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Rapid demand curves for behavioral economics

THOMAS G. RASLEAR, RICHARD A. BAUMAN, STEVEN R. HURSH,
DAVID SHURTLEFF, and LAURENCE SIMMONS

Walter Reed Army Institute of Research, Washington, D.C.

A method for determining the relationship between food consumption and the price of food(de
mand function) in behavioral economic experiments is described. Although previous methods have
generally required as long as 40 days, the present method can generate a complete demand func
tion within 7 days, and therefore may be more suitable for use in the evaluation of drugs, toxins,
and physiological/anatomical interventions. Moreover, measures of circadian rhythmicity, post
reinforcement pause durations, and interresponse times can also be generated. Three experiments
tested the stability of the method in a variety of procedural manipulations: repeated exposure
to the procedure, increasing versus random daily food price, and size of daily changes in food
price. The procedure generated demand functions that were similar to those that require more
extended testing, and the demand functions were not generally affected by procedural manipula
tions. Body weight, which can also affect consumption, generally decreases with increases in the
price of food; so this variable should be recorded and used as a covariate in analyzing demand
functions. With the exception of circadian rhythmicity, the other measures were stable across
procedural variations and showed expected changes as a function of foodprice: postreinforcement
pause durations increased as price increased, but interresponse times did not.

Recently a great deal of interest has focused on the ap
plication of economic principles to the analysis of be
havioral data generated by animal subjects (Allison, 1983;
Hursh, 1980, 1984). A primary task for such an analysis
is the generation of a function that relates the price of a
commodity (e.g., the number of responses required to ob
tain a 45-mg food pellet) to the quantity of the commodity
that is consumed. Functions that relate quantity consumed
to price are known in economics as demand curves, and
Figure 1 illustrates the features of demand curves that are
commonly seen in the behavioral literature. Assume that
the subjects earn all of their food within the experimental
apparatus by performing a specified response, and that
the delivery of food pellets is contingent upon produc
tion of a fixed number of responses (i.e., a fixed ratio,
or FR, schedule of reinforcement). Price (P), then, is
measured in responses per pellet, as indicated along the
abscissa of Figure 1. The quantity consumed (Q), mea
sured in pellets of food, is plotted on the ordinate. Note
that the ordinate and abscissa are both logarithmic. A de
mand curve, such as A in Figure 1, is generated by chang
ing the price of the commodity and measuring the quan
tity of the commodity that is then consumed. Demand
elasticity is defined as the percentage change in consump-
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tion per percentage change in price (%i1Q/%M7). In dou
ble logarithmic plots, the slope of the demand curve can
be directly read as elasticity. Unit elasticity is depicted
in curve B, since a 1% change in price produces a 1%
change in consumption (i.e., slope = -1). Inelastic de
mand is illustrated in curve A, since the slope of the curve
is > - 1, and elastic demand (slope < - 1) is illustrated
in curve C (consult Hursh, 1980, for details).

The analysis of demand curves can reveal fundamental
information concerning the economic conditions of an ex
periment (see Hursh, 1984). For instance, the relative ele
vation in quantity consumed at the origin (intensity of de
mand) appears to vary with changes in such
••motivational" variables as level of deprivation and mag
nitude of reinforcement, whereas changes in elasticity of
demand are associated with the nature of the commodity
being worked for, the species of the consumer, the avail
ability of substitutes, and the economic context of the ex
periment (i.e., open vs. closed economy; see Bauman,
Raslear, Hursh, Shurtleff, & Simmons, 1986; Elsmore,
Fletcher, Conrad, & Sodetz, 1980; Hursh, 1980, 1984;
Hursh & Natelson, 1981).

Given the wide variety of variables that appear to af
fect demand curves, our lab has begun to explore the sug
gestion raised by Hursh (1984) that behavioral economics
might provide a useful tool for the evaluation of drugs,
toxicants, and physiological/anatomical interventions. A
major obstacle, however, is the fact that the generation
of a demand curve typically requires a relatively long
period of time. For instance, the original method described
by Hursh required 5 to 6 months to generate a function
with 5 points, and a faster method reduced this to only
40 days. However, if several levels of a treatment are to
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Figure I. Three plots of quantity consumed (Q) as a function of
price (P) in 101-101 coordinates. The slopes of the functions show
the percentage change in consumption per percentage change in
price, which is defined as demand elasticity. Unit elasticity (slope
= -I) is depicted in curve B since a 1~ change in price produces
a 1~ change in consumption. Inelastic demand is illustrated in
curve A (slope > -I), and eIlL'ltic demaDd (slope < -I) isillustrated
in curve C.
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Apparatus
Behavioralmeasurements were conducted in six modified hang

