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b University of Liège, Faculty of Psychology, Boulevard du Rectorat, Sart-Tilman, 4000 Liège, Belgium
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Abstract

The article deals with response rates (mainly running and peak or terminal rates) on simple and on some mixed-FI schedules and explores the
idea that these rates are determined by the average delay of reinforcement for responses occurring during the response periods that the schedules
generate. The effects of reinforcement delay are assumed to be mediated by a hyperbolic delay of reinforcement gradient. The account predicts that
(a) running rates on simple FI schedules should increase with increasing rate of reinforcement, in a manner close to that required by Herrnstein’s
equation, (b) improving temporal control during acquisition should be associated with increasing running rates, (c) two-valued mixed-FI schedules
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with equiprobable components should produce complex results, with peak rates sometimes being higher on the longer component sche
that effects of reinforcement probability on mixed-FI should affect the response rate at the time of the shorter component only. All theses
were confirmed by data, although effects in some experiments remain outside the scope of the model. In general, delay of reinforc
determinant of response rate on FI and related schedules (rather than temporal control on such schedules) seems a useful starting po
thorough analysis of some neglected questions about performance on FI and related schedules.
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Like an astronomer observing the birth of stars in condens-
ing clouds of gas, the contemporary reader of Skinner’sThe
Behavior of Organisms (Skinner, 1938) can watch the field of
reinforcement schedule research blaze into life before their very
eyes. This is not, however, to say that Skinner’s early concerns
exactly match those that were to be important later. We dis-
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cuss the treatment of time-based reinforcement schedulesThe
Behavior of Organisms elsewhere in more detail (Lejeune et al.
in press), but a unusual feature of Skinner’s early treatmen
one of the best-known of his inventions, the fixed-interval
schedule, is that his principal interest was not in the tem
ral patterning of responding that such a schedule produce
in the response rates it generated. On an FI schedule, th
response occurringt seconds or more from the previous fo
delivery is itself reinforced, and this food delivery restarts
time requirement of the schedule,t.
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With respect to FI schedules, Skinner’s main concern in his
early work was to explain learned behaviour in terms of two
constructs, “reflex strength” and the “reflex reserve”, the latter
being defined as “a certain amount ofavailable activity, which
is exhausted during the process of repeated elicitation and of
which thestrength of the reflex is at any moment a function”
(Skinner, 1938, p. 26), response rate being “the principal
measure of the strength of the operant” (p. 58 — more recent
elaborations of the reflex reserve can be found inKilleen, 1988;
Nevin, 1992; Nevin and Grace, 2000, for example). InThe
Behavior of Organisms, what we now know as the FI schedule
is described as “periodic reconditioning”, a term clearly linked
to the idea of reflex elicitation and response depletion by non-
reinforcement.

In recent years, FI schedules, and variants such as the
peak procedure (Church et al., 1984; Roberts, 1981) have
been extensively studied and analysed with respect to the
temporal control of behaviour that they produce; that is, the
patterning of responses in time, most strikingly exemplified by
the within-interval pattern of responding on FI, the “scalloped”
or “break and run” pattern found in innumerable studies since
1938 (seeFerster and Skinner, 1957, for literally hundreds of
examples).

Temporal control of behaviour on FI and other sched-
ules with temporal reinforcement periodicities or temporal
constraints has been extensively investigated and a number
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after a long delay, whereas those occurring later are reinforced
much more immediately. This is, of course, true, but presupposes
that the organism can distinguish between responses early and
later in the interval, i.e. it presupposes a mechanism for temporal
control rather than delay of reinforcement being a replacement
for one. However, as we hope to convince the reader in this
article, delay of reinforcement makes much more sense as an
explanation ofresponse rate on FI, given that some mechanism
for temporal control (which we will not discuss in any detail
here) already exists.

1. Response rates on FI

“Response rate” on FI is not a unitary concept, as three
types of rates can be distinguished. Firstly, there is “overall
response rate”, which is the total number of responses on a
given interval or session divided by the duration (usually in min-
utes) of that interval or session. The second type, the “running
rate”, is computed by dividing the number of responses by the
duration of the interval or session minus the duration of the post-
reinforcement pause(s). It thus describes response rates after the
post-reinforcement pause has ended. The third type, “terminal
rate”, is usually computed taking into account only responses
emitted during some late segment of the interval (for example,
the last tenth), just before reinforcer delivery. In a well known
variant of the FI schedule, the peak procedure, “peak rate” (the
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f competing models of the timing of responses on FI
ther schedules exist (e.g.Dragoi et al., 2003; Gibbon
l., 1984; Killeen and Fetterman, 1988; Machado, 1
taddon et al., 2002). In the present article, we will large

eave issues of temporal control (i.e. “when to respon
side, and instead concentrate on Skinner’s original inte

he rate of responding on FI (i.e. “how much to respond
uestions about response rate on FI and related schedules
ompletely neglected, have attracted only a tiny fraction o
xperimental and theoretical analysis that temporal contro
njoyed, with the result that many fundamental issues re
nresolved.

