condition), and the
other link led to a geometrically increasing progressive-ratio schedule whose rate of escalation was
systematically varied across conditions. Each combination of fixed-ratio size and escalation rate of
the progressive schedule was assessed at two different levels of deprivation (75% and 80% of free-
feeding weights). Computations based upon the sums-of-reciprocals principle, treating ratio schedule
sizes as proportional to delays, predicted and described the pigeons’ median switch points better
than those based on arithmetic means. Neither the distance to the next reinforcer (as implied by
some molecular analyses) nor molar optimization (as described by arithmetic means) were as suc-
cessful at accounting for patterns of choice in these situations. Hence, it appears that the birds’
choices were most influenced by the relative proximity of a choice to several reinforcers in a series
of reinforcers, with each of the less proximal reinforcers having relatively less influence over the
current choice.
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In both biological and economic traditions,
behavior patterns within homogeneous envi-
ronments are often interpreted in terms of
the optimization of resources. Applying sim-
ilar interpretations to the somewhat con-
strained environments that constitute exper-
iments, behavioral investigators often
generate reference lines, or potential invari-
ances in net gain, rather than merely focus-
ing on an independent variable, and the or-
ganisms’ observed patterns of choice are
assessed in relation to those potential invari-
ances. Two general types of invariances are
often thus contrasted: One type is short term
or molecular in character (e.g., Hinson &
Staddon, 1983; Navarick, 1979), based on an-
alyzing the moment-to-moment proximity of
reinforcers available through each of the
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available alternatives; the other type, long-
term or molar optimization (e.g., Baum,
1981; Krebs, 1978), considers the individual’s
action and consequences across long periods
of time that often involve extended series of
choices.

Experimentation that involves choices be-
tween fixed and progressive schedules of re-
inforcement has provided some evidence rel-
evant to assessing the merits of molar versus
molecular approaches. Hodos and Trumbule
(1967) studied chimpanzees’ schedule pref-
erences in a recurring two-choice situation
whose alternatives were a progressive-ratio
(PR) and a fixed-ratio (FR) schedule of re-
inforcement. At each choice point, the two
schedules were concurrently available until a
response occurred, making the nonselected
alternative unavailable until the work require-
ment of the selected alternative had been
completed. Access to food was contingent on
schedule completion, and the subject was
then returned to the choice situation. Follow-
ing the conventions established by Findley’s
work with progressive schedules (Findley,
1958), Hodos and Trumbule’s PR schedules
always entailed a ratio requirement that in-
creased by fixed increments (20 responses)
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with each successive choice of the progressive
schedule within a session. Various sizes of the
FR alternative were presented, in an irregular
sequence, across blocks of sessions. In their
simpler version of this procedure, the no-re-
set version, successive PR choices increment-
ed that schedule irrespective of whether these
choices were consecutive. In their second ver-
sion, which is of greater interest here, each
selection and completion of the FR alterna-
tive resulted in the PR schedule being reset
to its minimum requirement of 20 responses.
Consecutive PR choices still incremented that
schedule.

Hodos and Trumbule (1967) found that
the point in the progressive sequence at
which each of their chimpanzees switched
from the PR to the FR schedule was a system-
atic function of the magnitude of the FR al-
ternative. In the no-reset version of their pro-
cedure, the chimps switched from the PR to
the FR schedule at approximately the point
at which the two schedules were equal. This
result revealed sensitivity to the relative sizes
of the two schedule requirements, but it is
consistent with both short-term and long-
term analyses. In contrast, on the reset ver-
sion of this procedure (choosing the FR re-
sets the PR to its original ratio value), the
chimps switched from the PR to the FR
schedule well in advance of the equality
point. That is, they chose the FR when faced
with a substantially lower PR. These results do
not support what we call here the strict mo-
lecular interpretation. That is, choice could
not be predicted on the basis of simply which
alternative provided the smaller response
count to reinforcement on that choice trial
alone. Instead, these results were character-
ized as demonstrating sensitivity to reinforce-
ment cost over blocks of choices.

As noted by Hineline and Sodetz (1987),
this relationship could be expressed most
simply in terms of the number of responses
per reinforcer (reinforcement cost), comput-
ed across blocks of trials, thus yielding a sim-
ple long-term optimality analysis of this
choice situation. As an example, with an FR
160 and a PR with a fixed increment of 20,
the pattern of switching every other trial and
the pattern of switching at the equality point
both result in an average of 90 responses per
reinforcer. Switching after four successive
choices of the PR results in an average of 72

responses per reinforcer. Therefore, contrary
to a short-term analysis, this molar interpre-
tation predicts, in the reset condition, switch-
ing from the PR well before the point at
which the two are equal within a given trial.