ing wire cages (Wahmann Co., Baltimore, MD). Each cage was
24.1 cm long, 20.3 em wide, and 18.4 em deep. A single response
lever, water bottle, and food magazinewere mountedon the front
of each cage. The response lever was 5.1 cm long, 1.3 cm wide,
and extended 1.3 cm into the cage. The lever and food magazine
were mounted 3 cm apart on the center of the cage front, 5.1 ern
above the floor. The water bottle spout extended into the cage at
the level of the magazine and lever on the same side of the cage
as the magazine,4 cm from it. Food pellet dispensers (Gerbrands,
Model G5100)were mounted aboveeach cage. These delivered45
mg food pellets (Bio-Serv, Frenchtown, NJ) whenever a specified
number of responses was made on the associated lever. The food
pellets were the only source of food available to the rats during
the experiment.

When applied to the lever, a force equivalent to 27 g caused a
microswitch mounted on the lever to close, and this defined a
response. Responseswere sensed by a PDP-8/e computer (Digital
Equipment Co.) that was located outside the experimental cham
ber. The computer operated the pellet dispensers and recorded
responses, the time of day at which responses occurred, and the
time between successive responses.

The experimental chamber was a shieldedroom (ShieldtronInc.,
Moorestown, NJ), 2.3 m high, 2.4 m wide, and 5.4 m long, that
containedthe cage rack on which the experimentaland other cages
were hung, as well as several other piecesof equipment. Tempera
ture in the room was maintained at approximately210 C, and the
relative humiditywas 50%. A 12:12-hlight-dark cycle was main
tained in the room (lights on at 0600 h, off at 1800 h).

be given (e.g., to evaluatedose-response relationships),
or if replications are needed, even a 4O-day period is too
time-eonsuming to be practical.

This paper describes a method for generating demand
curves within 7 days. In additionto providing the neces
sary data for an economic analysis, the method is capa
ble of providing information about circadian rhythmic
ity, postreinforcement pause (PRP) durations, and
interresponse times (lRTs). Three experiments are
reported that demonstrate the stability of the procedure
over time, and the invariance of the demandcurve under
noneconomic procedural manipulations. In Experiment 1,
stability over timeof thevarious measures of performance
was examined by treating the animals as if they were in
an ABBA experimental design. Since the treatment con
ditions, A and B, are identical, differences in performance
that are due either to "treatment" effects or to the se
quence of exposure should reflect upon the procedure's
stability over time. In Experiment 2, the effect on per
formance measures of progressive dailyincreases in price
versus random daily changes in price was examined. Fi
nally, in Experiment 3, the effect of the size of daily
changes in price was examined.

GENERAL MEmOD

Subjects
All subjects were male albino Sprague-Dawley derived rats,

90-120 days old, from the Walter Reed colony. All animals were
experimentally naive.Prior to theexperiment, the rats were individu
ally housed, for 7 to 14days, in rack-mountedhanging wire cages
in the same room in which the experiment was conducted.

Procedure
The rats were acclimated to the experimental chamber and the

light-dark cycle for a minimumof I week prior to use. At the be
ginning of the experiment, the rats were placed in theexperimen
tal cages wherethey remaineduntil the end of the experiment. Dur
ing that periodof time, all foodwasobtained by leverpresses, which
allowed for computer monitoring of (I) daily activity patterns
(responses andfoodpelletsdelivered during thelightand dark phases
of the light-dark cycle), (2) the latency of the first response fol
lowing a food pellet delivery (that is, the PRP), and (3) the time
betweensuccessiveleverpresses (that is, the IRT), exclusiveof the
PRP. Each rat was weighed daily between 1000 and 1200 h.

The number of responses required to obtain a single food pellet
(FR) was changed at 0600 h each day for the duration of the ex
periment (generally 7 days). The first FR in each experiment was
always 1.0. This was done to give the rats theopportunity to ac
quire the lever response. Data generated from this first FR was not
used, in order to allow for individual differencesin learningto bar
press. Each FR schedule was continuously available throughout a
24-h period.