Most of the present article is an exploration of the idea
onsiderable progress in understanding response rate on
chedules can be made using the idea of delay of reinforce
or responses, although it should be acknowledged at the o
hat this idea does not account for all existing data and m
uzzles remain. Some early attempts to account for resp
atterning on FI solely in terms of delay of reinforcement (
ews, 1970) have been severely criticized. The basic argum
as that a delay of reinforcement process could bypass the
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eak just before reinforcer delivery (the “scallop”, for exam
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ate at the peak of the response rate function) can be cons
s very similar to the terminal rate on FI. In the peak proce
Roberts, 1981), most trials of an experimental session proc
s normal discrete-trial FI trials, with trials separated by an i

rial interval, and the start of the interval is signalled by ons
stimulus. However, some trials, the “peak trials” from wh

ata are taken, last much longer than the normal FI trials
erminate without reinforcer delivery, so response rate on
rials can be measured at times both above and below the FI
n force. The response rate versus time function from peak
an be analysed to determine the location and spread of the
f responding, as well as the peak height.

The core of this paper deals with mainly running rates
erminal or peak response rates. However, for simplicity
erm response rate, without additional qualification, will o
e used.

Skinner (1938, Figure 29, p. 120)presented the number
esponses cumulated over 24 one-hour sessions on FI sch
f 3, 6, 9, and 12 min, where a single rat was used at each FI
nd his results, converted into response rates, are drawn
pper part ofFig. 1. Obviously, overall response rates decli
ith increasing FI value, or with decreasing reinforcement
he lower two panels ofFig. 1show data fromSpencer (1978:
ee alsoSpencer, 1981), which are strikingly similar to Skinner
riginal results. The data are averages over four rats of run
ates on FI values ranging from FI 15 to 480 s (seeLowe et
l., 1979, for a report of more data from this experiment). T
entre panel shows an obvious decrease in running rate as
alues became longer, and the lowest panel shows the sam
lotted against the reinforcement rate the FI schedules arra
he shape of the increase is the familiar rectangular hype
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Fig. 1. Upper panel: response rates from four rats (tested separately on FI valu
of 3, 6, 9, and 12 min), plotted against FI value. Centre panel: Averaged data
from four rats tested on FI values ranging from 15 to 480 s. Running rates
(response rate after the termination of the post-reinforcement pause) are plotte
against FI value. Lower panel: the data from the centre panel rearranged to sho
response rate versus programmed reinforcement rate. The function fitted to da
is Herrnstein’s equation (Eq.(1) in the text).

of Herrnstein’s equation (Herrnstein, 1970) which is

R = kr

(r + r0)
(1)

whereR is response rate andr is reinforcement rate, withk and
r0 being constants. The usual interpretation of the parameters is
thatk reflects the maximum response rate of which the animal
is capable in that experimental situation, withr0 representing
the rate of “extraneous” reinforcers, that is, all sources of rein-

forcement present in the experimental situation other than that
provided for the operant response. This equation is shown fit-
ted to the data, with thek, r0, andr2 (proportion of variance
accounted for) parameters shown in the bottom panel. To pro-
vide the fit we used programmed rates of reinforcement, as the
delivered rates of reinforcement the schedules provided were not
available in numerical form inSpencer (1978). Spencer (1981)
also showed that Herrnstein’s equation provided a good fit to
data from individual animals, and he also included examples of
a hyperbolic relation between running rates and reinforcement
rates on FI obtained from pigeons.

2. Acquisition of FI performance and “confinement”

Rate of response on FI is not the only neglected issue con-
cerning this schedule: another is the acquisition of performance,
although this has attracted some interest both in “classical” work
(Ferster and Skinner, 1957; Skinner, 1938), and more recently
in work by Machado and colleagues (Machado, 1997; Machado
and Cevic, 1998). Acquisition of FI performance raises a num-
ber of questions that need to be addressed, andFigs. 2 and 3
show some of them.Fig. 2 shows data from four rats placed
directly on FI 60 s after initial lever press training, with results
coming from an unpublished study conducted at the University

Fig. 2. Data from 12 five-session blocks of acquisition of FI 60 s. Upper panel:
coefficient of variation of fitted Gaussian curve (see text for details). Lower
panel: peak height of fitted curve (peak response rate). Both measures are plotted
against session blocks.
es

d
w
ta
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Fig. 3. Response measures derived fromBlomeley (1984)over 50 sessions (45
sessions for rat L1) of acquisition of responding on mixed-FI 30 s FI 150 s.
Upper panel: Location of peak of Gaussian curve fitted to response rate versu
elapsed time function. Centre panel: standard deviation of fitted curve. Lowe
panel: peak height (peak response rate) of fitted curve.

of Li ège. The response rate versus elapsed time in the interv
functions were fitted by the left-hand-side of a Gaussian curve
(seeLejeune and Wearden, 1991, for examples), with the peak
of the curve being forced at the FI value. Data were collected
from 60 consecutive sessions, andFig. 2shows the coefficient of
variation of the fitted curve (the standard deviation of the curve
divided by the mean: essentially a measure of the distribution
of responding throughout the interval) in the upper panel, and
the peak height of the fitted curve (effectively the terminal rate
just before the time of reinforcement). Two features are obvious
firstly, coefficients of variation declined with increasing train-

ing (initially very rapidly, then more slowly) and secondly, this
decrease in the coefficient of variation (which in effect shows
that the period of responding is becoming shorter with increas-
ing training) is accompanied by an increase in response rate (at
least for three of the four rats shown). We will call this effect
“confinement”: the shorter the period during which responding
occurs on FI, the higher the rate of response at which respond-
ing proceeds. So, for example, early in training the animals
exhibit high coefficients of variation, indicating that respond-
ing is dispersed throughout the interval, and this is associated
with low terminal response rates, whereas later the coefficient
of variation is smaller, and the responding accordingly more
concentrated at the end of the interval, with a higher terminal
rate.

