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Testing the scalar expectancy theory (SET)
and the learning-to-time model (LeT)
in a double bisection task

ARMANDO MACHADO and PAULO PATA
University of Minho, Braga, Portugal

Two theories of timing, scalar expectancy theory (SET) and learning-to-time (LeT), make substan-
tially different assumptions about what animals learn in temporal tasks. In a test of these assumptions,
pigeons learned two temporal discriminations. On Type 1 trials, they learned to choose a red key after
a l-sec signal and a green key after a 4-sec signal; on Type 2 trials, they learned to choose a blue key
after a 4-sec signal and a yellow key after either an 8-sec signal (Group 8) or a 16-sec signal (Group 16).
Then, the birds were exposed to signals 1 sec, 4 sec, and 16 sec in length and given a choice between
novel key combinations (red or green vs. blue or yellow). The choice between the green key and the
blue key was of particular significance because both keys were associated with the same 4-sec signal.
Whereas SET predicted no effect of the test signal duration on choice, LeT predicted that preference
for green would increase monotonically with the length of the signal but would do so faster for Group 8
than for Group 16. The results were consistent with LeT, but not with SET.

The study of temporal discrimination in animals has
undergone substantial progress during recent decades.
On the empirical side, researchers have devised several
procedures for studying timing and have obtained some
robust findings with them (for reviews, see Gallistel,
1990; Gallistel & Gibbon, 2002; Shettleworth, 1998; Stad-
don, 2001). On the theoretical side, they have advanced
several quantitative models to explain the data, including
scalar expectancy theory (SET) model, an information-
processing model developed by Gibbon (1977, 1991), and
the learning-to-time (LeT) model, a behavioral model de-
veloped by Machado (1997) on the basis of earlier work by
Killeen and Fetterman (1988). In the present study, we re-
port an experiment that was designed to contrast the pre-
dictions of these two timing models.

Consider the temporal bisection procedure. A pigeon
experiences one of two stimuli—for example, a short- or
a long-duration light—and then it chooses between two
keys, one red and the other green. The choice of red is
correct (and therefore rewarded) following the short sig-
nal, and the choice of green is correct following the long
one. After the animal learns the discrimination, the ex-
perimenter presents it with test signals of intermediate
duration and records the animal’s preference for, say, the
green key. It is commonly found that as the duration of
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the test stimulus increases from 1 sec to 4 sec, the pref-
erence for the green key increases monotonically from
about 0 to about 1. Typically, this psychometric function
equals .5 (the point of subjective equality) at about the
geometric mean of the short and long signals (see, e.g.,
Catania, 1970; Church & Deluty, 1977; Fetterman &
Killeen, 1991; Platt & Davis, 1983; Stubbs, 1968).
How do SET and LeT explain these findings? SET pos-
tulates an internal clock, whose structure is represented in
the left panel of Figure 1: A pacemaker generates pulses
at a high rate; an accumulator counts the pulses emitted
during the interval to be timed; and a long-term memory
store saves the count obtained at the end of the interval.
In the temporal bisection task, SET assumes that the ani-
mal forms two memory stores during training, one con-
taining the counts obtained at the end of the short stimu-
lus and the other, the counts obtained at the end of the
long stimulus. To decide which key to choose at the end
of a signal, the animal compares the number that is in the
accumulator when the signal ends (i.e., the number of
pulses generated during the signal, X;) against two sam-
ples, one extracted from the memory store for short dura-
tions, Xy, and the other from the memory store for long
durations, X; . If the ratio Xg/X; is greater than the ratio
X1/Xy, then the number is “closer” to the sample ex-
tracted from the short stimulus store and the animal is
more likely to choose the red key. During testing, as the
signal duration increases from short to long, Xy increases
from values close to X to values close to X| ; hence, the
probability of choosing the green key increases with sig-
nal duration (see Gibbon, 1981; also see Gallistel, 1990).
LeT, on the other hand, consists of three major com-
ponents (see the right panel of Figure 1): a serial organi-
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Figure 1. Left: Structure of the scalar expectancy theory (SET) model for the bisection procedure. A
pacemaker generates pulses, which are accumulated in an accumulator. Two memory stores save the
counts obtained at the end of the short (S) and long (L) signals. To decide which key to choose, the ani-
mal compares the number that is in the accumulator when the test signal ends against two samples, one
extracted from each memory store. If the count in the accumulator is closer to that of the sample ex-
tracted from the short memory store, then the animal is more likely to choose the S key. Right: Struc-
ture of the learning-to-time (LeT) model. After a time marker, a series of behavioral states (top circles)
is activated. The states may be coupled to various degrees (middle connections) with the two instru-
mental responses (bottom circles). The strength of each response is determined by the dot product be-

tween the vectors of state activation and coupling.