Data Analysis
Demand curves, plots of food consumed (pellets) as a function

of the price of food (FR), were constructedfrom 24-h pelletcounts
at each FR value.

For subsequentcomputeranalysis, PRPsand IRTs were accumu
lated for each 24-h period in 3.0- and O.l-sec bins, respectively.
PRPs were not included in IRT distributions. For use in generat
ing plots and statistical analyses, mediansand interquanile ranges
of each measure were then determined for each rat. These mea
sures are intended to provide an index of the integrity of motor
response function (see General Discussion).

The number of food pelletsobtained in the light and the dark was
also monitored for each rat in order to provide an index of circa
dian rhythmicity. The measure used was the proponion of pellets
obtained in the dark (pellets obtained in dark/total pellets).
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Statistical analyses were conducted using theSAS (SAS Institute
Inc., 1985) and BMDP statistical packages (Dixon, 1981). Unless
otherwise specified, all analyses were repeated measures analyses
ofvariance (ANOVAs). Sphericity tests were routinely performed
on thedata by theBMDP program (PlY), and, in those caseswhere
sphericity was violated, we report the tail probabilities calculated
from the Greenhouse-Geisser adjustment to degrees of freedom.
For reliable effects (p < .05), a measure of effect strength (propor
tion of variance accounted for, w', see Hays, 1963)was also cal
culated.

EXPERIMENT I

A major procedural concern for any rapid behavioral
methodology is whether the data is representative of per
formance in a similar task when longer periods of time
are allowed for stabilization of the behavior. The first ex
periment addresses this issue by examining performance
in the procedure over a 28-day period. During that period,
the basic procedure was repeated four times so that
changes due to experience with the procedure (e.g., se
quential effects, practice effects, etc.) could be detected.
Four replications were performed so that the data could
be examined as if an ABBA (A = baseline, B = treat
ment) experimental design were in use.

Method
The subjects (6 rats) and the apparatus were as described in

General Methods.
At the beginning of the experiment, the rats were placed in the

experimental cages, where they remained for thenext 28 days. Over
the 28 days of the experiment, the number of responses required
to obtain a single food pellet (i.e., the FR) was changed each day
by repeating the following sequence of FRs four times: I, 1, 15,
45,90, ISO, 360. Data from the first FR 1 in each replication was
not used.

Results
Figure 2A presents the mean total pellets consumed as

a function of price (FR) for the four replications of the
FR series. Unlike the curves in Figure 1, the functions
depicted in Figure 2A are demand curves of a "mixed"

type (i.e., elasticity or slope varies as a function of price).
Although the functions for each replication overlap con
siderably, there is some indication that consumption in
creased as the animals were repeatedly exposed to the FR
series. Analysis of the demand functions indicated that
there were significant effects ofFR [F(5,25) = 71.5, p =
.0000, w2 = .25], and of the interaction oftreatments and
replications [F(l,5) = 12.78, p = .0159, w2 = .012].
The strong effect of variations in price on consumption
are, of course, expected. The reliable treatment x repli
cations effect indicates that some systematic change has
occurred across the four replications of the FR series, but
it should be noted that this effect, as indicated by w2

, is
relatively weak. Since young animals were used, it is pos
sible that systematic weight gains over a 28-day period
could have occurred, and such weight gains would corre
late with increases in consumption.

Figure 2B presents the mean body weights of the rats
for the 28 days of the experiment, and here it is obvious
that body weight changed as a function of time in the ex
periment. Analysis indicated that there were significant
effects of the treatments [Weeks I and 4 vs. Weeks 2 and
3, F(l,5) = 23.64,p = .0046, w2 = .00004], of the repli
cations [Weeks 1 and 2 vs. Weeks 3 and 4, F(l,5) =
39.95,p = .0015,w2 = .0028], of the treatments x repli
cations interaction [F(l,5) = 15.5, p = .011, w2 =
.00026], and of the treatments x replications x FR in
teraction [F(5,25) = 5.23,p = .037, w> = .00012]. These
factors, although reliable, are not strongly predictive of
changes in body weight.