Hineline and Sodetz (1987) performed a
systematic replication of the Hodos and
Trumbule (1967) procedure, using rhesus
monkeys. They found that, like Hodos and
Trumbule’s chimpanzees, the monkeys also
switched approximately at the equality point
when there was no reset of the PR, and they
switched well in advance of the equality point
when choice and completion of the FR reset
the PR to its minimum value. The pattern of
responding for these subjects was consistent
with long-term optimization of responses per
reinforcer at all FR values, with the exception
of the FR 640, in which subjects tended to
persist on the PR beyond this optimal point.
In additional replications with the reset pro-
cedures, it was found that pigeons also switch
well before the equality point, whether the
procedures are based on ratio (Mazur &
Vaughan, 1987; Wanchisen, Tatham, & Hine-
line, 1988) or interval (Hackenberg & Hine-
line, 1992) schedules, although, as will be dis-
cussed below, simple computations of overall
responses per reinforcement have not provid-
ed the best predictions for these replications.

Hineline and Sodetz (1987) noted the rel-
evance of schedule choices by their monkeys
to the optimal foraging model developed by
Charnov (1976) to account for spatial search
between depleting food patches. The PR en-
tails a diminishing return that is characteristic
of depleting patches, whereas selection and
completion of the FR are analogous to the
behavior of switching patches (Krebs, 1978),
because it resets the PR to a small work re-
quirement. Optimal foraging strategies are
molar interpretations of behavior predicated
(implicitly or explicitly) upon minimization
of effort in balance with maximization of en-
ergy intake. Switching from one patch to an-
other is described by Charnov as a function
of the cost (amount of time spent searching
for the patch and, thus, not consuming) of
changing patches. This switching of patches
is said to occur such that the overall proba-
bility of encountering food is maximized.
However, data from the chimpanzees (Hodos
& Trumbule, 1967) and pigeons (Hacken-
berg & Hineline, 1992; Mazur & Vaughan,
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1987; Wanchisen et al., 1988) do not quite fit
the predictions from this linear optimality
principle. These subjects, unlike the monkeys
of Hineline and Sodetz (1987), have consis-
tently tended to overshoot this optimal switch
point.

Based on earlier work by McDiarmid and
Rilling (1965), Shull and Spear (1987) pos-
ited that in this type of procedure, each re-
inforcer in a series of reinforcers contributes
independently to the conditioned reinforcing
value of a given choice between schedules.
The effects of delayed reinforcers correlated
with each step of the PR were conceptualized
as functionally summing to determine the
momentary reinforcing effectiveness of se-
lecting that schedule. To convert ratio re-
quirements to delays, they assumed that the
time to complete a given number of re-
sponses specified by a ratio schedule is pro-
portional to that number. Thus, for each step
of the procedure that offers choices between
FR and PR schedules, the choice alternatives
are inversely weighted by the number of re-
sponses to each of the subsequent reinforcers
from the choice point. Choice was thought to
be sensitive to these sums of (reciprocal) dis-
tances to reinforcement across as many as
four consecutive schedule selections. Series
that include reinforcers delivered under the
FR schedule are also summed in this way, thus
determining the reinforcing effectiveness of
selection of the FR.

With pigeons as subjects, Mazur and
Vaughan (1987) used a variant of the Hine-
line and Sodetz (1987) procedure that ar-
ranged timeout periods of varying lengths be-
tween trials. The sums-of-reciprocals
principle implies that the birds’ point of
switching should systematically vary with the
duration of the interposed timeout periods.
Linear averaging predicts no effect of these
inserted intervals. The results were more con-
sistent with the sums-of-reciprocals principle.
The results of subsequent related experi-
ments with pigeons (Hackenberg & Hineline,
1992; Wanchisen et al., 1988) were also best
characterized by this summation principle. As
we have noted, Hineline and Sodetz made
observations with rhesus monkeys that were
best predicted by the linear optimality prin-
ciple. A possibility is that methodological dif-
ferences, such as differing subjects, manipu-

landa, or variations in reset values, produced
the discrepant results.

The present work with pigeons explores
the generality of these averaging techniques
by using a different pattern of diminishing
returns. Pigeons were exposed to progressive
ratios that incremented geometrically (GPR)
instead of by fixed increments. That is, each
successive choice of the GPR resulted in a
proportional increment in the next step’s
work requirement. Instead of incrementing
by a constant sum (e.g., 20 responses per
step), each successive PR choice resulted in a
response requirement that was the product of
the previous step’s requirement and a con-
stant multiplier. The point of using these pro-
gressions is to amplify the different predic-
tions of the sums-of-reciprocals and the linear
averaging (optimality) principles.