zation of behavioral states, a vector of associative links
connecting the behavioral states to the instrumental re-
sponses, and the instrumental responses themselves. At
the onset of the interval to be timed, only the first state
is active, but as time elapses the activation spreads from
each state to the next state in the series. Each behavioral
state is also coupled with the instrumental responses,
and the degree of coupling changes with training, de-
creasing during extinction and increasing during rein-
forcement. The strength of an instrumental response at a
given moment depends on which state is the most active
at that moment and on how strong the associative link is
between that state and the response. Applied to the bi-
section task, LeT predicts that after the short stimulus
only the early states of the cascade are active and, be-
cause the choice of the red key is rewarded whereas that
of the green key is extinguished, those early states will be
coupled strongly with the red, or “short,” response and
weakly with the green, or “long” response. Conversely,
following the long stimulus the later states are the most
active, and because the choice of green is rewarded
whereas the choice of red is extinguished, those later
states will be coupled strongly with the green, or “long,”
response and weakly with the red, or “short” response.
During testing, as signal duration increases, the state most
active at the moment of choice also increases. Because

earlier states are coupled mostly with the red, “short”
response whereas later states are coupled mostly with
the green, “long” response, the probability of choosing
“long” increases with signal duration.

Although the two models differ in their conceptual-
ization of temporal learning, both predict monotonically
increasing psychometric functions with the point of sub-
jective equality at (SET) or approximately at (LeT) the
geometric mean of the training stimuli. To separate the
predictions of SET and LeT, Machado and Keen (1999)
modified the task just described. Assume that a pigeon
has learned not one but two temporal discriminations
within the same session (see Figure 2, top panel). In the
presence of two keys, one red and one green, the choice
of red is rewarded if the preceding signal was 1 sec long
and the choice of green is rewarded if the signal was
4 sec long. We call these trials Type I trials, and, because
signal duration and key color are correlated, we refer to
the correct choices following the 1-sec and 4-sec signals
as S1 and L1, respectively. In the presence of two other
keys, one blue and the other yellow, the choice of blue is
rewarded following a 4-sec signal, whereas the choice of
yellow is rewarded following a 16-sec signal. We call
these trials Type 2 trials and refer to the correct choices
following the 4-sec and 16-sec signals as S2 and L2, re-
spectively. Thus, S1 and L1 are the “short” and “long”
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Figure 2. Structure of a double bisection procedure during training and test-
ing. Top: On Type 1 trials, a 1-sec or a 4-sec signal occurs. A red key choice (S1)
is rewarded if the signal was 1 sec long, and a green key choice (1) is rewarded
if it was 4 sec long. On Type 2 trials, the signal is either 4 sec or 16 sec long. After
the former, the choice of blue (S2) is rewarded; after the latter, the choice of yel-
low (L2) is rewarded. Bottom: During testing, the signal ranges from 1 to 16 sec;
then the animal is given a choice between two keys that it has not seen together

before.

choices in the first range of durations, and S2 and L2 are
the “short” and “long” choices in the second range of du-
rations. Note that the 4-sec duration is associated with
both L1 and S2. What, then, will a bird do when, follow-
ing a f-sec signal, it is presented with a pairing of keys
that it has never seen before (see Figure 2, bottom panel)?

Consider, for example, the choice between the green
and blue keylights (L1 and S2, respectively). According
to SET, the animal should always be indifferent between
them because in the presence of these keylights the just
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experienced test duration would be compared with two
samples that came from identical distributions (i.e., L1
and S2 are both associated with an experienced duration
of 4 sec). This prediction is illustrated by the horizontal
line in the left panel of Figure 3. The important feature
of SET’s prediction is not the specific value of the pref-
erence for L1—bias for one color, for example, could
naturally change that value—but the absence of any re-
lation between preference for L1 and the duration of the
test signal.
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Figure 3. Predictions of the scalar expectancy theory (SET) model and the learning-to-time (LeT) model
for test trials with new key combinations (see the Appendix for mathematical derivations). The SET curves
use one parameter: ¥ = 0.4. The LeT curves use three parameters: A = 2, « = 1, and 8 = 3.5.
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Table 1
Relative Strength of the Couplings Between the
Behavioral States and the Choice Responses

Predicted by LeT
Choice Behavioral State
Response Initial Middle Final
S1 +4+ 0 +
L1 0 ++ +
52 + ++ 0
L2 + 0 ++

Note—The behavioral states are divided into three classes: initial
(states most active at 1 sec), middle (states most active at 4 sec), and
final (states most active at 16 sec). The symbols ++, +, and 0 denote
relatively strong, moderate, and weak couplings, respectively.

In contrast, LeT predicts that the animal’s preference
for L1 will increase with the duration of the signal (see
the L1-vs.-S2 curve in the right panel of Figure 3). In the
Appendix, we derive LeT’s prediction mathematically;
here we give a less rigorous but more intuitive account.
We divide the behavioral states into three classes: the ini-
tial states, which are the most active at 1 sec; the middle
states, which are the most active at 4 sec; and the final
states, which are the most active at 16 sec. We also let the
symbols 0, +, and ++ stand for weak, moderate, and
strong couplings between a class of states and a response,
respectively.

