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IS MATCHING INNATE?
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Experimentally naive mice matched the proportions of their temporal inve stments (visit durations) in
two feeding hoppers to the proportions of the food income (pellets per unit session time) derived from
them in three experiments that varied the coupling between the behavioral investment and food
income, from no coupling to strict coupling. Matching was observed from th e outset; it did not improve
with training. When the numbers of pellets received were proportional to t ime invested, investment was
unstable, swinging abruptly from sustained, almost complete investmentin one hopper, to sustained,
almost complete investment in the other—in the absence of appropriate local fluctuations in returns
(pellets obtained per time invested). The abruptness of the swings strondy constrains possible models.
We suggest that matching reflects an innate (unconditioned) program that matches the ratio of
expected visit durations to the ratio between the current estimates of expected incomes. A model that
processes the income stream looking for changes in the income and generats discontinuous income
estimates when a change is detected is shown to account for salient featuseof the data.
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Matching
ioral phenomenon

is a widely observed behav- Ti/( T1 + T,), is the investment fraction—the
in which the pro- relative amount of time devoted to a behavioral

portion of a subject's foraging time or ef-
fort invested in an option approximately
matches the income (rewards per unit
time) from that option relative to the total
incoge (Herrnsteil 1961). In  symbols:
T T "li, where T, is the
time invested in the ith option and I; is the
income from the ith option (e.g., number of
food pellets obtained per session). In the
typical matching experiment, where the num-
ber of options is 2, the formula reduces to the
familiar To/( Ty + T,) < I4/( 11 + 15). This
formula is observed to apply in free-operant
paradigms, where subjects can move back and
forth between locations where food is found
infrequently and unpredictably. We call the
proportions in this approximate equation
Herrnstein fractionsT'he proportion on the left,
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option. The proportion on the right, 14/( 11 +
I,), is the income fraction. The differences
between complementary fractions—4/( 1; +

o)  LA(ly+1) (Il 1)/ 11+ 1) and
TA(Te+Ty) TA(Ty+To) (T1 T Ty
+ T,)—are the income imbalancand the

investment imbalanc&hey range from +1 (all
income from, or all investment in the first
option) to 1 (all income from, or all
investment in the second option). Matching
also may be thought of as matching the
investment imbalance to the income imbal-

In our experimental arrangement for study-
ing matching, mice move back and forth
between two feeding hoppers, interrupting
infrared beams when they poke their heads
into the hoppers. At unpredictable intervals,
the interruption of a beam triggers the release
of a small food pellet into that hopper. The
most commonly used reward-scheduling algo-
rithm in matching studies is concurrent vari-
able intervals. In our version of this paradigm,
the intervals are programmed according to
a random interval (RI) schedule: The arming
of the pellet-release trigger for a hopper is

scheduled by a random rate (Poisson) process.
The process at a given location stops when it
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sets up a pay-off (arms the infrared beam
trigger) and resumes when the subject harvests
it (interrupts the beam, triggering the release
of a pellet). Thus, pellet delivery, once it is set
up (once the trigger is armed), blocks the
setting up of further deliveries at that location
until the pellet already set up there has been
harvested.

A visit cycleonsists of a visit to one hopper
followed by a visit to the other, with an arrival
back at the first hopper completing the cycle.
We measure the durations of the two visits
within each cycle. When, as generally happens,
the period(average duration) of a visit cycle is
less than the expected interval between pellet
set-ups, the proportions of the subject’s time
allotted to visits at the two locations have little
effect on the proportions of total income it
derives from them. Return on investment is
defined as income divided by investment, R;

Ii/ T;, that is, the number of pellets obtained
from a feeding hopper divided by the amount
of time spent visiting it. On typical concurrent
schedules such as ours, there is negative
feedback between the subject's behavioral
investments (the relative durations of the two
visits) and the returns realized from them.
This occurs because increased investment in
an alternative does not result in proportional
gains in income from that alternative: the
contingencies maintain a more-or-less con-
stant relative payoff in the face of different
allocations.