As noted above, since increases in body weight corre
late strongly with increases in consumption, it is possible
that the changes in consumption seen in Figure 2A can
be attributed to changes in body weight. This possibility
was statistically assessed by correlating food consump
tion and body weight across experimental conditions.
Although the correlation was statistically reliable [r =
0.2423; F(l, 142) = 8.86, p = .0034], the coefficient of
determination (") indicated that only 5.87% of the vari
ance in consumption could be accounted for by body
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Figure 2. Panel A: Mean total pellets conswned as a function of the fixed ratio (price)
over four successive repetitionsof the procedurein a simulated ABBA desigo. Panel B:
Mean body weight in gramsas a function of the fixed ratio in the simulated ABBAdfsigo.



DEMAND CURVES FOR BEHVIORAL ECONOMICS 333

A B

100

• Al
~81

• A2
• 82

100
o Al
~ 81
• A2
• 82

en
c
z
§ 10
en

10 100

FIXED RATIO

10 100

FIXED RATIO

1000

Figure 3. Panel A: Mean median postreiDIon:emeat pause as a function of the fixed
ratio in the simulated ABBA design. Panel B: Mean interquartile I'lUIge of the postrein
forcement pause as a function of the fixed ratio in the simulated ABBA design.

weight. Clearly, then, of the factors that potentially con
trol changes in food consumption, the FR is the strong
est, accounting for 25 % of the variance in pellet con
sumption.

Figure 3 presents the mean median PRP and mean in
terquartile range of the postreinforcement pause (lQPRP)
as a function of the price of food. As expected from studies
of FR pausing in traditional "open economy" operant
conditioning experiments (e.g., Felton & Lyon, 1966;
Mazur, 1983), both the PRP and the IQPRP increase as
a function of the FR [respectively, F(5,25) = 5.15, p =
.0491, ui = .3416, and F(5,25) = 16.70, P = ,ooסס.

wl = .552]. There were no other reliable effects.
Figure 4 presents the mean median IRT and mean in

terquartile range of the interresponse time (lQIRT) as a
function of the price of food. Although the third replica
tion of the FR series shows some tendency for longer IRTs
as the FR increases, there were no reliable effects of the
FR, or of any other variable for IRTs or IQIRTs.

Figure 5 presents the mean proportion of pellets ob
tained during the dark as a function of the price of food,

which is intended as a measure of circadian rhythmicity.
In each replication of the FR series, there is a clear ten
dency for the animals to obtain more of their food during
the dark. An ANOVA indicated a reliable FR effect
[F(5,25) = 16.71, P = ,ooסס. wl = .009], as well as
a reliable replication x treatment effect [F(I,5) = 6.61,
p = .05, wl = .0012]. Clearly, experience with the FR
series and the abrupt transition from very high FR values
to low FRs affects the feeding patterns of the animals in
a complex manner.

Discussion
The four demand curves in Figure 2A are each qualita

tively of thesame form as those produced by Hursh (1980)
over a longer period of time. Changes in body weight may
be a factor in producing changes in the demand for food
(or vice versa), but, at most, body weight can account
for less than 6% of the variance in demand, and sequen
tial and/or experiential factors (presumably operating
through the variable of treatments x replications) can ac
count for approximately 1% of the variance in demand

A
10.0

B
10.0

• Al

• 82
• A2
~ 81

o Al

082
• A2
e, 81

100010 100

FIXED RATIO

0.11----,-__---,-__---,

1000 110 100

FIXEO RATIO

0.11---....,....__--,-__~

1
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EXPERIMENT 2
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for food. Variations in the FR value, on the other hand,
account for 25 % of the variance in demand for food.
There is, therefore, no doubt that the present method can
reliably produce demand curves that are similar in form
to those generated over a longer time frame and that
represent a direct effect of manipulations in price (FR).
Moreover, the changes in body weight and in consump
tion that occurred over the 28 days of the experiment sug
gest that a more rapid procedure may possess an advan
tage over longer procedures, namely, the ability to
measure consumption as a function of price in the absence
of significant weight changes.

Previous studies ofIRTs and PRPs in FR schedules have
reported that PRPs increase as a function of the FR, but
that IRTs of less than 1 sec remain relatively constant
(Felton & Lyon, 1966; Mazur, 1983). Those studies,
however, were all performed in an open economy: the
animals were food deprived, earned some portion of their
food within a short experimental session, and were con
sequently returned to their home cages where supplemen
tal food was provided. The present experiment demon
strates that the functional relationships between FR value,
PRP, and IRT also hold for the "closed economy" ex
periment and for much larger FR values than have been
previously reported. Moreover, the lack of reliable differ
ences as a function of repeated exposures indicates that
a valid measurement can be obtained within a single day's
exposure to each FR.