The model’s predictions derive from the profile of cou-
plings learned during training, and these profiles are
shown in Table 1. Thus, during Type 1 trials the initial
states become coupled with S1 and uncoupled with L1,
whereas the middle states become coupled with L1 and
uncoupled with S1. Final states do not become active
during Type 1 trials and therefore do not change their ini-
tial (equal and moderate) couplings with S1 and L1. Dur-
ing Type 2 trials, the middle states become coupled with
S2 and uncoupled with L2, whereas the final states be-
come coupled with L2 and uncoupled with S2; the initial
states retain their initial (equal and moderate) couplings
with S2 and L2. To predict the animal’s choices when L1
and S2 are presented together during test trials, look at
the rows corresponding to responses L1 and S2 in Table 1
and consider the following cases: (1) If the test stimulus
is 1 sec long, then the initial states will be the most active
at the moment of choice and, because they are coupled
less with L1 than with S2, the animal is unlikely to
choose L1; (2) if the test stimulus is 4 sec long, then the
middle states will be the most active at the moment of
choice and, because they are equally coupled with L1
and S2, the animal is equally likely to choose L1 or S2;
and (3) if the test stimulus is 16 sec long, then the final
states will the most active at the moment of choice and,
because they are coupled more with L1 than with S2, the
animal is likely to choose L1. That is, as the duration of
the signal increases, the probability of choosing L1 also
increases.

The remaining curves in Figure 3 show that SET and
LeT also make different predictions for the other three

key combinations. Whereas the shape of the curves is al-
ways the same for SET (the three curves are scale trans-
forms of one another), LeT predicts a U-shaped curve
when the choice is between S1 and S2, an inverted U-
shaped curve when the choice is between L1 and L2, and
a descending curve when the choice is between S1 and
L2. (The general trend of these predictions is readily un-
derstood from Table 1). In fact, LeT predicts that the two
pairs of curves—S1 versus L2 and L1 versus S2 on the
one hand, and L1 versus L2 and S1 versus S2 on the other
hand—will be symmetric around the indifference line
y = .5 (see the Appendix for quantitative details).

Machado and Keen’s (1999) results were always closer
to LeT’s predictions than to those of SET. In particular,
they found that when a critical choice was to be made be-
tween L1 and S2, preference for L1 increased monoton-
ically with stimulus duration. Because this result seri-
ously puts into question the dominant model of timing in
the field (i.e., SET), it needs to be reproduced. This was
the first goal of the present study.

The two models make another set of different predic-
tions for this task. Assume that one group of pigeons
learns the two discriminations mentioned above (“1 ver-
sus 4” and “4 versus 16”) whereas another group learns
a slightly different pair of discriminations (“1 versus 4”
and “4 versus 8”). That is, the groups differ only in the
longer signal duration. To emphasize this fact, we refer
to these two groups as Group 16 and Group 8, respec-
tively. How will the two groups perform during the test
trials with the four key combinations?

Figure 4 shows what the models predict for the four
cases. First, both models predict that when a choice
must be made between S1 and L2, preference for S1 will
decrease with stimulus duration, but more rapidly for
Group 8 than for Group 16. Second, when a choice must
be made between L1 and S2, SET predicts no effect of
stimulus duration. In contrast, LeT predicts that prefer-
ence for L1 will increase with stimulus duration, but
more rapidly for Group 8 than for Group 16. Third, when
the choice is between S1 and S2, SET predicts the same
monotonically decreasing function for the two groups,
whereas LeT predicts two distinct U-shaped functions.
The function for Group 16 should be wider than the
function for Group 8. Fourth, SET predicts that when the
choice is between L1 and L2, preference for L1 should
decrease with stimulus duration, but more rapidly for
Group 8 than for Group 16. LeT predicts two inverted U-
shaped functions, with the function for Group 16 being
wider than that for Group 8.

To understand intuitively why LeT predicts different
curves for Groups 8 and 16, particularly in the critical
case of L1 versus S2, consider the following. In both
groups, the profile of couplings between the behavioral
states and L1 will be identical because the groups do not
differ on the Type 1 trials. However, the profile of cou-
plings with S2 will differ because the groups differ on
the Type 2 trials. Specifically, in Group 8 the states most
active at 8 sec will be uncoupled with S2, and conse-
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Figure 4. Predictions of the scalar expectancy theory (SET) model and the
learning-to-time (LeT) model for Group 8 and Group 16. The former learned
the discriminations “1 versus 4” and “4 versus 8”°; the latter learned the dis-
criminations “1 versus 4” and “4 versus 16.” In the SET curves, one parameter
is used: ¥ = 0.4. In the LeT curves, three parameters are used: A = 2, « = 1,

and & = 3.5.

quently LeT predicts a strong preference for L1 at 8 sec.
However, in Group 16 the same degree of uncoupling
with S2, and therefore the same preference for L1, must
wait for the states most active at 16 sec. Hence, LeT pre-
dicts that the preference for L1 will grow with test dura-
tion more rapidly in Group 8 than in Group 16.

In summary, with the exception of the case of S1 ver-
sus L2, the two models predict psychometric functions
with very different shapes during the test trials. More-
over, whereas SET predicts no differences between the
two groups in the cases of L1 versus S2 and S1 versus
S2, LeT predicts differences between the two groups in
all four cases. The second goal of the present study was
to test these new predictions.