An example using a geometric progressive
schedule will help to clarify how the calcula-
tions are performed for the two averaging
techniques. The linear optimality principle is
illustrated in Table 1, along with calculations
for up to 12 consecutive choices of the pro-
gressive schedule. In each successive row, an
additional consecutive choice of the progres-
sive alternative is included before the FR al-
ternative is chosen. The averaging method is
based on arithmetic means for identifying
choice paths that minimize responses per re-
inforcer. Thus, given an FR alternative of 30
responses, a GPR alternative with a multiplier
of 1.25, and a reset value of 5, there would
be a total of 37 responses after completing
two trials, divided by two reinforcers, yielding
18.5 responses per reinforcer. The row show-
ing the smallest number of responses per re-
inforcer indicates the point at which a subject
is predicted to switch from the PR alternative
to the FR alternative.

The other averaging technique, the sums-
of-reciprocals principle (Mazur & Vaughan,
1987; Shull & Spear, 1987), accounts for the
reinforcing effects produced by a pattern of
choices integrated over a specified number of
trials. The following equation was used to cal-
culate sums of reciprocals:

4

V 5 1/D.O
1

In this equation, V represents the momentary val-
ue of an alternative (the likelihood of that
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Table 1

Computations based on linear averaging using an FR 30 for one alternative, a GPR with a
multiplier of 1.25 for the other alternative, and a reset value of five responses for the GPR.

GPR choices (includes choice response) 1FR
Total

responses
Rein-

forcers

Responses
per

reinforcer

6
6 1 7
6 1 7 1 9
6 1 7 1 9 1 11
6 1 7 1 9 1 11 1 13
6 1 7 1 9 1 11 1 13 1 16
6 1 7 1 9 1 11 1 13 1 16 1 20

131
131
131
131
131
131
131

37
44
53
64
77
93

113

2
3
4
5
6
7
8

18.5
14.7
13.25
12.80a

12.83
13.3
14.1

6 1 7 1 9 1 11 1 13 1 16 1 20 1 25
6 1 7 1 9 1 11 1 13 1 16 1 20 1 25 1 31
6 1 7 1 9 1 11 1 13 1 16 1 20 1 25 1 31 1 38
6 1 7 1 9 1 11 1 13 1 16 1 20 1 25 1 31 1 38 1 49
6 1 7 1 9 1 11 1 13 1 16 1 20 1 25 1 31 1 38 1 49 1 59
6 1 7 1 9 1 11 1 13 1 16 1 20 1 25 1 31 1 38 1 48 1 59 1 74

131
131
131
131
131
131

138
169
207
256
315
388

9
10
11
12
13
14

15.3
16.9
18.8
21.3
24.2
27.7

a Predicted switch point.

Table 2

Computations based on the sums-of-reciprocals principle using an FR 30 for one alternative,
a GPR with a multiplier of 1.25 for the other alternative, and a reset value of five responses
for the GPR.

Sums of reciprocals (includes choice response) V VFR/VPR

1/31 1 1/37 1 1/44 1 1/53
1/6 1 1/37 1 1/43 1 1/50
1/7 1 1/38 1 1/44 1 1/51
1/9 1 1/40 1 1/46 1 1/53
1/11 1 1/42 1 1/48 1 1/55
1/13 1 1/44 1 1/50 1 1/57
1/16 1 1/47 1 1/53 1 1/60

.1009 (VFR)

.2369 (VPR)

.2115 (VPR)

.1767 (VPR)

.1537 (VPR)

.1372 (VPR)

.1193 (VPR)

.4259

.4771

.571

.6565

.7354

.8458
1/20 1 1/51 1 1/57 1 1/64
1/25 1 1/56 1 1/63 1 1/70
1/31 1 1/62 1 1/69 1 1/76
1/38 1 1/69 1 1/76 1 1/83
1/48 1 1/79 1 1/86 1 1/93
1/59 1 1/90 1 1/97 1 1/104

.1028 (VPR)

.088 (VPR)

.076 (VPR)

.066 (VPR)

.0559 (VPR)

.048 (VPR)

.9815
1.147a

1.328
1.529
1.805
2.102

Note. V 5 sum of the reciprocals of the number of responses until delivery of a reinforcer for four consecutive
trials (the distance to the second reinforcer includes the distance to the first, the distance to the third reinforcer
includes the distances to the first two, etc.); VFR 5 V when the FR alternative is chosen first; VPR 5 V when the FR
alternative is chosen second.