The measure of circadian rhythmicity, on the other
hand, is clearly affected by repeated exposures to the F~
series. Repetitions of the FR series itself or changes 10

body weight may have been causing a change in eating
patterns. However, none of these factors was strongly
predictive of rhythmicity. This indicates.that th~ curr~nt

ABBA design may be suitable for expenments 10 which
a stable measure ofcircadian function is desired, but that
it should be used cautiously.

Experiment I demonstrated that the most important fac
tor controlling variations in the demand curves with
repeated exposures to the FR series was the FR series.
However, it is possible that a different result would be
obtained if the FRs were not presented in an ascending
series. If there were sequential effects within an FR se
ries, then the demand function would have to be derived
from a method that eliminated or minimized such effects.
Experiment 2 examined this issue by comparing an FR
series presented in an ascending order to one group of
rats with the same FR series presented in a random order
to a different group of rats.

Method
The subjects (12 rats) and the apparatus were as described in

General Methods.
Two groups of 6 rats each were successively studied over a 14

day period. Each group of rats contained 3 rats that were assigned
to the ascending FR condition and 3 rats that were assigned to the
random FR condition. Rats in the two conditions were assigned to
alternate cages. Each rat in the random FR condition was exposed
to a different random order of FRs. As previously. on the first day
in the experimental cages all the rats were given an FR I require
ment to allow for acquisition of barpressing for food, and data from
that FR 1 was discarded. The ascending FR series was: 1, 15,45,
90, 180, 360. The sequences used for each rat in the random con
dition are presented in Table I.

Results and Discussion
Figure 6A presents the mean body weights of the two

groups as a function of the FR value. Unlike in Experi
ment 1 (see Figure 2B), where there appeared to be no
systematic change in body weight as a function of FR
value, in Experiment 2, there was a clear trend for body
weight to decrease as the FR was increased in bothgroups.
An ANOVA indicated that there was no significant group
effect or group x FR interaction, but that there was a
reliable FR effect [F(5,45) = 13.25, p = .0001, w1 =
.0005].

Figure 6B presents the mean demand curves for the two
conditions as a function of the FR value. The demand
curves for the two groups in Figure 6B do not appear to
be dramatically different, although there is some tendency
for the random group to more rapidly decrease consump
tion. An ANOVA indicated that there was no group or
group by FR interaction, but there was a reliable FR ef
fect [F(5,45) = 49.85, p = .0000, w1 = .46].

Table 1
SequeDCe of Fixed Ratios for Rats in the Random Condition

Rats

Order 1 2 3 4 5 6

1 360 1 1 15 1 360
2 1 360 15 45 45 90
3 45 180 90 1 90 45
4 15 15 180 360 360 180
5 180 90 45 90 15 1
6 90 45 360 180 180 15
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function or the fixed ratio for thecontrol (A)and random (8) groups.

any of the effects were reliable. The failure to find a reli
able group difference was probably due to more varia
bility in the randomgroup (ascending series, SD = 0.08;
random series, SD = 0.29).

The comparison of the ascending and random FR se
ries indicates that, withthe possible exception of the PRP,
there are no important sequential effects associatedwith
the ascending FR series. Once again, the importance of
controllingor measuring bodyweighton a dailybasishas
been manifested, but, even whenvariations in pelletcon
sumption are adjustedfor body weight, the demandfunc-

Since the decrease in consumption corresponds to the
decrease in body weight at the higher FRs, it is possible
that changes in body weight or motivation, rather than
price, could account for the decline in consumption. Un
like in Experiment 1, where there were reliable interac
tion effects that precluded an analysis of covariance
(ANCOVA) to determine the effect of FR variations on
pelletconsumption that wasadjustedfor changesin body
weight, in Experiment 2, an ANCOVA couldbe properly
performed on the pellet consumption data, with body
weightas the covariate. That ANCOVA indicated that the
expected effect of price (FR) on consumption was still
reliable [F(5,44) = 20.2, P = .0001, w1 = .47], but that
there were no reliable group or group x FR effects.