METHOD

Subjects
The subjects were 6 naive pigeons (Columba livia) maintained at
80% of their free-feeding body weights.

Apparatus

Two standard chambers for pigeons from Med Associates®
(Georgia, VT) were used. The front panel of each chamber con-
tained three keys 2 cm in diameter, centered on the wall 22 cm
above the floor and 8 cm apart, center to center. The keys could be
illuminated from behind with a red, green, blue, yellow, or white
light. Directly below the center key and 4 cm above the floor was a
hopper opening measuring 6 X 7 cm. The bird had access to mixed
grain when the hopper was raised and illuminated with a 7.5-W
white light. On the back of the chamber, another 7.5-W houselight
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provided general illumination. An outer box equipped with a venti-
lating fan enclosed the experimental chamber. A personal computer
controlled all experimental events and recorded the data.

Procedure

Half of the animals, selected at random, learned the discriminations
“1 versus 4” and “4 versus 8” (Group 8) and the other half learned the
discriminations “1 versus 4” and “4 versus 16” (Group 16). For half
of'the birds (2 from Group 8 and 1 from Group 16), the keylight color
assignments were S1 = red, L1 = green, S2 = blue, and L2 = yel-
low; for the other half (1 from Group 8 and 2 from Group 16) they
were S1 = yellow, L1 = blue, S2 = green, and L2 = red. Note that
the 4-sec signal was always associated with either the color green
or the color blue. Although the color assignments were (partially)
counterbalanced, for clarity we describe the procedure and the ex-
perimental results as if all of the birds had had the assignment
shown in the top panel of Figure 2.

Pretraining. The experiment was divided into three phases: pre-
training, training, and testing. During pretraining, the animals first
learned to peck the keys through autoshaping and then learned one
of the basic discriminations. Each session was divided into trials,
and the following sequence of events took place during each trial:
The houselight and the center key were illuminated with white light
for the duration of the signal (e.g., 4 sec). Afterward, the center key
light was turned off and the side keys were illuminated with differ-
ent colors (e.g., red and green). A peck at a choice key turned all
key lights and the houselight off, and if the choice was correct, it ac-
tivated the hopper. The hopper duration varied across birds from
2.5 to 5 sec in order to maintain body weight with minimal ex-
trasession feedings. After feeding, a 20-sec intertrial interval fol-
lowed. If the choice was incorrect, the intertrial interval started im-
mediately and the trial was repeated (correction method). Sessions
ended after the bird had obtained 60 reinforcers.

After the birds learned the discrimination (at least 80% correct
choices, excluding repeated trials, for 5 consecutive sessions), they
were trained on the other discrimination. After the second discrim-
ination was learned, the two types of trials alternated across ses-
sions. Because 2 birds from Group 8 (P22 and P28) showed no ev-
idence of learning the “4-versus-8” discrimination after 12
sessions, we switched them to the easier discrimination, “4 versus
16,” and then gradually shortened the duration of the long signal
from 16 to 11.3 sec and, finally, to 8 sec. This preliminary training
on the two basic discriminations took 22—58 sessions.

Training. During the first five to seven sessions, half of the tri-
als were Type 1 and half Type 2, correct choices were reinforced,
and incorrect choices caused the trial to repeat. Sessions ended after
80 reinforcers (40 from each trial type) were obtained. The two col-
ors presented during each trial type always occurred the same num-
ber of times on the left and right keys. Then extinction trials were
introduced to adapt the birds to the lower rate of food that would be
available during the subsequent testing phase. In addition to not
ending with food even when a choice was correct, extinction trials
were not repeated if the choice was incorrect. Sessions comprised
56 regular trials and 24 extinction trials, for a total of 80 trials.
Training lasted until the birds averaged at least 80% correct choices
over five sessions, excluding repeated trials, on each of the four
basic signals (range of required sessions: 16—33).

Testing. Each session comprised 56 regular trials and 24 test tri-
als. The difference between regular and test trials was that new pairs
of key colors and stimulus durations were presented during the test
trials. Specifically, during the regular trials the pairs were always
S1-L1 and S2-L2, but during the test trials they were S1-S2,
S1-L2, L1-S2, and L1-L2. In addition, the signal durations during
the test trials equaled 1, 4, and 8 sec during the first 10 test sessions
and 2, 5.7, and 16 sec during the next 10 test sessions (note the log-
arithmic spacing of the test signal durations). Four new key combi-
nations times three test durations yields 12 different kinds of test tri-

als. Each of these trials was presented twice per session, once for
each left-key/right-key color assignment, for a total of 20 sessions.
To prevent the birds from extinguishing their choices or increasing
choice latency in the presence of the new key combinations, half of
the test trials (randomly selected) ended with food regardless of the
choice made. If during any test session the percentage of a bird’s
correct choices following one of the four basic signal durations fell
below 75%, the bird returned to training (i.e., regular plus extinc-
tion trials only) for at least 2 sessions and until its performance was
again above 80%. The testing phase, with intercalated training ses-
sions when required, lasted from 20 to 50 sessions across birds.