a Predicted switch point.

alternative being chosen at that moment) and D
represents the delay, which is represented by the
number of responses until delivery of a given re-
inforcer. (Note that the distance to the second
reinforcer includes the distance to the first, the
distance to the third reinforcer includes the dis-
tances to the first two, etc.) As we have noted,
prior research with pigeons has indicated that a
choice response is influenced by aggregates of
three or four subsequent reinforcers (Mazur &
Vaughan, 1987; McDiarmid & Rilling, 1965; Wan-

chisen et al., 1988). Hence, for the present eval-
uations, the sums-of-reciprocals principle is com-
puted as a sum of the reciprocals of the number
of responses to reach a particular point in each of
a sequence of four trials. Table 2 shows the same
procedural example that is addressed by linear av-
eraging in Table 1.

In separate conditions of the experiment,
three FR values (FR 15, 30, and 60) were pre-
sented as alternatives to the various GPRs
(with multipliers of 1.1, 1.15, 1.25, and 1.35).



361AVERAGING TECHNIQUES

Fig. 1. Predicted point of switching from geometric PR to FR schedules (shown as number of trials in a sequence
of choices) calculated by linear optimization (using arithmetic means) and the sums-of-reciprocals principle. The
predictions are for three different values of the FR alternative and the four different rates of escalation (as indicated
by multiplier) for the progressive alternative.

Figure 1 shows the predicted switch points of
the linear optimality and the sums-of-recip-
rocals principles for the present experimental
manipulations. Regardless of the value of the
FR alternative across the four multipliers, the
sums-of-reciprocals principle indicates a later
median switch point than does linear aver-
aging. In addition, the subjects were exposed
to each experimental condition at 75% and
at 80% of their free-feeding weights. Varia-
tion in deprivation level, as an independent
variable, has been found to affect choice in
some situations (e.g., Caraco, Martindale, &
Whittam, 1980; Hastjarjo, Silberberg, &
Hursh, 1990), and these effects are of special
interest within the context of foraging theory.
Thus deprivation was manipulated in the
present procedures to assess the effects, if
any, of energy constraints on patterns of
choice.

METHOD
Subjects

The subjects were 6 experimentally naive
White Carneau pigeons, designated as C1,

C2, C6, C8, C9, and C12. The birds were
housed individually in stainless steel cages
and were subject to a 12:12 hr light/dark cy-
cle. In separate conditions of each experi-
ment, they were maintained at either 80% or
75% of their free-feeding weights. The pi-
geons had free access to water and grit except
when in the chamber during experimental
sessions.

Apparatus

The experiment was conducted in three
identical operant conditioning chambers for
pigeons (manufactured by Loveland/Ger-
brands), each equipped with a food hopper
and two translucent response keys. Each re-
sponse key was mounted on the back wall of
the chamber, 22 cm above the floor. When-
ever it was operative, a key was illuminated
either red or yellow by 28-VDC bulbs. Rein-
forcement consisted of 2.75 s of access to the
food hopper, which was filled with mixed
grain and was located directly under and be-
tween the two response keys. Access to the
food hopper was accompanied by illumina-
tion of a 28-VDC bulb inside the hopper
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Table 3

Order of fixed-ratio exposures.

Multi-
plier

% of
free-

feeding
weight

Bird

C1 C2 C6 C8 C9 C12

1.1 75
75
75
75
80
80
80
80

30
15
60
30
15
30
60
15

15
60
30
15
15
60
30
15

15
30
60
15
30
60
15
30

30
60
15
30
30
15
60
30

60
15
30
60
60
15
30
60

60
30
15
60
60
30
15
60

1.15 75
75
75
75
80
80
80
80

60
30
15
60
60
30
15
60

15
30
60
15
60
30
15
60

30
60
15
30
15
30
60
15

60
30
15
60
30
15
30a

60a

15
30
60
15
30
60
15
30

30
60
15
30
15
60
30
15

1.25 75
75
75
75
80
80
80
80

15
30
60
15
30
60
15
30

60
15
30
60
60
30
15
60

30
15
60
30
15
30
60
15

15
60
30
15
60
30
15
60

30
15
60
30
30
15
60
30

60
30
15
60
15
60
30
15

1.35 75
75
75
75
80
80
80
80

30
15
60
30
30
60
15
30

60
15
30
60
15
30
60
15

15
60
30
15
15
30
60
15

15
60
30
15
30
60
15
30

30
15
60
30
60
30
15
60

60
15
30
60
60
30
15
60

a Inverted due to a programming error.

housing unit. Procedural events and data re-
cording were controlled by a Walter/Palya
digital controller (Walter & Palya, 1984),
which was interfaced with an IBM-compatible
personal computer (Pevey, 1988). The con-
trolling software (EC Basic) was a version of
real-time basic (Walter & Palya, 1985).