As was seen in Experiment I, there was a significant
FR effect on the PRP [F(5,45) = 8.66, P = .0011,
w1 = .39], but no effect of the order of the FR series.
There was a reliable group x FR interaction [F(5,45) =
3.31, P = .0481, w1 = .12], which was probably due
to a lower medianPRP for the randomgroup at FR 360.
The analysisof the IQPRP did not show a reliablegroup
or group x FR effect, but did indicate that price, again,
had a reliableeffect on the interquartilerange of the PRP
[F(5,45) = 13.25, P = .0004, w1 = .42]. This suggests
that the group x FR effect seen in the medianPRP might
not prove to be consistent.The medianIRT is, again, in
variant across price. There were no reliable effects of
group, FR, or group X FR for either the IRT or IQIRT.

Figure 7 presents the mean proportion of pellets ob
tained in the dark for the two groups as a function of the
price of food. Unlikein Experiment 1, there were, in Ex
periment 2, no consistentchange in circadian rhythmic
ity as a function of FR and no apparent group X FR ef
fects. However, it would appear that the random series
group was consistently less nocturnal than the ascending
series group. The ANOVA, however, failed to find that
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tions for the ascending and random presentations of the
FRs are similar.

EXPERIMENT 3

Spacing between stimuli has an acknowledged position
within psychology as an important methodological varia
ble (e.g., see Guilford, 1954). However, on purely eco
nomic grounds, it would be expected that such a manipu
lation would not change the relationship between
consumption and price. Experiment 3 assessed the invar
iance of demand functions using two FR series that
differed with respect to the step size between successive
FRs.

Method
The subjects (12 rats) and the apparatus were as described in

General Methods.
Each group of 6 rats was tested separately with the appropriate

FR series. For Group A, the series of FR values was I, 1,3,9,
27, 81,243; for Group B, the series of values was I, I, 15,45,
90, ISO, 360. All other procedural details were as previously
described.

Results and Discussion
Figure 8 presents the mean body weights and mean to

tal pellets consumed as a function of price for Groups A
and B. It is obvious that differences between groups ex
ist that might be the result of the different FR series. For
instance, in Group A there is a tendency for weight to
increase before decreasing, whereas in Group B a steady
decline is apparent. With theexception of the FR 1 points,
the two groups do not have any values of the indepen
dent variable in common. Thus, the previously used
methods of analysis cannot be applied. Instead, a multi
ple regression/correlation analysis (Cohen, 1982) was per
formed using the SAS GLM procedure. That analysis in
dicated that there was no reliable main effect of the
different series or interaction with FR of the different se
ries on pellet consumption. There was a reliable effect,

however, of the FR [F(l,68) = 150.63, P = .0001,
w2 = .67].

A similar analysis of the changes in body weight indi
cated that only FR had a reliable effect [F(1 ,68) = 27.48,
P = .0001, w2 = .28]. Since there were no reliable in
teraction effects, pellet consumption as a function of FR
was reanalyzed with body weight as a covariate. That anal
ysis indicated that the effect of FR [F(l,69) = 89.01,
P = .0001, w2 = .38] on pellet consumption adjusted for
body weight was still reliable.

The mean median PRP and mean median IRT functions
were similar for each group and resemble PRP and IRT
functions obtained in the other experiments. A multiple
regression analysis indicated that only FR had a reliable
effect on PRP [F(l,68) = 41.21, P = .0001, w2 = .36].
However, the different series did have a small, but reli
able, effect on IRT [F(l,68) = 4.18, p = .0448, w2 =
.03].

Figure 9 presents the mean proportion of pellets ob
tained in the dark for the two groups. Again, there is a
clear tendency for the function to increase as the price
of food increases, and this trend is present in both groups.
A multiple regression analysis indicated that only FR had
a reliable main effect [F(I,68) = 5.96, P = .0173, w2

= .08]. This effect was present in Experiment 1 but not
in Experiment 2.

GENERAL DISCUSSION

Demand Curves
The progressive decline in consumption with increas

ing FR values is called a demand curve because of its
similarity to demand curves described in microeconomics
(Samuelson, 1976; Watson & Holman, 1977). The de
mand law states that, in nearly all cases, consumption of
a commodity declines with increases in price. For
economists, price is defined as unit cost in monetary
terms. In animal experiments that do not involve money,
an analogy has been drawn between monetary cost and

A
400

• A
~ B

~ 350
a::
'-"

10 100

FIXED RATIO

1000

en
~

~ 100
Q.