RESULTS

During the last five sessions of training, overall pro-
portion correct was consistently high (average for
Group 8 = .92; average for Group 16 = .95). The range
of proportion correct across the four basic durations was
.80—.99 in Group 8 and .89-.99 in Group 16. An ANOVA
on proportion correct,! with group (Group 8 vs. Group 16)
as the between-subjects factor and the four signal dura-
tions as the within-subjects factor, yielded nonsignificant
effects for group [F(1,4) = 0.73], duration [F(3,12) =
2.4, p = .12], and their interaction [F(3,12) = .70]. We
conclude that the difference in proportion correct be-
tween the two groups and those among the four stimulus
durations were small and nonsignificant.

The analysis of the data from the test trials shed light
on two questions: (1) Did Group 16 reproduce the results
obtained in Machado and Keen’s (1999) study, and
(2) did the two groups differ? With regard to the first
question, Figure 5 shows the average data from Group 16
and the average data from Machado and Keen'’s study for
each of the four key combinations. In general, the shapes
of the functions as well as the specific values of prefer-
ence for the S1 key (top) or the L1 key (bottom) for any
given stimulus duration were similar. In particular, the
two critical data sets for the choice between L1 and S2
yielded the same monotonically increasing function pre-
dicted by LeT but not by SET. In conclusion, despite the
fact that 50% of the test trials were nondifferentially re-
inforced in the present experiment whereas all of the test
trials were conducted in extinction in Machado and
Keen’s study, their results were fully reproduced.

With regard to the second question, Figure 6 repre-
sents the individual and average data from the two
groups when the choices were S1 versus L2 and L1 ver-
sus S2. The top left and middle panels show that as stim-
ulus duration increased, the preference for S1 decreased,
and more rapidly in Group 8 than in Group 16. This re-
sult is shown more clearly in the “average” panel. An
ANOVA yielded significant effects of group [F(1,4) =
9.31, p = .04], of duration of test stimulus [F(5,20) =
77.4, p < .001], and, more important, of their interaction
[F(5,20) = 3.97,p = .01].

Consider now the bottom panel of Figure 6. The left
and middle panels show that as stimulus duration in-
creased, the preference for L1 increased, and more
rapidly in Group 8 than in Group 16. Note in particular
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Figure 5. Average data from Group 16 in comparison with the average data from Machado and Keen’s
(1999) study. Each panel represents one of the four key combinations used during testing. The top and bot-
tom panels show preference for the S1 key and the L1 key, respectively.

that when the test signal equaled 8 sec, the birds in
Group 8 always chose the L1 key, whereas the birds in
Group 16 chose that key only on 50—75% of the trials. A
similar difference occurred at 16 sec: The 3 birds from
Group 8 always chose L1, but 2 birds from Group 16
chose L1 only on 55% and 65% of the trials, respectively.
The faster rate of increase for Group 8 is made clearer in
the “average” data. An ANOVA yielded a nonsignificant
effect of group [F(1,4) = 2.12, p = .22] and significant
effects of duration [F(5,20) = 58.8, p < .001] and, more
important, of their interaction [F(5,20) = 4.91, p = .005].

Figure 7 shows the remainder of the data: the prefer-
ence for S1 when the choice was between S1 and S2, and
the preference for L1 when the choice was between L1
and L2. Concerning the preference for S1 (top panel),
the data showed U-shaped curves but no substantial dif-
ferences between the two groups—the average curves
overlapped considerably. An ANOVA yielded only a sig-
nificant effect of duration [F(5,20) = 9.30, p < .001;
F(1,4) = .05 for group and F(5,20) = .08 for the inter-
action]. Concerning the preference for L1 (bottom panel),
the obtained functions had a similar, inverted U shape, but
the ascending and descending limbs of the function for
Group 16 tended to be steeper than the corresponding
limbs of the function for Group 8 (see average curves).
However, an ANOVA yielded only a significant effect of

duration [F(5,20) = 16.5,p < .001; F(1,4) =3.21,p = .15
for group and F(5,20) = 1.14, p = .25 for the interaction].
In the left and middle panels of Figures 6 and 7, the
solid and dotted lines replot LeT’s and SET’s predictions,
respectively. In all cases, the shapes of LeT’s predicted
curves were similar to those of the corresponding ob-
tained curves. In addition, in most cases the specific pre-
dicted values of preference for S1 or L1 also were rea-
sonably close to the specific observed values. The major
discrepancy between the predictions of LeT and the ob-
tained data occurred in Group 16 (see Figure 7), for in
each case the model predicted curves considerably wider
than those that were observed. In fact, as Figure 4 shows,
LeT always predicts narrower curves for Group 8 than
for Group 16, a prediction at odds with the data.
Concerning SET, the shapes of its predicted curves
agreed with the data reasonably well when the choice was
between S1 and L2 (see Figure 6, top panel). However, in
the other three cases, the shapes of SET’s curves were se-
verely at odds with the shapes of the corresponding ob-
tained curves. The discrepancy is particularly noticeable
in the case L1 versus S2 (Figure 6, bottom panel).
Another strong prediction of LeT concerns the sym-
metry of the two pairs of preference curves (Pair 1, S1
vs. L2 and L1 vs. S2; Pair 2, S1 vs. S2 and L1 vs. L2)
with respect to the y = .5 horizontal line. To determine
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Figure 6. Individual and average data from the two groups when the choices were between S1 and L2 (top) and
between L1 and S2 (bottom). In the left and middle panels, the solid and dotted lines show LeT’s and SET’s pre-

dictions, respectively.