The distinction between income and return
is critical. Both quantities are rates—amount
of food obtained per unit time—but the time
base for income is the time on a clock that
runs whenever the subject is in the foraging
environment (the experimental chamber),
whereas the time base for the return from
a hopper is the time on a clock that runs only
while the subject is visiting that hopper. The
distinction between the income from a hopper
and the return from a hopper corresponds
roughly to the distinction often made between
overall, or global, reinforcement rate (in-
come) and local reinforcement rate (return).
The correspondence is imperfect, however,
because the overall reinforcement rate is
usually computed only from session totals. In
our data analysis, we compute and plot income
reinforcement-by-reinforcement, without re-
gard to how much time the animal has
invested to obtain the reinforcement. There-
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fore, income is just as temporally localized as
return.

Matching equates returns, not incomes. The
matching formula given above is algebraically
equivalent to 1,/ T, < I/ T,. Thus, matching
yields equal returns by proportioning invest-
ments to incomes. When a mouse in our
experimental arrangement matches, the num-
bers of pellets obtained per unit of time that it
spends at each of two feeding hoppers are
approximately equal. When it is not matching,
the amount of reward it gets per unit time
invested in one side is greater than the amount
of reward it gets per unit time invested in the
other. It is reasonable to suppose, therefore,
that matching results from learned adjust-
ments in relative behavioral strengths, made
in reaction to the unbalanced returns from
earlier nonmatching behavior. This is the
assumption from which modeling efforts have
typically proceeded (Davis, Staddon, Machado,
& Palmer, 1993; Herrnstein & Prelec, 1991;
Hinson & Staddon, 1983; Lea & Dow, 1984).
The alternative, first suggested by Heyman
(1982), is that matching is unconditioned
behavior—an innate behavioral program
based on the income records alone, with no
account taken of the behavior that produced
those incomes. In this work, we attempt to
decide between these alternatives.

The distinction between an income-based
model and a return-based model may be
understood in associative terms as follows:
Consider two hopper locations, L; and L,
and the behaviors of going to and/or poking
into each of them, which we denote by B; and
B,. These behaviors produce outcomes (pellet
deliveries), O; and O,. The subjects’ experi-
ences in this environment may be thought to
produce an associative structure containing
stimulus—response associations (,—B; and L —
B,), response—outcome associations (B-O;
and B,—0,), and stimulus-outcome associa-
tions (L ;—O; and L,—0,). Return-based mod-
els of matching behavior attribute the behav-
ior to the relative strengths of either the
stimulus—response associations or the re-
sponse—outcome associations.

The law of effect has traditionally been
taken to imply that the effect of the outcomes
produced is to alter the strengths of the
stimulus—response associations or relations.
Neo-behaviorists (that is, Hullians) interpret
the law of effect as a manifestation of the
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almost 50:7 (the pseudo-logit is logqo[.021/
.998] 1.68; the true logit is log[.021/
.979] 1.67; the pseudo-logit is trivially
different from the logit when the probability
of getting exactly the observed value is low).
Whether this evidence is sufficient to decide
that there has been a change in the income
depends on the decision criterion, which is
one of two free parameters in the model. Also,
as with any other hypothesis-testing statistic,
a decision criterion (commonly called an
alpha level) must be specified when the
algorithm is used as a methodological tool in
the analysis of experimentally obtained cumu-
lative records. (As already noted, the algo-
rithm is both a critical component of our
model and a tool that we use to find change
points in cumulative records in our later data
analyses.)

A pseudo-logit criterion of 1.5 corresponds
(approximately) to an alpha level of .05. If we
assume that level in the present illustrative
example, then the decision criterion is ex-
ceeded, and so a change is detected at the
moment t. This moment t is the moment of
detection, not the moment at which the
change is estimated to have occurred, which
is Tm. The new estimate of the income from
this location, | 4esy Which is the estimate that
will be used by the mapping from income
estimates to behavior until such time as
another change is detected, is the number of
pellets obtained in the retrospective interval
from t back to 1, divided by the duration of
that interval: ligest 3/(t ) 3/16.2
0.19 pellets/min.

Note that this new estimate is off by a factor
of almost 2, because the true rate in the
second part of the simulated sequence was 0.1
pellets/min. Rather large errors in the esti-
mated rates are to be expected in a model that
assumes that the estimates are based on small
samples. In our view, this is a feature not
a defect in our model. It explains why
matching when measured carefully over mod-
est amounts of time in single subjects is only
approximately true, as will be seen in the data

2See Footnote 3 on why this should not be interpreted
as equivalent to a significance level or a Bayes factor. It is
functionally equivalent in the sense that it is a measure of
the strength of the evidence. In many cases, including the
present one, the computation can be reformulated so as to
yield a true Bayes factor, but the practical effect of this is
only to change the range of useful decision criteria.
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we report. Deviations this large from true
matching are commonly observed.