The data inFig. 2 trace only part of the evolution of tem-
poral control and response rate on FI, as the peak of the curve
was forced by the fitting procedure to be at the FI value, but
data inFig. 3 permit us to observe a more complete picture.
The data come from an unpublished study inBlomeley (1984),
which used a method described in more detail inBlomeley et al.
(2004). The schedule used was mixed-FI 30 s FI 150 s, where
the two components were equally likely, so the first response
occurring either 30 or 150 s after the previous reinforcer deliv-
ery was equally likely to be reinforced. At the start of the
interval, nothing signalled to the animal whether the reinforcer
would be scheduled according to FI 30 or 150 s. One difference
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einforcement according to FI 150 s on the other. Data were
ured from the “FI 30 s” lever, but in intervals where the resp
as reinforced according to FI 150 s, so both the ascendin
escending limbs of the response rate versus time function
e observed; seeBlomeley et al. (2004)for some examples o
esponse functions from an experiment with a very similar
edure.

Gaussian curves were fitted to the response rate v
lapsed time in the interval function, and now we can obs

hree indices of performance: the elapsed time when respo
eaks (peak location), the spread of the response rate fu
standard deviation of the curve), and the rate of respondi
he peak location (the peak rate).Fig. 3shows these indices f
our rats: peak location (upper panel), standard deviation (c
anel), and peak height (effectively peak rate, lower panel

It is clear fromFig. 3 that (a) the peak location very quick
entred on a value close to the usual time of reinforcement o
ever (30 s), (b) the period of responding gradually reduced
he whole 50 sessions, initially showing a rapid decrease,

more gradual reduction, and (c) the response rate at the
ncreased steadily over the whole 50 sessions, increasin
old or more in some animals. The correlations between stan
eviation and peak height over the sessions of acquisition s
ere strongly negative for all animals (from−0.75 to−0.93

or individuals). Thus, the data from this experiment also s
confinement”: the shorter the period in which respondin
onfined (indicated by the value of the standard deviation)
igher the rate at which it proceeds.
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The examples above suggest that the animals learn the time
of reinforcement fairly quickly, within a few sessions, in effect
a few hundreds of reinforcer deliveries, but that responding
becomes increasingly confined to elapsed times close to the
time of reinforcement (and this progressive change takes much
longer), with response rate in this increasingly confined period
increasing, sometimes very markedly, as experience with the
schedule accumulates. As mentioned above, the concern of the
present article is more or less exclusively with issues concern-
ing response rate rather than temporal control on FI, so for the
remainder of the work we will try to develop some principled
account of responding on FI.

3. The stone which the builders rejected: delay of
reinforcement

The principle that we shall use for the remainder of the article
is very simple: we assume that response rate on FI is governed
by the average delay of reinforcement for responses during a
response period, although what constitutes a “response period” is
sometimes not completely straightforward, and such responses
can have more than one source of reinforcement, as we will
see later. Given that we use the idea of response periods on
FI, our account is essentially concerned with “running rates”,
that is, responding after the pause has terminated. Running rates
are always higher than overall response rates, but the relation-
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constant reflecting the effects of delay. Whenc is very small,
delays of reinforcement have little effect on responding, whereas
whenc is larger, increasing delay of reinforcement decreases
response rate markedly.

We will use Eq.(2) to provide at least qualitative predictions
of changes in running rate with changes in FI value and some
other variables, but some words of caution are in order. Firstly,
Eq.(2) is only the simplest version of hyperbolic delay equation,
and more complex equations can be used. Secondly, we will gen-
erally keep calculations very simple to illustrate the mechanics
of the model, so we will not usually attempt to fit the actual
running rates obtained in experiments, just the pattern of results
obtained when experimental parameters are changed. Thirdly,
we must admit at the outset that although Eq.(2) performs sur-
prisingly well in some novel situations, there are cases in the
literature which seem to require a more elaborate, or perhaps
completely different, treatment. However, since the theoretical
analysis of response rates on FI has been seriously neglected, a
simple model which makes some initial progress seems a rea-
sonable starting point.