whether the data agree with this prediction, in Figure 8
the average data is replotted with one of the curves from
each pair reflected along the symmetry line (i.e., the data
from L1 vs. S2 and those from L1 vs. L2 were trans-
formed according to the equation “new value = 1 —
original value”). If the symmetry prediction were cor-
rect, the two curves in each panel of Figure 8 should

Group 8 °

Group 16

overlap. The results are mixed. On the one hand, in each
of the six pairs of curves the two members have very
similar shapes, but on the other hand, there is some sug-
gestion that the slopes of some descending curves (see
the data for Group 16 and for Machado & Keen, 1999, in
the top panel of Figure 8) or the width of the U-shaped
curves may differ between the two members of each pair

Average

Probability (L1 |L1 & L2)  Probability ( S1| SI & S2)

0 4 8 12 16 0 4

Duration of test stimulus (sec)
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Figure 7. Individual and average data from the two groups when the choices were between S1 and S2 (top) and
between L1 and L2 (bottom). In the left and middle panels, the solid and dotted lines show LeT’s and SET’s pre-

dictions, respectively.
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Machado & Keen (1999)
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Figure 8. Testing for symmetry. The data from L1 versus S2 and L1 versus L2 choices were reflected along the
line y = .5. LeT predicts superposition of the two curves of each pair.

(see the bottom panel). No stronger conclusions con-
cerning symmetry seem possible at this time.

DISCUSSION

Six pigeons were exposed to two types of trials. Dur-
ing one type, they learned to choose a red key (S1) after
a l-sec signal and a green key (L1) after a 4-sec signal;
during another type of trial, they learned to choose a blue
key (S2) after a 4-sec signal and a yellow key (L2) after
an 8-sec (Group 8) or a 16-sec (Group 16) signal. After
the two basic discriminations were learned, the birds
were exposed to a set of tests in which new key combi-
nations were introduced and preference for a particular
key was assessed as a function of signal duration. In the
most critical test, the birds chose between two keys that
had been associated with the same reinforced duration
(i.e., 4 sec for both L1 and S2).

The results from Group 16 reproduced Machado and
Keen’s (1999) earlier findings. Thus, when the choice
was between L1 and S2, preference for L1 increased
with the duration of the test signal, a result consistent
with LeT but not with SET. The functions obtained with
the other three key combinations also reproduced the
functions obtained in the previous study and, once again,
the observed pattern of preferences was closer to LeT’s
predictions than to those of SET.

LeT predicted distinctive curves for Groups 8 and 16.
In particular, the model predicted that preference for L1
over S2 would increase with stimulus duration for both
groups, but would do so faster for Group 8 than for

Group 16. This result was observed and, again, it is at
odds with the predictions of SET. Similarly, LeT pre-
dicted that preference for S1 over L2 would decrease
with stimulus duration for both groups, but would do so
faster for Group 8 than for Group 16. This result was ob-
served, although in this case it is consistent with the pre-
dictions of both LeT and SET. Concerning the cases of
S1 versus S2 and L1 versus L2, the general shape of the
observed curves were consistent with those predicted by
LeT, but the prediction of narrower curves for Group 8
than for Group 16 was not borne out. Finally, we note
also that the two pairs of curves—S1-L2 and L1-S2 on
the one hand, and S1-S2 and L1-L2 on the other—were
reasonably symmetric along the y = .5 line.

The foregoing comparison between the two models
may be seen as somewhat “unfair” because only one pa-
rameter is used in SET’s predictions whereas three are
used in LeT’s predictions. Aware of this fact, we have
stressed throughout this article the shape and trend of the
curves and not their specific values, for whereas the lat-
ter change with the parameters the former depend pri-
marily on the structure of the model. Consider again the
critical finding that, when a choice must be made be-
tween L1 and S2, preference for L1 increased with signal
duration. SET fails to predict this finding because it as-
sumes independence between the memory stores formed
during training. That is, the contents of the “short” mem-
ory store depend only on the duration of the short signal,
they do not depend on the duration of the long signal. In-
dependence of memory stores means that SET has no
mechanism to accommodate the contextual effects re-
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vealed in the data: the fact that when a pigeon was given
a choice between L1 and S2, its behavior depended on
the durations associated with S1 and L2, neither of
which was present at the time of the choice! SET’s limi-
tation is not parametric but structural—in principle, it
cannot deal with this finding (see also Machado & Guil-
hardi, 2000).