The detection of a change in the income
stream has two consequences: As already
noted, it changes the estimate of the current
income. Secondly, it truncates at the estimated
point of change the data on which the change-
detecting algorithm thereafter operates. The
algorithm continues to operate after it has
detected a change, but it operates only on the
data received after the moment at which it
estimated the last change to have occurred.
Thus, the origin of the cumulative record it
operates on is always the moment just after the
last change it detected.

The algorithm for detecting changes in
income and obtaining small-sample estimates
of the current incomes is our model of how
subjects process their experience. The second
part of our model specifies the relation
between the results of this processing (the
income estimates) and the observed temporal
investments. This mapping from income esti-
mates to observed visit durations is determined
by two constraining equations:

o |

T1:T2 |1 |2 1
) o [ I .
A1 Ao 1T, 1T, al; lo 2

Equation 1 takes matching to be an innate
behavioral program. It stipulates that the ratio
of the expected (average) duration of the visits
to Location 1 to the expected duration of the
visits to Location 2 be set equal to the ratio of
the current income estimates for those loca-
tions. The hats (-) over the income symbols on
the right side of Equation 1 do double duty:
They indicate that these are estimates (a
common statistical notation) and, moreover,
that they are assumed quantities, presumably
located in the brain, which cannot be directly
observed or measured, unlike the average visit
durations on the left of the equation, which
are what we measure.

Equation 2 makes the sum of the leaving
rates,| ; and | 5, proportional to the sum of the
income estimates. This adjusts the temporal
scale of the visiting behavior to the temporal
scale of the environment. The more often
pellets are set up at one or the other location,
the more rapidly the subject must circulate
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between the locations to harvest them effi-
ciently. If it circulates too slowly, set-up pellets
go unharvested for long periods; if it circulates
too rapidly, it runs back and forth repeatedly
to no avail. Subjects should and do scale the
rate at which they cycle between the locations
to the rate at which pellets are set-up (Gallistel
et al., 2001). This scaling explains the seem-
ingly paradoxical Belke (1992) findings on
preference transfer (see Gibbon, 1995). It is
closely related to if not identical with Killeen’s
state of arousal that varies with reinforcement
density (Killeen & Bizo, 1998; Killeen, Hanson,
& Osborne, 1978).

There are only two free parameters in our
model: the decision criterion in the algorithm
that detects changes in income, and the
constant of proportionality, a, in Equation 2.
Plausible values of both are circumscribed.
The decision criterion must be reasonable,
which is to say roughly that its value should lie
between 1 and 6 (corresponding to alpha
levels between 0.1 and 0.00000%. The value
of a should be about 2, because the average
period of an appropriately scaled visit cycle
should be about half the expected interval
between pellets, taken without regard to
location.

Experimental Goals

The model just elaborated takes matching as
an innate behavioral program dependent on
experience only for the income estimates.
Therefore, matching should appear in the
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of the experimentally naive mouse under
widely varying schedule conditions.

One cannot assess matching in a naive
mouse until it is hopper trained, that is, until
it seeks for pellets in the feeding hoppers with
some regularity, and has begun to circulate
between the two hoppers. Therefore, our
second goal, which is a necessary preliminary
to tracking the appearance of matching, is
a characterization of the emergence of hopper
poking and rapid cycling between hoppers.

The schedule condition in which the in-
come (number of pellets) obtained from
a hopper is directly proportional to the
investment in that hopper (time spent poking
into and out of it) is of particular interest.
When the schedules reward one response
more often than the other—in our terms,
when the return from one location is higher
than from the other—then, as Herrnstein and
Loveland (1975) pointed out, there are only
two patterns of behavior consistent with the
matching law: exclusive preference for the
better alternative or exclusive preference for
the poorer alternative. In either case, the
investment fractions match the income frac-
tions because both ratios are at their limiting
values of 1 or 0. Any other investment pattern
is inconsistent with matching, because the
experienced income ratio is the investment
ratio multiplied by the scheduled return ratio:

| -

R T1 |
R T, °

I
I

naive subject as soon as the subject obtains any when the scheduled return ratio ( Ry/ Ry) is

data on relative incomes (cf. Davison & Baum,
2000; Shettleworth, Krebs, Stephens, & Gib-
bon, 1988). The first goal of the present
research is to determine whether matching is
immediately apparent in the foraging behavior