Procedure

All procedures involved concurrent-chains
schedules in which the initial link provided a
choice between two keys, one red and the
other yellow (sides randomized across trials).
Three seconds after the onset of the key-
lights, a single peck on one of the keys (fixed-
interval 3 s) shut off the opposite key, and
the second (terminal) link of the chain was
in effect. The response requirement for the
chosen alternative had to be completed for
food to be made available as well as for the
opportunity to make another choice, which
immediately followed the 2.75-s access to
food. The clearly delineated choices available
in the first link made this a discrete-trials pro-
cedure; there were 40 trials in each session of
every experiment.

The FR terminal link, requiring 15, 30, or
60 responses depending on the condition of
the experiment, was always correlated with
the red key. The second terminal-link alter-
native, correlated with the yellow key, was al-
ways a GPR schedule whose work require-
ment began at a minimum value of five and
then increased, with consecutive choices of
that schedule, by a multiplier that was con-
stant over blocks of sessions. The multiplier,
which is the number that when multiplied by
the ratio value for a particular trial deter-
mines the ratio value for the next trial, varied
across experiments. The four multipliers, 1.1,
1.15, 1.25, and 1.35, were evaluated consec-
utively in a random order (without replace-
ment); each of these defines an experiment,
as follows:

Each multiplier was in effect for both 75%
and 80% levels of deprivation, comprising
two variants of each of four series of condi-
tions. Within the two variants, there were four
series of conditions in which the value of the
fixed alternative was varied (three FR values,
with one repeated) in the orders shown in
Table 3. There were 15 sessions in each con-
dition, because previous work with similar
procedures had indicated that variability in

choice patterns diminished after about five
sessions following the start of a new condi-
tion.

RESULTS
The data of primary interest are the points

within the GPR sequences at which the birds
switched over to the FR schedule, thus reset-
ting the GPR to its minimal value of five. A
switch point was defined as the number of
successive trials in which the GPR alternative
was selected before the FR alternative was
chosen, plus one trial for the FR choice. The
median of all the switch points, thus defined,
served as the index of a bird’s choices in a
given session, because that measure minimiz-
es the effects of particular characteristics of
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variability in switching (such as skewed distri-
butions resulting from the fact that each
switch in a sequence of trials eliminated an
opportunity to switch at higher PR values).

Even an informal consideration of the ma-
nipulations examined here would predict
that for a given GPR multiplier, as the size of
the FR alternative was increased, the number
of GPR choices prior to switching should in-
crease. Conversely, for a given FR alternative,
as the multiplier of the progressive schedule
was increased, the number of steps prior to
switching should decrease. These general re-
lationships were indeed seen to hold, con-
firming at a gross level that each bird’s be-
havior was sensitive to the experimental
manipulations. The more interesting ques-
tion, of course, concerns more precise pre-
dictions of those switch points. There was a
consistent difference between the predictions
of the two measures for all conditions exam-
ined here, as Figure 1 shows: Regardless of
the value of the FR alternative or the rate of
geometric escalation, the sums-of-reciprocals
principle predicts a greater median switch
point than does linear averaging. For a pre-
liminary summary of results, the predictions
made by the linear optimality principle and
by the sums-of-reciprocals principle are pre-
sented in Figures 2 and 3, along with the ob-
served median switch points pooled across all
birds. The data are averages computed over
the last six sessions of each phase, pooled
across subjects (medians computed within
sessions, then averaged across sessions; then
across subjects). Figure 2 shows the step at
which, in a sequence of trials, switching oc-
curred, and Figure 3 shows the correspond-
ing sizes of the GPR at those switch points.

The corresponding data (for Figure 2) for
individual birds are tabulated in Table 4. In
all cases but one, the birds tended to switch
later than predicted by linear averaging, and
the sums-of-reciprocals principle was a better
predictor of the observed median switch
points. The one exception was the case for
which the rate of escalation was produced by
a multiplier of 1.25, the alternative FR sched-
ule required 15 responses, and the birds were
at 75% of their free-feeding weights. Com-
paring Figures 2 and 3, one can verify that
these findings were true whether the switch
point was measured in terms of GPR sizes or
number of steps to switch. Examination of

these two figures also shows that there were
no systematically differing patterns at differ-
ing levels of deprivation (cf. left and right col-
umns).