In contrast, two structural features of LeT allow it to
account for the contextual effects. First, the effects of
learning are represented by the couplings between the
behavioral states and an operant response. Because some
couplings may be strong whereas others may be weak,
the strength of the operant response may vary with sig-
nal duration (e.g., response L1 will be weak at 1 sec but
strong at 4 sec). Second, according to LeT’s learning
rule, when the couplings between the behavioral states
and one response change in one direction (up with rein-
forcement, down with extinction), the couplings between
the behavioral states and the other response change by
the same amount but in the opposite direction (e.g., the
couplings between the initial states and S1 will be strong,
but the couplings between those states and L1 will be
weak). These two structural features enable the model to
predict that the strengths of the responses L1 and S2 will
depend on the duration of the test signal and on the dura-
tions associated with S1 and L2, the context effect.

Machado and Keen (1999) also reported that 6 of their
8 pigeons displayed time-differentiated behavioral pat-
terns during the signal, patterns that were strongly cor-
related with choice performance during the test trials.
Similar patterns were observed during the present ex-
periment by most but not all of the birds. To illustrate,
Pigeon P27 (Group 16) typically started the trial facing
the intelligence panel; 1 or 2 sec into the trial, the bird
rotated its body 60° to the right and started to peck the
floor; at 4—6 sec it started to move, often turning 360°; at
8—-10 sec it moved to the left side of the intelligence
panel and pecked at the top left corner of the box until
the end of the signal. Thus, this bird’s behavior early into
the signal (pecking the floor on the right side of the box)
contrasted sharply with its behavior late into the signal
(pecking the top left corner of the box).

Pigeon P28 (Group 8) also started the trial facing the
key panel. It then moved to the right side of that panel
and, 2 or 3 sec into the trial, started to oscillate its head
as if trying to see the other keys. These oscillations were
accompanied by lateral movements that took the bird
from the right side of the box to the left side and back; at
6 or 7 sec it lowered its head and started to peck the re-
gion of the intelligence panel between the center key and
the feeder.

Pigeon P25 from Group 8 displayed a different type
of pattern. This bird approached the center key, pecked
it once or so during the first 3 sec, and then, as the sig-
nal elapsed, pecked the key at an increasing rate. In con-
trast, Pigeon P26 simply moved in the box with no ap-
parent spatial regularity. Why do some birds display
stereotypical patterns whereas others do not? How are
these patterns acquired? And what role do they play in

temporal discriminations? These are some of the ques-
tions that remain to be answered (also see Fetterman,
Killeen, & Hall, 1998; Richelle & Lejeune, 1980).
Finally, we note that our key findings—that is, that in
a choice of L1 versus S2 (1) preference for L1 increases
monotonically with stimulus duration and (2) that in-
crease takes place more rapidly for Group 8 than
Group 16—may be seen as the results of peak shift in the
temporal domain. Pecking of the L1 and S2 keys is an
operant controlled by the duration of the signal. This
control is maximal at 4 sec (the discriminative stimulus,
or SD), and, as in any other generalization gradient, it de-
creases as the signal duration departs from the SP. In
Group 8, the 8-sec signal (associated with key L2) may
be seen as an SA for pecking the S2 key. If we assume that
the effect of the SA is to shift the peak of the generaliza-
tion gradient away from the S4, then the gradient for S2
would have its maximum below 4 sec. By similar rea-
soning, we would expect the peak of the generalization
gradient for L1 to shift to the right because its S2 is at 1
sec. The net effect of these two shifts is that the gradient
for S2 would be to the left of the gradient for L1, which
could explain why preference for L1 over S2 increases
with test duration. Furthermore, if the magnitude of the
shift increases as the SA approaches the SP, then the peak
of the generalization gradient associated with S2 would
be smaller in Group 8 (SA — SP = 4) than in Group 16
(SA — SP = 12). Perhaps this difference could explain the
faster rate of increase of the preference for L1 in Group 8.
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APPENDIX

In what follows, we assume that the two signals occur with equal probability (.5) and that the correct choices
following the short (S) and long (L) signals are the red (R) and green (G) keys, respectively.

LeT—Simple Bisection

LeT has three components: the behavioral states, their couplings with the instrumental responses, and the
strength of the instrumental responses (see Figure 1). According to the model, the onset of the training stim-
ulus triggers the transitions across the behavioral states. When the stimulus ends, the subject responds S1 or
L1. If the response is reinforced, then the association between each state and the choice response increases
and the association between each state and the other response decreases by the same amount; if the choice re-
sponse is incorrect, then the association between that response and each state decreases and the association
between the other response and each state increases by the same amount.

To obtain LeT’s predictions (see Machado, 1997, for details) we need the expression for the activation of
state n after a signal of  sec, X(#,n), and the expressions for the couplings between state » and the responses
R and G, WR(n) and WG(n), respectively. In LeT, X(¢,n) follows the Poisson distribution, a minimal, parsi-
monious assumption:

_ exp(-An)(Ar)

X(n1) g

(O]

where A > 0 is a parameter that controls how fast the activation spreads across the states.