3Useful decision criteria tend to be higher in change-
detection than in other statistical decision settings because
there is an inescapable multiple-comparisons problem in
change detection: the longer one observes a stationary
(unchanging) random process (e.g., coin flipping), the
more certain it is that one will observe an improbable
sequence (e.g., 10 heads in a row). Thus, our algorithm
should not be used for obtaining significance levels. A
modified version of it might be used to compute the Bayes
factor in a relative likelihood analysis (Glover & Dixon,
2004), provided that one used an appropriate correction
for the additional free (data-derived) parameters in the
change model, such as the Schwartz criterion (Kass &
Raferty, 1995; Schwartz, 1978).

not 1/1, then the income ratio ( 14/ 1,) and the
investment ratio (T,/ T,) can be equal only if
they are both infinite or both 0.

This critical, purely analytic point is some-
times misunderstood to imply that matching
must be observed under these conditions for
purely analytic reasons. This is a misunder-
standing. The scheduling arrangement does
not in any way constrain the behavioral result.
Matching may or may not be observed. The
analytic point is that the only way it can be
observed is if the animal chooses to spend its
time almost exclusively at one location or the
other. For that reason, how subjects behave
under this scheduling condition is a critical
test of the hypothesis that matching is innate.
Thus, a third goal of the present research is to
determine whether the predicted investment
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Our second schedule made the incomes as
nearly as possible independent of the invest-
ments by allowing set-up pellets to accumulate
in a queue. The scheduling of further de-
liveries does not stop when a pellet is set up. If
subsequent pellets are set up before an earlier
one has been harvested, they join the queue.
When a visit is made, the entire queue is
delivered, one pellet after the other in rapid
succession. Provided only that the subject visits
each location at least occasionally (and sub-
jects always did), the income derived from
visiting a given location is always schedule
limited and independent of investment (how
much time the subject spent at a location).
This schedule clamps relative incomes, but not
relative returns. It does so, in effect, by varying
reward magnitude (number of pellets de-
livered as one reinforcement) from one re-
inforcement to the next so as to compensate
insofar as possible for the effects of the
subjects’ sampling behavior on the number
of pellets that it obtains from a hopper. Under
at least some conditions, matching also is seen
when reward magnitude is varied rather than
reinforcement frequency (Catania, 1963; Kel-
ler & Gollub, 1977; Leon & Gallistel, 1998;
Neuringer, 1967; but see Killeen, 1985).
Moreover, when both are varied, their effects
on the investment ratio combine multiplica-
tively (Keller & Gollub; Leon & Gallistel),
which means that increasing reward magni-
tude by some factor compensates for decreas-
ing reinforcement frequency by that same
factor.

The schedules in the third experiment went
to the opposite extreme: they made incomes
directly proportional to investments, because
the scheduling clock at a given location ran
only when the mouse was sampling (investing
in) that location, that is, only when the mouse
had its head in that hopper. This clamps
relative returns, but not relative incomes.

EXPERIMENT 1

We ran experimentally naive mice in stan-
dard mouse testing chambers with two active
feeding hoppers at opposite ends of a common
wall. The hoppers delivered pellets on concur-
rent random interval schedules contingent on
the mouse poking its nose into the hopper and
thereby interrupting an infrared beam across
the hopper opening. There was no chamber
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familiarization or hopper training. The sched-
ules were in force when the experimentally
naive mice were first introduced to the
chambers and remained in force through 20
daily sessions.

METHOD
Subjects

Ten adult female C57BI/6 (purchased from
Harlan, Indianapolis, Indiana, USA) mice
served as subjects. They were 12-15 weeks of
age and weighed 20-22 g when the experi-
ment began.