~........
o.....

B

10 100

FIXED RATIO

1000

Figure 8. Paoel A: Mean body weight as a function of the fixed ratio for groups of
rats given different daily increments in ftxed ratio. Group A received the FR series 1,
1, 3, 9, 27, 81, 243; Group B received the FR series 1, 1, 15, 45, 90, 180, 360. Panel B:
Mean total pellet consumption as a function of the ftxed ratio for Groups A and B.
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Figure 9. Mean proportion of pellets earned inthedark as a func
tionof the fixed ratio for Groups A (FR series: I, 1,3,9,27,81,
243) and 8 (FR series: I, I, 15, 45, 90, 180, 360).

cost defined as responses per reinforcer, which is often
determined by an FR schedule (Hursh, 1980, 1984; Lea,
1978; Rachlin, Green, Kagel, & Battalio, 1976). Recent
work (Collier, Johnson, Hill, & Kaufman, 1986; Hursh,
Raslear, Shurtleff, Bauman, & Simmons, 1987, in press)
has shown that "price" includes more than just responses
per reinforcer. A better definition of price may be a
costbenefit ratio that includes consideration of such fac
tors as lever weight, reinforcer size, and reinforcer prob
ability. An even more fundamental definition of price may
be time expenditure per calorie of food gain. Whatever
the best metric of price may be, it is clear that the FR
schedule is just one contributing variable. Nevertheless,
it is a powerful and consistent determiner of consump
tion when all other aspects of price are held constant, as
they were in these experiments.

The three experiments demonstrated that the method
is capable of producing highly stable and replicable de
mand functions within a short period of time. All three
experiments produced demand functions that are qualita
tively similar to functions produced under conditions that
require longer periods oftime. Variations in step size and
order of presentation do not affect the demand functions,
and demonstrate a surprising degree of invariance for be
havioral data. From a practical point of view, Experi
ment 1 demonstrated that the use of a within-subjects de
sign imposes problems ofanalysis that are easily avoided
by the use of a between-subjects design within a shorter
period of time: 2 weeks would be required to put two
groups (6 controls and 6 experimentals) through a
between-subjects study, whereas 4 weeks are required to
perform an ABBA within-subjects study. In all cases, body
weight was a valuable datum for interpretation of results
and should be included in all future studies. Examination

" B

o A

Pausing and Interresponse Times
The PRP and IRT data are intended to be used as in

dices of motor function (Notterman & Mintz, 1965),
although other interpretations of these measures are clearly
possible. To establish their validity in measures of motor
function, these measures must demonstrate sensitivity to
interventions that are known to alter motor function. For
instance, Raslear, Leu, and Simmons (1986) examined
changes in the distribution of IRTs on an FR 1 schedule
of reinforcement following various doses of the or
ganophosphate poison diisopropyl phosphorofluoridate
(DFP). Many toxicants of this type are known to produce
a delayed peripheral neuropathy that can result in changes
in neuromuscular function and, consequently, in the gross
topography of the response. They reasoned that repeti
tive responses, such as leverpressing in rats, might be
analogous to the finger-tap test that is used in neuropsy
chological test batteries to diagnose neuromuscular
damage (Boll, 1981; Osmon, 1981). This hypothesis was
confirmed, relative to control animals, when Raslear et al.
(1986) found that the IRT distributions of animals treated
with a high dose of DFP exhibited changes in both cen
tral location and dispersion.

The purpose of this group of studies was not to address
the validity of the PRP and IRT as motor function mea
sures. Rather, it was designed to investigate the stability
of these measures under manipulations of interest rela
tive to the demand curves. From that perspective, it was
seen that PRPs and IRTs behave in a closed economy as
one would expect from the open-economy literature: paus
ing increases with increases in the FR, while the IRT re-

of the potential influence of body weight on food con
sumption through correlation and ANCOV A analyses,
supplemented by measures of effect strength, is highly
recommended. In the present experiments, such analyses
indicated that, although body weight did change with
manipulations of FR size and other treatments, the mag
nitude of such effects was insubstantial relative to the ef
fect of FR size on food consumption. The claim that the
results of closed-economy experiments are the result of
uncontrolled changes in motivation (i.e., body weight or
satiation) is, therefore, mistaken (Herrnstein, 1981). In
Experiment I, for instance, body-weight changes could
account for approximately 6% of the changes in food con
sumption, while the FR size accounted for 25%.