One thing that is obvious from Eq.(2) is that the phenomenon
of “confinement” noted during acquisition (e.g.Figs. 2 and 3) is
immediately predicted. Other things being equal (e.g. constant
A andc values) the shorter the average response period (P) the
higher the running rate produced. This does not depend on the
actual values ofA andc chosen, providing these remain con-
s other
e s
o imals
a edule
v ation
o olute
v ner-
a s (e.g.
L re-
d ied on
F

on
s pan-
e the
d ost-
r ber of
p t be
t the FI
v pause
b
a
a
p ns of
t data
( r
c

re as
t
w 5,
0 alues
o sim-
hip between both rate measures is more complex than
e expected. Whereas high overall rates are always corr

o high running rates, the reverse is not true. Indeed, low ov
ates might be associated with very high running rates if a h
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ause. As a consequence, overall or running rates are only
rately correlated with pause indices, such as the time to th
esponse or the quarter life (time taken to produce the qu
f the total number of responses; seeGollub, 1964; Elsmore
971). Similar conclusions were reached byDukich and Lee
1973) using a mixed-FI schedule. The analysis of the r
ionship between pause indices, overall and running rate
I would require interval-by-interval measures, as it has
een known that the number of responses per interval as w

he duration of the post-reinforcement pause can vary con
bly in absolute value from one interval to the next (for exam
ews, 1970, Figs. 2–7, p. 55;Mechner et al., 1963; Shull, 197,
ig. 1, p. 228). However, rat data fromGollub (1964)suggeste

hat the moderate correlations between overall rates and the
er life hold both for session-by-session (Table 3, p. 342)
ndividual interval analyses (Table 2, p. 339).

To model delay of reinforcement effects we will use a sim
ersion of Mazur’s hyperbolic delay equation (Mazur, 1987):
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(2)

ere,R is response “strength” (which is assumed to be tr
ormed in some very simple way into response rate),P, the
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tant across conditions which are compared, unlike some
ffects to be discussed later.Figs. 2 and 3showed example
f progressively shorter response periods occurring as an
cquired temporal control on FI schedules, where the sch
alue remained constant. Another way of changing the dur
f the response period on FI is, obviously, to change the abs
alue of the schedule itself. Now, longer FI values will ge
te longer response periods even in steady-state condition
owe et al., 1979), so the principle of confinement should p
ict changes in response rate as schedule values are var
I.

How does Eq.(2) perform as an account of running rate
imple FI schedules, effects like the results shown in the
ls of Fig. 1? To determine this, we need first to calculate
uration of the response period on FI (the “run” after the p
einforcement pause has terminated), and there are a num
ossibilities. One suggestion for simple FI schedules migh

o assume that the response period was determined by
alue minus the post-reinforcement pause, with the mean
eing a power function of the FI value (pause =atb), wherea
ndb are constants andt is the FI value (as found byLowe et
l., 1979). Typical values might bea = 1.5 andb = 0.8, which
roduces response periods which are increasing proportio

he FI value as this increases, the usual result found in
Lowe et al., 1979), and we will initially use these for ou
alculations.

Fig. 4 shows response “strength” on FI (expressed he
he percent of maximum running rate) determined by Eq.(2). A
as kept constant at 100, andc was varied over values of 0.2
.125, and 0.0625. Response strengths are shown for FI v
f from 15 to 480 s, converted into reinforcers per hour. For
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Fig. 4. Upper panel: simulated response strengths based on Eq.(2), plotted
against the rate of reinforcement delivered by the FI schedule, assuming powe
function post-reinforcement pause. Centre panel: the same results as the upp
panel, but with Herrnstein’s equation fitted. Bottom panel: simulated response
strengths based on Eq.(2) (symbols), assuming post-reinforcement pause pro-
portional to interval length. Lines show fits of Herrnstein’s equation.

plicity we assume that the programmed rates of reinforcemen
accurately reflect the obtained rates. The upper panel shows ca
culated response strengths assuming a power function paus
Obviously, response strengths increased with rate of reinforce
ment, and were generally higher when the effects of delay o
reinforcement were smaller. The response strength versus rei
forcement rate functions had a curved, apparently hyperbolic
shape, and the centre panel ofFig. 4 shows Herrnstein’s equa-
tion (Eq. (1): dashed lines) fitted to the simulated results. It
is clear on inspection of the figure that the response strength
calculated using a power function for post-reinforcement pause
and Eq.(2) to determine output produced results which obeyed
Herrnstein’s equation, and in fact the smallestr2 value for the
fits in the lower panel ofFig. 4 was 0.997. The bottom panel
shows simulated strengths (symbols), and fits of Herrnstein’s
equation (lines), derived from a simulation where it is assumed
that the pause is always two-third of the interval duration. Once
again, response strength plotted against reinforcement rate ha

a hyperbolic shape, and was well fitted by Herrnstein’s equation
(r2 > 0.999).