Apparatus

The experimental environments were Med
Associates mouse testing chambers, 223
18 cm in plan and 13 cm high, with two
opposing metal walls and the other two walls
of Plexiglas™. Three feeding hoppers (Med
Associates ENV-203-20) were set into one
metal wall and a fourth was set into the middle
of the opposing metal wall, but only the two
extreme hoppers on the three-hopper side
were active. The interiors of the two active
hoppers were continuously illuminated by
lights within the active hoppers. The chambers
were enclosed within Med Associates sound-
attenuating boxes (ENV-022M), 56 3 36 3
38 cm in width, depth, and height. The
entrance to each hopper was monitored by
an infrared beam (IR), the interruption of
which delivered a pellet whenever the IR beam
was armed by the scheduling algorithm. If the
beam was already interrupted when the sched-
ule armed it, a pellet was delivered immedi-
ately. Otherwise, it was delivered at the first
interruption following the arming of the
beam. The pellets were Research Diets NOYES
Precision Pellets, PJAI-0020, Rodent Food
Pellet, Formula A/l, 20 mg.

Procedure

The mice were deprived of chow on the
evening before the day of the first session.
After each session, they were weighed and
given chow sufficient to keep them at 85% of
free-feeding body weight. The sessions lasted
only 25 min. In other experiments, with
longer sessions, we repeatedly had observed
a marked decrease in food-directed behavior
toward the end of sessions. Because this would
complicate the quantitative analysis of the
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development of matching, we hoped to avoid
it by keeping the sessions short.

The IR beams were armed by MED-P@
software running on the WindowsH operating
system, with an algorithm that gives a geo-
metric approximation to a Poisson process. In
effect, it flips a coin at one-second intervals.
When the coin comes up heads, the beam is
armed. The coin flipping then halts and
remains halted until the armed beam is
interrupted by the mouse, at which point the
pellet is delivered, and the scheduling algo-
rithm (the coin flipping) resumes. The ex-
pected interval to the next arming is 1 over the
probability of the coin coming up heads. For
example, when the probability is 1/60, the
expected interval to the next arming is 60 s.
The distribution of arming intervals thus
generated is a geometric approximation to
the exponential distribution produced by
a continuous Poisson (random rate) process.
For 4 of the mice, the expected arming
intervals on both sides were 90 s ¢oncRI 90
RI 90); for 3, they were 60 s and 180 s ¢oncRlI
60 RI 180) and for the remaining 3, they were
180 s and 60 s ¢oncRI 180 RI 60).

Behavioral Measures and Summary Statistics

The raw data record consisted of successive
event codes, recording the onsets and offsets
of IR beam interruptions and the delivery of
pellets, with time stamps specifying to the
nearest 20 ms the time at which the event
occurred (in seconds _since session onset).
Using custom Matlab™ functions, we ex-
tracted from these records the duration and
frequency of pokesand pellets deliveredrom
these basic measures, we computegbroportion
of time spent pokirand the visit durations The
proportion of time spent poking specified
minute-by-minute the proportion of each
minute during which the head was in a feeding
hopper. The duration of a visit to Hopper i was
the interval from the onset of the first poke
there, after one or more pokes at j (the
opposite hopper), to the termination of the
last poke ati (prior to another poke at j). The
interval from the termination of the last poke
at i to the onset of the next poke at j was the
travel time The measures of visit durations and
travel times parcel the session into four
mutually exclusive and exhaustive kinds of
intervals: visits to Hopper 1, travel from
Hopper 1 to Hopper 2, visits to Hopper 2,
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and travel from Hopper 2 to Hopper 1. One
visit cycleconsists of these four intervals in
sequence; its duration is their sum.

To track changes in these behavioral mea-
sures during the course of the experiment, we
made cumulative records of them, exploiting
Skinner’s (1976) insight that a change in the
mean value of a repeated measure is manifest
as a change in the slope of its cumulative
record. The cumulative record is the sum of all
the measurements made so far, plotted usually
as a function of either the number of the
measurement (1%, 2" 39, etc.) or cumulative
session time (cumulative exposure to the
experimental arrangement). The slope of this
plot is the average measure per trial or per
unit of time, that is, the average increment on
the y axis divided by whatever the increment
on the x axis is from one measurement to the
next.