The shape of the demand curve as shown in Figures
2,6, and 8 is curvilinear, with increasing negative slope
in logarithmic coordinates (elasticity in economic terms).
This basic shape has been found with both rats (Hursh
et al., 1987, 1988) and monkeys (Hursh, 1984, 1986)
working for food reinforcement. Hursh (1986) and Hursh
et al. (1987, 1988) have derived an equation for demand
from the assumption that elasticity is a linear function of
price. That equation is consistent (i.e., accounts for more
than 95 %of the variance) with the form ofdemand curves
found here and in other experiments.
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mains relatively invariant. Similar functional relationships
were obtained in all experiments, demonstrating the sta
bility of these measures within the procedure.

A word of caution,however, should be addedconcern
ing IRTs. Although Mazur (1983), with referenceto his
IRT distributions,notesthat "there was no tendency for
the peaks to shift toward longer IRTs as ratio size in
creased" (p. 297), there wasan increase in "long" IRTs
(lRTs greater than 1 sec) with FR size. Such long IRTs
represented lessthan 10% of all IRTsin the Mazurstudy,
and it is probably true that the median IRT, as a resistant
measureof central tendency (Hartwig & Dearing, 1979),
wouldbe relatively unaffectedby longIRTsin thepresent
study. However, we have observed reliable, but small,
increases in the medianIRT in other work (Hurshet al.,
1987, 1988)when using many more subjects (108 rats).
It is possible that the increase in IRTs with FR value is
small enough to be detectable only with a large sample
size.

Circadian Rhythmicity
Previous studies have demonstrated that the relative

consumption of food in dark and light is usefulas an in
dex of circadian rhythmicity (Leu& Raslear, 1983; Ras
lear & Kaufman, 1983; Raslearet al., 1986). However,
thosestudies didnotvarythepriceof food as in thepresent
three experiments. As was the case with PRP and IRT
measures, the issue here was not one of validity but one
of stability. Since the proportion of pellets eaten in the
dark was reliably affected by repetition and order of
presentation,extremecaution is required in the interpre
tation of this measure. Unlike the other measures, the
functional relationship between proportion of pellets eaten
in dark and FR is quite variableamongexperiments, and
the cause of the variability is not apparent.

Use as a Behavioral Tool
Our purpose in devising a methodfor rapidly generat

ing demand functions was to provide a behavioral tool
for the analysisof drug effects, toxins, and other inter
ventionsof a physiological/anatomical nature. Although
many behavioral techniques that can be adapted for that
purposealreadyexist, very fewtechniques allowanimals
to be studied continuously (i.e., 24 h/day) over an ex
tended period of time under motivational conditions that
more closely approximate a natural environment. In a
more typicalbehavioral study, the animals wouldbe food
deprived and would receiveonly a smallportionof their
daily food within a very short experimental session
(termed an open economy by Hursh, 1984). Moreover,
in the case of the most commonly used laboratory spe
cies, the rat, the experimental sessions typically occur
whenthe animal wouldnormally be asleep. In the present
method, the animals are not food deprived and receive
all of their food within their homeenvironment (termed
a closed economy), workingat the times of day that are
normal for the species. As Hursh (1984) has already

demonstrated, the behavioral results of these two ap
proaches to conducting a behavioral experiment can result
in drastically different results. For instance, in an open
economy, over a muchshorterrangethan thatusedin the
experiments reported here, the result of progressive in
creases in the price of food is a sharp declinein food in
take. This contrasts with the typical result obtained in a
closed economy, as demonstrated above, in which food
intakeis heldconstantover a very large price range. Ob
viously, other important differences (in the effects of
drugs, etc.) mayemergefromthe useof a newtool. More
importantly, however, we believe thatbehavioral methods
that moreclosely approximate a natural environment may
reveal fundamental insights into processes that cannot
otherwise be observed.

Mostexperimental treatments, suchas drugs, havemul
tiple actions, and, in contrast to other behavioral tech
niques, the present method allowsfor a detailedanalysis
of otherperformance indices. Thisadded efficiency should
make the method particularly desirable for screening novel
treatments and interpreting behavioral effects. Since the
method requires no training of subjectsand is complete
within 7 days, it is an extremely cost-effective behavioral
tool.
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