Similar results were apparent in plots of
median switch points for individual birds, as
shown in Figures 4 through 7. These figures
show data for the 75% deprivation condition
with GPR multipliers of 1.1 and 1.25 and for
the 80% deprivation condition with multi-
pliers of 1.15 and 1.35. Because, as indicated
in Figures 2 and 3, results did not differ sys-
tematically at the two deprivation levels, the
data that are presented are representative of
all the data that were collected. Each point
represents an average of the last six median
switch points of each phase and a replication
of the first phase for each bird. Again, the
sums-of-reciprocals values better predicted
the observed median switch points for the
individual birds, although there was substan-
tial variability across birds in the FR 15
phases.

Although it is intuitively obvious that, for
a given size of FR alternative, a greater rate
of escalation on the GPR alternative should
result in switching after fewer steps in the
escalating schedule, the same relations can
be shown using the absolute value of the
GPR schedule at those switch points. These
relationships are addressed by Figure 8,
which includes separate plots for each FR al-
ternative (whose values are indicated by hor-
izontal dotted lines). For FR 60 and FR 30,
computations based on the linear optimality
and the sums-of-reciprocals principles both
have positive slopes, indicating higher pre-
dicted switch-point values for higher rates of
escalation. The slight irregularities in these
functions result from the discontinuities that
are intrinsic to the incremental nature of the
escalating schedule. In the case of FR 15, the
slopes of the predicted functions are shallow
enough that they are overridden by the
rounding to whole integers. In any case, the
empirical data, pooled across birds for the
75% and the 80% deprivation levels, also
show hints of positive slope. That is, switch-
ing occurred at larger absolute values when
the multipliers were larger, with this effect
most clear at FR 60 and less so at the smaller
FRs.

As noted earlier, there did not seem to be
a consistent effect of deprivation level upon
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Fig. 2. The average median switch points (shown as number of trials in a sequence of choices) for the last six
sessions on each phase for all 6 birds (filled circles) are plotted as a function of the FR alternative. Also shown are
predictions made by the linear optimality principle (open triangles) and the sums-of-reciprocals principle (open
circles).
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Fig. 3. The average median switch points (shown as ratio size) for the last six sessions on each phase for all 6
birds (filled circles) along with predictions made by the linear optimality principle (open triangles) and the sums-
of-reciprocals principle (open circles).
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Table 4

Means of median switch points (number of steps in progression) for the last six sessions for
each bird.

Multiplier FR

Bird

C1 C2 C6 C8 C9 C12 Average

75% of free-feeding weight
1.1
1.1
1.1
1.15
1.15
1.15

15
30
60
15
30
60

11.75
12.08
16.58
6.85

11.20
12.75

9.50
18.42
17.17
6.35

11.56
29.50

5.83
12.17
20.25
3.50
7.10

13.90

12.33
16.75
15.92
6.50

14.40
15.65

6.34
13.17
25.50
3.40

12.90
14.90

8.59
18.92
22.42
8.50

11.35
11.70

9.06
15.25
19.64
5.85

11.42
16.40

1.25
1.25
1.25
1.35
1.35
1.35

15
30
60
15
30
60

3.25
6.17
7.17
4.65
6.58
9.50

3.42
9.67

13.33
4.92
7.50
8.58

2.67
7.50

12.34
3.50
5.65
8.67

4.38
6.25

10.42
4.25
6.42
8.75

4.84
5.67

11.00
4.38
6.50
7.92

5.21
5.25
6.13
3.80
6.15
8.88

3.96
6.75

10.07
4.25
6.47
8.72

80% of free-feeding weight
1.1
1.1
1.1
1.15
1.15
1.15

15
30
60
15
30
60

8.00
16.50
19.77
5.40

11.60
14.35

6.17
15.75
18.92
13.50
13.35
14.35

3.25
9.34

20.75
3.20
8.40

16.85

8.50
10.75
19.04
7.00

10.85
12.00

8.75
17.58
18.33
3.10
9.50

13.50

12.92
14.92
13.58
8.75

11.85
9.35

7.93
14.14
18.40
6.83

10.93
13.40

1.25
1.25
1.25
1.35
1.35
1.35

15
30
60
15
30
60

5.50
7.24
9.38
4.84
6.92
9.75

5.42
9.42

11.00
5.34
7.59
8.63

3.92
6.59
9.75
3.92
6.00
8.75

6.50
8.00

10.84
4.42
6.67
8.59

5.59
8.09

10.92
4.83
6.58
8.59

4.75
8.08

10.92
3.84
6.67
9.00

5.28
7.90

10.54
4.53
6.74
8.89

the shapes of obtained functions or upon
relative adequacy of the two averaging prin-
ciples. However, at 75% of free-feeding
weights, median switch points under the 1.1
and 1.15 multiplier progressions were higher
than at 80% of free-feeding weights for five
of the six group switch points. This pattern
was reversed for the 1.25 and 1.35 multipli-
ers, with all six switch points being greater
at 80% of free-feeding weights than at 75%
of free-feeding weights. Most of the observed
group switch points (8 of 12) at the 80% de-
privation level were above the switch point
predicted by the sums-of-reciprocals princi-
ple.