The idea that average delay to reinforcement on FI is an
important determinant of response strength on this schedule,
and that the effects of delay are mediated by a hyperbolic delay
function like Eq.(2) thus gives a goodprima facie account of
running rate on simple FI schedules. Not only should longer
FI values (which generate longer response periods) give rise
to lower running rates, but the form of the running rate versus
reinforcement rate function is predicted to be indistinguishable
from that required by Herrnstein’s equation, which data suggest
that it is (e.g.Spencer, 1981). Note that the current treatment
always predicts that increasing the FI value should decrease
running rate, providing thatA andc are kept constant. It is not
necessary to assume that the response period is an increasing
proportion of the FI as the FI value increases (i.e. assuming
a power function pause); simple proportionality between the
response period and FI value will also generate increasing run-
ning rates when FI duration decreases (bottom panel ofFig. 4).
As long as the response period increases in some ordinal way as
the FI value increases, running rates will decrease as the FI value
grows. Eq.(2) thus always generates running rates on simple FI
schedules which obey the principle that higher rates of reinforce-
ment generate higher rates of response, as is obvious from its
structure.
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On a mixed-FI schedule with two equiprobable compone
esponses are reinforced according to either FIS or FI L
where S < L), with only one schedule being in force in a
nterval. At the start of the interval, nothing signals to
nimal which schedule is operative.Whitaker et al. (2003
eported an extensive study of the performance of rat
ixed-FI schedules with two equiprobable components

rom the point of view of temporal control, many of their res
ollowed commonsense. For example, consider mixed-FI
I 240 s, with data coming from the 240 s interval. What m
e expected? The animals have learned that reinforcer
ither delivered for responses at around 30 or 240 s, but
ther elapsed times in the interval, so a clear prediction is
esponding increases from zero or low rates early in the int
o a peak around 30 s, which might be followed by a dec
hen a further rise in responding towards a second peak at
his is exactly the pattern of results obtained (Whitaker et al.
003, Fig. 1) and, in general, whenS andL are not “too clos

ogether” (i.e. anL:S ratio of 3:1 or 4:1) two peaks in respondi
re observed in data, one close toS, the other atL. Whitaker e
l.’s article contained data from many other conditions, as
s extensive discussion of the implications of the data for
ries of temporal control, but we will not describe these fur
ere.

The data from mixed-FI schedules were usually well-fi
y the sum of two Gaussian curves, one with a peak closeS,

he other peaking atL, but how much did the animals respo
t S andL? Now, a commonsense answer to this question

he data much less well. The obvious expectation would be
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peak rates (e.g. peak height of fitted curves) would be higher for
S than forL, as theS schedule is associated with a higher rate
of reinforcement thanL, but this was not always found, even
whenS andL were very different. In Whitaker et al.’s Fig. 1,
for example, data are shown from mixed-FI 30 s FI 240 s, and
the peak heights of the Gaussian curves (i.e. peak rates at 30
and 240 s) were very similar when data were averaged over four
rats. Data from individual rats (shown in Whitaker et al.’s Fig. 2)
presented a more complex picture. One rat showed a response
peak at around 30 s that was much higher than at 240 s, two
rats had peaks that were about equal in height, and a final rat
had a higher peak rate at 240 s than 30 s. This latter result, in
particular, seems to violate the principle that schedules associ-
ated with higher rates of reinforcement produce higher rates of
response.

In general, in much of the data inWhitaker et al. (2003)the
peak rates atS andL were often much more similar than the
values ofS andL might suggest they would be. On simple FI
schedules, higher running rates atL thanS are mathematically
forbidden by our Eq.(2), providing that the response period in
L is longer than that inS, which we will assume it always is,
and there is little evidence that such “reversals” occur except
by chance (e.g. the presentFig. 1). Why do mixed-FI schedules
provide instances of similarity of peak rates atS andL, or even
“reversals” of the expected pattern of rates?

To illustrate a possible explanation using Eq.(2), we will
s tion
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Fig. 5. Ratio of response strengths calculated from Eq.(2), for response periods
on the separate components of mixed-FI 30 s FI 240 s. Results are shown as a
function of the delay effect parameter (c in Eq.(2)).

Note that smaller values imply less sensitivity to the effects of
delay.Fig. 5 shows the ratio of the “response strengths” at 30
and 240 s as a function ofc: here values greater than 1 mean
higher peak rates at 30 s, values less than 1, higher peak rates at
240 s.

It is obvious on inspection ofFig. 5 that the “strength” ratio
depends strongly onc: high sensitivity to delay will produce
higher rates at 30 s than 240 s, whereas smallerc values make
rates much more similar (i.e. closer to a ratio of 1.0), and “rever-
sals” are even possible (i.e. higher rates at 240 s than 30 s), when
c is very small. Thus, our treatment of response rate using Eq.
(2), while forbidding “reversals” on simple FI schedules, per-
mits them on mixed-FI schedules, and in general is consistent
with the result that the response rates at the times of reinforce-
ment of the two components of the mixed-FI schedule are more
similar than might be expected from the rates of reinforcement
associated with each schedule alone.

The present account is “permissive” but not completely “pre-
dictive”: it allows a range of possible outcomes for response
rates on mixed-FI schedules but exactly which result is obtained
in any particular case depends on the individual animal’s sensi-
tivity to delay (and the way that response “strength” is translated
into observed response rate), which is unknown.