The use of cumulative records resolves
a methodological paradox that arises when
one attempts to track changes in the average
value of successive measurements. In deter-
mining whether or not a subject is matching
the ratio of its average visit durations to the
ratio of the pellet incomes, one compares two
ratios (I,/ 1, and T4/ T,), each composed of
two averages. The averages are necessarily
taken over time (over repeated visits and
repeated feedings). If the ratios are assumed
to be stationary (unchanging in time), then
the longer the intervals over which the
averages are taken, the more precise the
estimates of the averages, hence the estimates
of the ratios, hence the power of the compar-
ison between the ratios. But if one is looking
for changes in the ratios—and particularly if
one wants to estimate how closely changes in
one ratio ( T,/ T,) track changes in the other
(14/ 1,)—then averaging over long intervals is
antithetical to one’s goals. It smoothes out the
changes and makes it hard to say where they
occurred. If, for example, one follows the
common practice of averaging over entire
sessions, then one cannot determine whether
changes occur on a time scale shorter than the
duration of a session.

The use of cumulative records resolves this
methodological paradox. Cumulative records
enable one to see changes in averages without
averaging. If the generative process being
measured is stationary, then the cumulative
record of the measures it generates will have
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lines are plotted in the lower row of Figure 2.
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summary statistics to enable the reader to

These plots show the successive levels ofassess the impact of making the parser more

performance.

We parse the cumulative records into
successive straight-line segments in order to
derive descriptive summary statistics. As pre-
viously described, the parsing algorithm steps
through the record point-by-point, asking at
each point whether or not the data up to that
point justify the conclusion that there has
been a change prior to that point. It does so by
finding for each point the previous point that
departs maximally from the no-change line. It
takes that as the maximally likely estimate of
where a change if any occurred and computes
the log of the odds against the hypothesis that
the data on either side of this putative change
point come from the same distribution.

The odds computation depends on the
character of the data (binary, integer, or real
valued) and on a global assessment of how the
measure is distributed. In the case of the
minute-by-minute poking proportions, the
data are real valued and not normally distrib-
uted. Therefore, we use the distribution-free
two-sample Kolmogorov-Smirnov test to com-
pute the odds against the hypothesis that the
data up to a given point can be represented by
a single straight line. When the logit (log of
the odds) exceeds our decision criterion, the
record is truncated at the estimated point of
change, and the analysis begins anew, using
only the data after that point.

In parsing the records, we used logit de-
cision criteria of 2 and 4, which correspond to
alpha levels of .01 and .0001. The first criterion
(logit 2, p < .01) is a very sensitive one,

because the test is performed at each succes-

sive point in the record and these records have
hundreds of points. It detects transient
“changes” that appear to the eye to be just

sensitive.

The cumulative records of the minute-by-
minute poking proportion begin with a low
slope, because our experimentally naive sub-
jects initially spent little time probing the
hoppers. At some point during the first four
sessions, there was a more or less abrupt
increase in the poking proportion, indicated
by a sudden steepening of the cumulative
record. We call the point at which the slope
shows the first increase (as determined by the
parsing algorithm) the onset point ( o in the
lower left panel of Figure 2).

The magnitude of the increase (f in lower
left panel of Figure 2) relative to the “asymp-
totic” level of responding is a measure of the
abruptness with which elevated rates of poking
appear. ‘Asymptotic’ is in warning quotes
because, as this selection of records shows,
postacquisition performance is not stable from
one 25-min session to the next. In Mouse 2, for
example, the postacquisition proportion of
time spent poking ranged from 38% to less
than 5%, with no clear tendency to increase
over sessions. (The proportion on the last two
sessions was 13%, the second lowest level of
postacquisition responding.) In Mouse 6,
there was an initial rapid rise to a high poking
proportion (29%) followed by a prolonged
decline, with the lowest postacquisition poking
proportion (12%) during the final two ses-
sions. Postacquisition instability in measures of
behavioral strength is seen in a variety of
conditioning paradigms when individual data
are analyzed (Gallistel et al., 2004; Papachris-
tos & Gallistel, 2006). (This within-subject
instability may be hidden by averaging across
subjects before plotting a learning curve,
a practice that misrepresents the form of the

noise. The second criterion is 100 times less curve in the individual subjects, see Gallistel et
sensitive; it detects only those changes that the al., 2004). Given the large unsystematic ses-
eye sees as changes. We use two decisiorsion-to-session fluctuations in postacquisition

criteria in order to determine the effect of the
choice of a decision criterion on the resulting
summary statistics. Although the choice has
a large effect in some individual cases, its
impact on the summary statistics is generally
minimal (see dashed versus solid lines in
Figure 4). Hereafter, we usually only discuss
results obtained with the more conservative
criterion. The results from the use of the more
sensitive criterion are included in plots of