DISCUSSION

For each subject, across subjects, and at
both deprivation levels, the number of steps
to the median switch point increased with
larger FR values in nearly all comparisons be-
tween experimental conditions (see Table 1).

This confirms the findings in previous stud-
ies, which used progressive schedules that in-
creased by constant increments, that increas-
ing the size of the FR has a systematic effect
on the subjects’ points of switching (Hack-
enberg & Hineline, 1992; Hineline & Sodetz,
1987; Hodos & Trumbule, 1967; Mazur &
Vaughan, 1987; Wanchisen et al., 1988). The
subjects also switched from the GPR well be-
fore the point of equality was reached at each
multiplier value, except when the birds were
at their 80% weights with a multiplier of 1.35,
at FR 15 and FR 30 (see Figure 8). Therefore,
molecular interpretations that attempt to ac-
count for behavior entirely in terms of im-
mediacy of reinforcement on that trial alone
cannot adequately handle these data.

Throughout the analyses of these data,
computations based on the sums-of-recipro-
cals distance to reinforcement principle
proved to be a better descriptor of choice
than did computations of optimization in
terms of mean numbers of responses per re-
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Fig. 4. The average median switch points for the last six sessions of each phase (shown as number of trials in a
sequence) for individual birds with predictions made by the linear optimality principle and the sums-of-reciprocals
principle when the GPR was produced by a multiplier of 1.1 at 75% of free-feeding weights.
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Fig. 5. The average median switch points for the last six sessions of each phase (shown as number of trials in a
sequence) for individual birds with predictions made by the linear optimality principle and the sums-of-reciprocals
principle when the GPR was produced by a multiplier of 1.15 at 80% of free-feeding weights.
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Fig. 6. The average median switch points for the last six sessions of each phase (shown as number of trials in a
sequence) for individual birds with predictions made by the linear optimality principle and the sums-of-reciprocals
principle when the GPR was produced by a multiplier of 1.25 at 75% of free-feeding weights.
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Fig. 7. The average median switch points for the last six sessions of each phase (shown as number of trials in a
sequence) for individual birds with predictions made by the linear optimality principle and the sums-of-reciprocals
principle when the GPR was produced by a multiplier of 1.35 at 80% of free-feeding weights.
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Fig. 8. Absolute size of GPR schedule at switch point, as a function of the rate of geometric escalation. These
relationships are plotted separately for differing sizes of the alternative FR schedule (FR 15, FR 30, and FR 60).
Predicted switch points are indicated by open symbols (triangles for sums of reciprocals and circles for linear opi-
mality) connected by dashed lines. Data (median switch points pooled across the last six sessions on each phase for
each bird, and then across birds) are shown separately for two deprivation levels (75% and 80% of free-feeding
weights).
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inforcer. Visual inspection of the switch
points in the various figures shows that most
of the observed average median switch points
for the group, as well as for individual birds,
were close to the value predicted by the sums-
of-reciprocals principle. That is, of the 24
data points shown on the group plots (Fig-
ures 2 and 3), 21 fell closest to the points
generated by the sums-of-reciprocals princi-
ple. For individual birds, at the multiplier of
1.1 (75%), for instance, 19 of the 24 switch
points (average median switch point for the
last six sessions of each phase) were closer to
the sums-of-reciprocals distance points than
to the optimal average rate-of-reinforcement
values. Across multipliers, the sums-of-recip-
rocals principle provided a better descriptor
of the data in the FR 30 and FR 60 conditions
(at both deprivation levels). Although this re-
lation is not as strong with FR 15, it is still
superior to linear averaging as a description
of patterns of choice under these circum-
stances.

As can be seen by comparing successive
panels from top to bottom in Figure 2, the
predictions based upon the two principles
became closer as the GPR multiplier (rate of
escalation) increased. The predicted switch
points are more divergent as FR values in-
crease, and, as stated above, the observed
switch points increased as the size of the FR
alternative increased, within each rate of es-
calation. It is of particular interest, there-
fore, that at the GPR and FR values at which
the two predictors differ more clearly, the
observed patterns of choice correspond
more closely to the sums-of-reciprocals ref-
erence lines. Furthermore, the slopes of the
two reference lines differ, with that corre-
sponding to the sums of reciprocals being
consistently steeper than that for linear av-
eraging, and the changes in slopes of ob-
served switch points (across rates of escala-
tion) more closely approximated the change
in the slope generated by the sums-of-recip-
rocals principle.