What happens to response rates in data when one of the com-
ponents of the mixed-FI schedule is kept constant and the other
varied, and what does the delay of reinforcement approach pre-
d
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t
F s pro-
d
w rest
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i t
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implify the calculations by assuming a simple linear rela
etween response period and FI value, namely that the a
lways responds for one-third of the FI value. Consider the
f mixed-FI 30 s FI 240 s. The average response period

hese two schedules are 5 and 40 s (both 0.5 of 1/3 of th
alue), but an additional consideration is that the response p
ssociated with the FI 30 s schedule is reinforced “immedia
i.e. according to FI 30 s) only on half the intervals, while be
einforced after a much longer delay on the other half (i.e.
− S, 240− 30 = 210 s plus half the response period, 5 s).

esponse period associated with FIL is, on the other hand, alwa
immediately” reinforced (i.e. according to FI 240 s) if it occu
f it does not occur (i.e. the interval is one in which the reinfo
s arranged according to FI 30 s), then the “strength” of the
esponse period is unaffected because the interval ends af
I 30 s reinforcer has been dispensed. This effect tends by

o “bias” responding towards the longer FI, but there is als
ffect of the delay sensitivity parameter,c in Eq.(2).

To calculate the response strengths at FI 30 and 240
sed a modification of Eq.(2). The “immediate reinforcemen
ffect at FI 30 s assumes an average delay of 5 s. The “de
einforcement” of the response period around FI 30 s is ass
o occur after 215 s, (i.e. delayed byL − S plus 5 s). These two
ources of strength add together, but the total must be divid
, to take account of the fact that responding according to F

s “immediately reinforced” on half the intervals, and reinfor
fter a delay on the other half. The response strength at
as calculated using a 40 s average delay (i.e. half the pres

esponse period), but responding at this time was always “im
iately reinforced”. To conduct the calculations,A in Eq.(2)was
ept at 100, andc was varied between values of 0.25 and 0.0
e
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ict in these circumstances? The upper panel ofFig. 6 shows
ome results fromWhitaker et al. (2003), Experiment 3a.

In this experiment the short component (S) of a 2-valued
ixed-FI was kept at 30 s, and the longer component (L) varied
cross conditions over values of 45, 60, 120, and 240 s. In

ion of the averaged data from four rats (Whitaker et al., 2003,
ig. 5, p. 285) shows that only the 60, 120, and 240 s case
uced two distinct response peaks (one nearS and one atL), so
e will take data from these conditions. The focus of inte
ere is the ratio of the peak heights atS and atL, asL was var-

ed. The upper panel ofFig. 6 shows that theS/L peak heigh
atio increased asL increased: in other words, the height aS
ecame relatively greater than the height atL asL increased. A
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Fig. 6. Upper panel: ratios of peak heights (height at shorter FI/height at longer
FI) fromWhitaker et al. (2003), Experiment 3a. FIS was always 30 s, and results
from FI L values of 60, 120, and 240 s are shown. One data point is omitted (see
text for details). Symbols show data from individual rats and the line the average.
Lower panel: relative response strengths (S/L) from the delay of reinforcement
model with FIS of 30 s, and FIL varied over values of 60, 120, and 240 s. The
delay effect parameter,c, was varied over values of 0.25, 0.125, and 0.0625.

data point from rat 26 at mixed-FI 30 s FI 240 s was omitted as
the ratio produced (8.27) was abnormally large. It did, however,
fit the general trend shown inFig. 6. The upper panel ofFig. 6
also shows the average of the four rats, and on average the peak
height ratio went from less than 1.0 (i.e. a “reversal”, a peak
height greater atL thanS) whenL was 60 s, to a greater peak
height atS whenL was 120 and 240 s.

The delay of reinforcement model was used to simulate these
conditions, by calculating the response strengths atS and L,
using three different delay effect parameters (c in Eq. (2)), and
the results are shown in the bottom panel ofFig. 6. The response
strength ratio increased asL increased, from a value below 1.0
whenL was 60 s to values considerably above 1.0 whenL was
240 s, thus mirroring exactly the pattern of results shown in the
data.

Overall, therefore, on 2-valued mixed-FI schedules with
equally probable components, the delay of reinforcement model
captures some of the complexity of the response rate data
obtained. Peak heights can be equal, lower, or higher atL than
S, even whenS andL are very different, and changes in the rel-
ative value ofS andL appears to change peak heights in a way
consistent with the model (e.g.Fig. 6).

Fig. 7. Response strengths for the separate components of mixed-FI 30 s (filled
circles) FI 60 s (unfilled circles), as the probability of reinforcement according to
the two components is varied. Results are shown plotted against the probability
of reinforcement according to FI 30 s.

5. Probability of reinforcement on mixed-FI schedules

Two-valued mixed-FI schedules allow potential separation
of factors relating to temporal control (i.e. at which elapsed
times since food responses are reinforced) from those relating
to response rate (such as probability of reinforcement at these
times). For example, on some mixed-FI schedule FIS FI L, the
probability of reinforcement for responses atS and L can be
manipulated whenS and L remain constant.Whitaker (1979)
conducted a series of experiments of this sort, and the upper
panel ofFig. 7 shows some data from one of his conditions.
The schedule used was mixed-FI 30 s FI 60 s, with data coming
from the FI 60 s intervals, collected into 6 s bins. The response
rate data are terminal rates, i.e. rates from the bins just before
30 s and just before 60 s, and the probability of reinforcement
for responses at 30 s was varied over values of 0 (i.e. FI 60 s),
0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 (i.e. simple FI 30 s). The proba-
bility of reinforcement according to FI 60 s was just 1 minus the
probability at FI 30 s.