performance, it is not clear that there is a true
asymptote, a stable level of performance
attained and maintained by individual sub-
jects. However, to put the size of the initial
increase in perspective, it is necessary to have
an estimate of the average level of post-
acquisition performance. For this purpose,
we use the average level of performance over
the last 10 sessions 4 in lower left panel).
Thus, our measure of abruptness is f/a, the
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cumulative investment imbalance is the aver-
age value of this measure. When the slope is 0,
the average duration of a visit to Hopper 2
equals the average duration of a visit to
Hopper 1. When the slope is .5, the mouse is
spending 75% of its total visiting time at
Hopper 1 and 25% at Hopper 2, and so on.
The mouse is matching when the average
investment imbalance equals the average in-
come imbalance, in which case the cumulative
records of the two imbalance scores will have
the same slope. Thus, a purely visual way to
assess matching is to superpose the cumulative
imbalance records and compare their slopes
(Figure 5). The difference in slope between
the two imbalance records is twice the mis-
match, that is, twice the difference between
the income fraction and the investment
fraction.
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close to the asymptotic level, as shown by the
plots of the distributions of first fractions
(lower row in Figure 4). In fact, the median
first fraction was very close to 1 for both the
appearance of increased poking proportions
and the appearance of increased rates of
cycling between the hoppers.

As may be discerned from the solid line in
the upper left panel of Figure 4, the median
for the abrupt appearance of a higher pro-
portion of hopper poking in each session
minute was at the start of Session 4, although
there were two poking-proportion onsets at
the start of Session 2 and two more at the start
of Session 3. From the corresponding plot in
the upper right panel of Figure 4, one sees
that the median for the abrupt appearance of
a higher rate of cycling between the two
hoppers was at the start of Session 5, although

A second way to assess the evolution of there was one such onset at the start of Session

matching is to compute the feeding-by-feeding
difference between the income and invest-
ment imbalances: (11 L)/( 14 +15) (T1
T,)/( T1 + T,). When the mouse is matching
the average difference is 0, so the cumulative
record of this imbalance difference is flat. The
slope of the cumulative imbalance difference
is twice the average difference between the
income fraction 14/( Iy + |,) and the invest-
ment fraction T,/( T, + T)). If the tendency to
match is less initially than later on in training,
or if at some point in training a change in the
investment fraction lags the change in the
income fraction to any appreciable extent,
then the absolute value of the slope of the
cumulative imbalance difference will be great-
er than when the investment fraction has been
adjusted to match the income fraction. Thus,
shifts toward 0 in the slope of the cumulative
imbalance difference suggest a lagged adjust-
ment of the investment fraction to the income
fraction (a shift in the direction of no
difference). The cumulative records of the
imbalance difference are plotted and parsed
in Figure 6.

ResuLTs AND DiscussioN

Conditioned foraging behavior (an elevated
poking proportion) and more rapid cycling
between hoppers emerged abruptly in most
mice, usually at the beginning of a new session
(cf. Papachristos & Gallistel, 2006). We judge
the onsets to be abrupt because the level of
behavior immediately after onset was usually

3 and another at the start of Session 4 and one
that did not occur until the start of Session 7.

Matching was present from the outset and it
did not improve in the course of the 20
sessions. This is seen firstly in Figure 5 where,
to facilitate comparison of their slopes, the
records of the cumulative income imbalance
and the cumulative investment imbalance have
been superposed for the first 30 feedings and
the last 30 feedings. It may be seen that the
slopes match equally well (for all but M10)
over the first 30 feedings and the last 30 (and
segments thereof).

It also may be seen, however, that in Mice 1—
3, the slopes of both imbalance functions are
close to 0 over the first 30 feedings whereas
they are clearly positive over the last 30
feedings, as they should be given that the
concurrent random-interval schedule ratio
favored Hopper 1 by 3:1. The slopes are
initially flat because these mice cycled so slowly
at the beginning that there was almost always
a pellet waiting to be harvested when they got
to either hopper. Thus, the effective income
ratio was 1:1 and the matching seen in these
subjects initially might be construed to be an
artifact of their slow cycling.