Although remote consequences clearly af-
fect patterns of choice, there is a limit to the
influence of these remote consequences.
Sums-of-reciprocals distances, which repre-
sent this differential influence of reinforcers
on the current choice based on proximity,
better described the data. Larger aggregates
necessarily give less and less influence to the

added reinforcers, which are more and more
remote from the point of choice. One could
consider the influence of all reinforcers of a
session on a particular choice, but Wanchis-
en et al. (1988) found that increasing the
aggregate beyond four trials gave no im-
provement in predictions. Linear optimiza-
tion, in contrast, is a more molar description
in that it entails the total number of re-
sponses per reinforcer, treating each rein-
forcer as if it had equal value with respect to
the current choice. All choices in this type
of situation can best be described as a func-
tion of remote consequences, yet the degree
of influence decreases with increased dis-
tance of the consequence from the choice.
Therefore, a purely molar interpretation, in
which all reinforcers are weighted equally, is
also inadequate.

A purely molar (linear optimization) rela-
tionship did accurately describe Hineline and
Sodetz’s (1987) data from monkeys’ choices
between FR and PR (linear) schedules. Al-
though an optimality interpretation is clearly
not the more accurate account of data with
other species, including the present findings
with pigeons, it should be noted that the
overshooting of optimal switch points that
corresponds to the sums-of-reciprocals prin-
ciple is consistent with a secondary aspect of
the optimality formulation. That is, whether
the progressive schedule escalates geometri-
cally or by constant increments, switching too
soon in a sequence of trials is more costly in
terms of responses per reinforcer than is
switching too late in a sequence of trials. This
is true for all geometric ratios that were used
in the experiments reported here. A possible
implication is that the sums-of-reciprocals
principle best predicts choice in this situation
partly because subjects consistently avoid the
costs of switching too soon.

An obvious explanation of the discrepancy
between the results of studies predicted by
the linear optimality principle and those pre-
dicted by the sums-of-reciprocals principle is
that rhesus monkeys (Hineline & Sodetz,
1987) may be more sensitive to responses per
reinforcer than are pigeons (Hackenberg &
Hineline, 1992; Mazur & Vaughan, 1987;
Wanchisen et al., 1988) and chimpanzees
(Hodos & Trumbule, 1967). In a recent
study, Tobin, Logue, Chelonis, and Ackerman
(1996) showed that monkeys, like humans,
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differ from pigeons and rats in their sensitiv-
ity to reinforcer delay in experiments using
self-control paradigms. It may be that differ-
ent species are differentially sensitive to
various parameters of schedules of reinforce-
ment. On the other hand, the differing ma-
nipulanda, methods, and rates of escalation
of the progressive schedule may have been
significant contributors to the range of find-
ings across these studies.

More stringent food deprivation levels
did not result in optimization of responses
per reinforcer, as may have been predicted
from theories of foraging that emphasize
sensitivity to risk. It should be noted that
those theories were developed with respect
to small birds with high metabolic rates, for
which fairly short-term energy deficits can
be catastrophic. Pigeons are larger and less
vulnerable to (and thus may be less sensitive
to) slight fluctuations in energy budget.
There was a small indication that the more
stringent deprivation level may have had an
impact on the birds’ switch points. However,
the fact that the preference patterns were
so similar at the two deprivation levels (Fig-
ures 2 and 3) cautions us to view those dif-
ferences in predictiveness as only slightly
suggestive.

Comparisons on alternative procedures of
the type studied here are most revealing
when the rates of escalation are relatively
gradual, for it is under these circumstances
that the predictions made by the two averag-
ing techniques differ the most. With higher
rates of escalation, even slight variability in
patterns of choice is sufficient to span the dif-
fering predictions made by the two averaging
methods.

Previous work in other laboratories (Mazur
& Vaughan, 1987; Shull & Spear, 1987) as well
as our own (Hackenberg & Hineline, 1992;
Wanchisen et al., 1988) has shown that the
nonlinear sums-of-reciprocals principle de-
scribes an invariant relation between pigeons’
choices and linearly dynamic procedures ar-
ranged through progressive schedules that in-
crease by constant increments. The present
experiments show that this invariance holds
when the dynamic procedural feature arises
from proportional changes rather than the
linearity of constant increments in the pro-
gressive schedules.
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