The striking feature of the behaviour obtained was that termi-
nal rates at around 30 s were markedly affected by the probability
of reinforcement according to FI 30 s, increasing with increasing
reinforcement probability at FI 30 s, whereas terminal rates at
around 60 s remained roughly constant. We used the same logic
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as for equiprobable two-valued mixed-FI schedules, discussed
above, to simulate this case, with the response period at FI 30 s
being affected by both “immediate” and “delayed” reinforce-
ment, with the probability of each depending on the probability
of reinforcement at FI 30 s, with the FI 60 s response period being
only reinforced “immediately”. The lower panel ofFig. 7shows
that this calculation produced results in striking qualitative corre-
spondence with the data: response “strength” at FI 30 s increased
systematically with increasing reinforcement probability at this
value (as the “immediate” reinforcement effect became stronger
and stronger), whereas responding at FI 60 s was unaffected.

We should acknowledge, however, that some data inWhitaker
(1979)did not show the effect of constant terminal rate at the
longer FI component when the probability of reinforcement
according to the shorter FI was varied, but the data inFig. 7,
and the delay model calculation, are also in accord with some
earlier data from mixed-FI schedules, such as those collected
by Catania and Reynolds (1968)who likewise found that vary-
ing the probability of reinforcement according to FIS markedly
affected responding aroundS, but had much less of an effect
aroundL.

6. Discussion

The present article is intended to provide a brief exploration
of the simple idea that the response rate on simple and mixed-
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period. However, given that response rates on FI and mixed-
FI schedules have received only sketchy theoretical treatment
up until now, a simple model seemed to us the best starting
point.

Although the issue of response rate on FI schedules has been
neglected compared with questions related to temporal con-
trol, the neglect has not been absolute, and work byMachado
(1997)and the “packet theory” ofKirkpatrick (2002)have both
attempted to deal with some aspects of response rate. Machado’s
theory is radically different from our account in many ways,
but the difference that we want to emphasize here is that we
presume that temporal control and response rate on FI are
determined by different mechanisms, whereas in Machado’s
account a common process generates both.Machado (1997)
presumes that timing on FI is the result of a series of succes-
sive “states” (perhaps identified with adjunctive behaviours, as
in Killeen and Fetterman, 1988, although this is not always
clear) each of which can become associated with the operant
response if the response is reinforced when the state is active.
So, for example, on a simple FI schedule, states that occur
at the time of reinforcer delivery become associated with the
response, and those occurring earlier have any association with
the response that they might have had gradually extinguished.
This theory thus correctly predicts an increasing tendency to
respond as time in the interval passes, as is observed in data.
Machado’s model can also deal with responding on mixed-FI
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ccur on the schedules. This simple idea has some striking
esses: it predicts the “confinement” effect that occurs du
cquisition of FI, it accounts for increases in response rate
einforcement rate on simple FI schedules, and even pre
he correct form for this increase, it forbids “reversals” of
ffects on simple FI but permits them on mixed-FI sched
nd also qualitatively fits some data on effects of varying
elative values of the two components making up the mixe
chedule, and changes in reinforcement probability on mixe
chedules.

On the other hand, there are some data from mixe
chedules that the model cannot deal with, and a more
ral problem is that of deriving exact response rates from
esponse strength measures that the model generates. A
irect multiplication by some scaling constant is one obv
ossibility, but there are other more complex potential tran
ations, which are not dealt with here. In addition, the m
as some simplifying features which are almost certainly
imple. For one thing it uses a very simple version of hy
olic reinforcement delay (Eq.(2)), and for another it assum

hat the average delay of reinforcement for responses d
ome response period is always half the length of the resp
eriod. This latter assumption is tantamount to assuming th

ocal rate of response during a response period is constan
“break and run” pattern of responding), whereas if resp
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chedules, as states active at the time ofS and the time ofL
oth become associated with the operant. However, states
earS have their associations sometimes strengthened (
einforcement is delivered according to FIS) and sometime
eakened (when reinforcement is delivered according to FL),
ecause responding at or nearS is not reinforced on this so
f trial. The result of this is that states active atS have thei
ssociation with the reinforcer partially extinguished, whe
tates active nearL never have their associations weakened.
eads to the prediction that response rates arealways higher
t L than atS, a violation of the usual result that schedu
ssociated with higher rates of reinforcement generate h
ates of response. Although higher rates atL than S, what
e have called “reversals”, can be observed in data, the

ess common than higher rates atS thanL, or similar rates a
oth, and our account allows all these possibilities. Macha
odel can also deal with acquisition of FI responding
lsoMachado and Cevic, 1998), and the increasing associat
f certain states with the operant response as acquisition
resses may also predict the phenomenon which we have
confinement”.