During training, the changes in WR(n) and WG(n) are always symmetric: If WR(n) increases because re-
sponse R was reinforced or decreases because response R was extinguished, then WG(n) changes by the same
amount but in the opposite direction. The same is true when response G occurs and WG(n) changes; WR(n)
also changes by the same amount but in the opposite direction. Because initially there is no bias, both WR(n)
and WG(n) start at .5. It follows that WG(n) will always equal 1 — WR(n).

Next, we show how to derive the value of WR(n) after m trials. We start with LeT’s equation for the expected
value of AWR(n) after one trial (see Machado, 1997, p. 256). If the short stimulus occurs, then AWR(n) in-
creases in proportion to the activation of the state, X(S,n), and the difference [1 — WR(n)]:

AWR(n) = aX (S,n)[1 - WR(n)].

Parameter o > 0 is a learning rate parameter. If the long stimulus occurs, then AWR(n) decreases in propor-
tion to the activation of the state, X(L,n), and the current value of WR(n):

AWR(n) = —aX(L,n)WR(n).
The expected value of AWR(n) is therefore equal to
E[AWR(n)| = %aX(S,n)[l ~WR(n)]~ %aX(L,n)WR(n). )

Equation 2 may be expressed as a linear difference equation relating the expected value of WR(n) on trial
m + 1, which we designate by E[WR(n),, , ;], to the expected value of WR(n) on trial m, designated
E[WR(n),,]:

E[R(1),,1] = %aX(S,n) + {1 - %a[X(S,n) + X(L,n)]}E[WR(n)m ] 3)

Equation 3 has the solution

B XSn) (o XSm+XxLn\" X©Sn
E[WR(n)m]_X(S,n)+X(L,n) (l * 2 j (X(S,n)+X(L,n) WR(")")’ @)

where WR(n), is the initial value of WR(n). The corresponding expression for WG(n)m is
E[WG(n),,|=1-E["R(n),,]- (5)



http://www.ingentaconnect.com/content/external-references?article=0022-5002()11L.223[aid=1149264]
http://www.ingentaconnect.com/content/external-references?article=0022-5002()11L.223[aid=1149264]
http://www.ingentaconnect.com/content/external-references?article=0022-5002()11L.223[aid=1149264]
http://www.ingentaconnect.com/content/external-references?article=0097-7403()9L.160[aid=1149262]
http://www.ingentaconnect.com/content/external-references?article=0097-7403()9L.160[aid=1149262]
http://www.ingentaconnect.com/content/external-references?article=0097-7403()9L.160[aid=1149262]
http://www.ingentaconnect.com/content/external-references?article=0097-7403()9L.160[aid=1149262]

122

MACHADO AND PATA

APPENDIX (Continued)

From the expressions for X(#,n), WR(n), and WG(n), we get the strengths of the R and G responses (RR(#)
and RG(?), respectively) after a signal of duration #:

RR(1)=Y, X (t,n)WR(n),,

RG() = Zn X(t,nWG(n),,. (6)
Finally, the probability of choosing the G key at time ¢ equals
P exp[8 X RG(1)]
exp[8 X RR(1)|+exp[6 X RG(7)]
1 ()

T exp{-5[1-2RR(1)]}

(see Machado, 1997), where & > 0 is a sensitivity parameter. In the last equality, we have used the fact that
RG(#) = 1-RR(¥).

In summary, LeT’s predictions are based on Equation 1, which describes the temporal activation of the be-
havioral states and uses parameter A; Equations 4 and 5, which describe the effects of learning and use pa-
rameter ¢; and Equation 7, which yields choice probability on the basis of the two response strengths given
by Equation 6 and uses parameter .

The curves shown in the text were obtained assuming that WR(n), = WG(n), = .5, m = 3,000 trials (60
sessions of 50 trials each), A =2, ¢ = 1,and 6 = 3.5.

LeT—Double Bisection

Assume now that red and green are associated with 1-sec and 4-sec signals, respectively, and that blue and
yellow are associated with 4-sec and 16-sec signals, respectively. During testing, when two novel keys (e.g.,
L1 and S2) are presented, we derive LeT’s prediction by (1) computing WG(n) and WB(n) with Equation 4,
noting that S = 1 sec and L = 4 sec for G, but S = 4 sec and L = 16 for B; (2) inserting these values into
Equation 6 to obtain RG(¢) and RB(?); and, finally, (3) inserting RG(?) and RB(?) into Equation 7.

SET

The curves predicted by SET were obtained from Equations 16 and 45 in Gibbon (1981). The model’s sin-
gle parameter, 7, is the coefficient of variation. To draw the curves in the text, we assumed y = 0.4. The prob-
ability of choosing the R key (associated with the short signal, S) after a ¢#-sec signal when the choice is from
R and the G key (associated with the long signal, L), for example, equals

P(ty= [N DdT- [N, )
where
—
Cl(r) = L(M _1}
Y t
C2n = —i(LXL + 1), Q)
Y t
and N(0,1) is the reduced normal density function
2
el 1)
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