The question then becomes, when these
subjects began to cycle rapidly enough for the
reward schedules to dominate the income
fraction, did the adjustment in their invest-
ment imbalance lag the change in the income
imbalance? The plots of the cumulative feed-
ing-by-feeding imbalance difference in Fig-
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Fig. 4. Cumulative distributions of onset latencies and first fractions (the poking proportion immediately after the
first increase divided by the asymptotic poking proportion) for poking pr oportions (poking per min) and cycling rates
(cycles per min). A cumulative distribution shows the number of subjects giving the value on the x axis or less. The x axis
value at each upward step gives the datum for one subject. The solid lines a the distributions when a conservative
decision criterion is used to parse the cumulative records; the dashed lires are the distributions when a hundredfold-
more-sensitive criterion is used. A dashed horizontal line is drawn at 5 toaid in extracting the medians, which are the
values on the abscissa at which the cumulative distributions cross thistie. In the upper panels, the numbered vertical

dashed lines indicate session boundaries. Crit

ure 6 speak to this question. When the
cumulative imbalance difference records in
Figure 6 are parsed with our customary de-
cision criterion of 4 (using the Kolmogorov-
Smirnov test because the differences are real
valued and not normally distributed), none of
the records has any change points. In other
words, using our customary, relatively conser-

logit decision criterion used in parsing the cumulative records.

vative decision criterion, one would conclude
that in none of the 10 mice did the match
between investment and income change in the
course of the 20 sessions. The Mean Mismatch
plots on the right of Figure 6 come from
parsing the records with the very sensitive
decision criterion of 2. By this analysis, 4 of the
10 mice showed a change in extent of the
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Fig. 6. Left: Cumulative feeding-by-feeding difference between the incane imbalance and the investment imbalance.
The number in the upper left corner of each panel identifies the subject. Th ey axis has been scaled so that a difference
equivalent to an average difference in the Herrnstein fractions (average mismatch) of .125 would produce a full-scale
deflection by the end of the record. Right: Plots of the slopes of the cumulative difference records when parsed with
a logit decision criterion of 2. The y axis has been scaled in terms of the difference in the Herrnstein fractions (average
mismatch). Positive mismatches constitute overmatching for the subjecs whose schedules favored Hopper 1 (Subjects 1—
3) and undermatching for those whose schedules favored Hopper 2 (Subjects4—6).

set-up pellet was harvested, the new pellet was

METHOD

added to the queue. There was no limit to how  Subjects
long the queue of to-be-delivered pellets could

become. When the mouse fi
hopper, the pellets in the

nally sampled the
queue were de-

livered at 0.2-s intervals, one after the other,
until the queue was emptied. Thus, provided

the mouse sampled both

hoppers at least

occasionally, the income fraction at any point
in training could not diverge far from the

programmed value. The programmed values
were 1:3 or 3:1 for all 16 mice in this

experiment.

This experiment employed 16 mice with the
same specifications as in Experiment 1.

Apparatus

The apparatus used was the same as in
Experiment 1.

Procedure

The procedure was the same as in Experi-
ment 1 except that the scheduling algorithm
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Fig. 8. Cumulative distribution of onset latencies (top panels) and first fractions (bottom panels). (The first fraction

is the poking proportion immediately after the first increase divided by t he asymptotic poking proportion.) Crit

logit

decision criterion used in parsing the cumulative records. Dashed vertical lines in top panels are session boundaries.
Dashed horizontal lines at the bisection point on the y axis are aids to the extraction of the medians.

that we succeeded in clamping the income
ratio at near the intended 3:1 or 1:3 values
from the outset. Regardless of the decision
criterion used in parsing the cumulative in-
come records, the income fractions showed
only minor departures from the intended
values.

In order to match their investment fraction
to their income fraction in this experiment,

cause the income from a hopper was the
product of the number of feedings per unit of
session time and the average number of pellets
per feeding. The extent to which subjects
matched varied markedly between subjects, as
shown by Figure 9, which plots the cumulative
records of the feeding-by-feeding income and
investment imbalances. Five of the 16 subjects
matched very accurately (2, 9, 10, 11, and 12—

the mice had to accurately assess the randomly the numbers on the inside left of the panels in

varying intervals between feedings and the
varying numbers of pellets received and
combine these quantities multiplicatively, be-

Figure 9 identify the subjects). The close
correspondence between the slopes of their
income imbalance and investment imbalance