An even more recent account of animal performance o
nd other schedules, the “Packet theory” of Kirkpatrick
hurch (Kirkpatrick, 2002; Kirkpatrick and Church, 2003) also
eals with some aspects of response rate on FI-like sche
acket theory assumes that responses emitted by animals

n “packets”, which are periods containing a group of respon
sually separated from other packets (although packets can

ap, giving the impression of a continuous period of respond
oth the probability of emission of a packet of responses a
articular time, and the “contents” of the packet (i.e. the num
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and rate of response contained), can vary according to experi-
mental contingencies. Packet theory has a very wide application
(see, for example,Kirkpatrick and Church, 2004) and has many
aspects that are not relevant to our discussion here.

Packet theory provides an account of both temporal control
and response rate. On a schedule like FI (in fact, most operant
work using packet theory uses a magazine-entry response and
response-independent fixed-time [FT] schedules, but for sim-
plicity we will assume here that these conditions are closely
analogous to FI), the probability of emission of a packet is
controlled by the average conditional expected time to reinforce-
ment which is translated into an expectation of reinforcement at
any time in the interval,t. To useKirkpatrick’s (2002, p. 93)
own example, on FI 90 s the expected time to food is 90 s at the
start, 89 s after 1 s, and so on, so expectancy increases linearly as
time in the interval elapses. This expectancy controls the proba-
bility of emission of a packet, so one prediction is that response
rate increases with increasing elapsed time in the FI, whereas
it remains constant over time (as the expectation of food over
time is constant) on an aperiodic schedule like a random-interval
schedule.

To simulate response rates, a number of additional assump-
tions can be made. One is that the number of packets per interval
is on average constant, whatever its length, so packet theory
naturally produces the effect of decreasing response rates with
increasing interval length (Kirkpatrick and Church, 2003, p. 13),
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mixed-FI schedule has passed, however, then expected time to
reinforcement may give a good account of the general features
of response emission as response rate would increase on average
as time passed, towards a peak at the longer of the two FI values,
as is found in data. It also appears that varying the probability of
reinforcement for the different components of a 2-valued mixed-
FI schedule produces results that packet theory cannot deal with
without modification, as this manipulation changes the average
expected time of reinforcement, so should change the pattern of
temporal control observed, whereas the data show peaks at the
two FI values, with changes in the peak heights (but not peak
location) when reinforcement probability changes, at least for
the shorter interval (see ourFig. 7, for example). Packet theory
may also have difficulty predicting the response rates occurring
at the times of the two FI values in the mixed-FI schedule,
particularly the “reversals” (i.e. higher rate atL thanS) which do
occur in data, as presumably a principle like that of keeping the
number of packets in an interval constant never allows higher
rates of response on schedules associated with lower rates of
reinforcement.

Although we have drawn attention to apparent difficulties of
packet theory with some of the data we discuss in the present
article, we readily admit that modifications of the theory might
overcome most of these apparent problems. For example, on
mixed-FI schedules, the two components might be timed sep-
arately, rather than giving rise to an average expected time to
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esponse rate on FT schedules ranging from FT 45 to
irkpatrick (2002, p. 97)kept the number of packets per inter
onstant, but also varied another parameter (the probabil
ring a reactive packet), which is apparently related to resp
ate, so it is unclear whether both parameters need to be ad
o simulate real response rates.

Although packet theory can deal with response rate o
t is less clear that it can deal with the phenomenon which
all confinement. OurFig. 3suggests that rats learn the time
einforcement very quickly, thus their expected times to r
orcement as the interval elapsed would presumably be s
rom the early sessions of training. Nevertheless, as the res
eriod decreases, response rate increases. The decreas
uration of the response period has a natural explanation
ssume that some threshold for initiating responses bec
tricter as training proceeds, and this shortening of the res
eriod inflates response rate by our delay of reinforcement m
nism.

Data from mixed-FI schedules also appear to provide
ulties for packet theory, at least in its simple form. Cons
or example mixed-FI 30 s FI 240 s, where the two compon
re equiprobable. At the start of any interval the average
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einforcement, and the “decision” component of the packet
ry model might be used to deal better with the phenomen
onfinement.

. Conclusions

The present article had two general aims. One wa
raw attention to some potentially interesting, and relati
eglected, problems concerning response rate on FI and r
chedules. Another was to explore the idea that the use
imple principle, that of average delay of reinforcement
esponses occurring during the response periods that
chedules generate, can make some progress in underst
t least some of these phenomena. Among our successe

he prediction of the Herrnstein’s equation relation for resp
ng on FI, “confinement”, and some aspects of respon
n mixed-FI schedules, particularly allowing “reversals”
esponse rate to occur, and predictions of some of the e
f reinforcement probability on mixed-FI. In our treatment,
ave ignored questions of temporal control and concent
xclusively on response rate (the reverse of the SET po
hich deals with temporal control but not rate), whereas s
ther recent accounts (likeLearning to Time, Machado, 1997,
nd packet theory [Kirkpatrick, 2002]) provide integrate
ccounts of temporal control and response rate. Whatev
ltimate outcome of debates between the different theor
odels developed to study animal timing, our article
ave been successful if it stimulates some interest in
roblem which so occupied Skinner in 1938, that of how
nderstand the rate of responding that occurs on FI schedu
einforcement.
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